
UNIVERSIDADE DE SÃO PAULO  

INSTITUTO DE QUÍMICA  
Programa de Pós-Graduação em Química 

 

 

 

 

Vagner Roberto Magri 

 

 

 

 

Development of Nanocomposites based on Layered 

Double Hydroxides and Graphene-like Materials 

 

 

 

 

 

 

 

Versão corrigida da Tese conforme Resolução CoPGr 5890 

O original se encontra disponível na Secretaria de Pós-Graduação do IQ-USP 
 

 

 

 

 

 

 

 

 

São Paulo 

Data do Depósito na SPG: 

16/02/2023



Vagner Roberto Magri 
 

 

 

 

 

 

 

 

 

 

 

 

 

Desenvolvimento de Nanocompósitos à base de 

Hidróxidos Duplos Lamelares e Materiais do tipo 

Grafeno 

 

 

 

 

Tese apresentada ao Instituto de 

Química da Universidade de São 

Paulo para obtenção do Título de 

Doutor em Ciências (Química)  
 

 

 

 
 

Orientadora: Profa. Dra. Vera R. L. Constantino  
 

 

 

 

 

 

 

 

São Paulo 

Data do Depósito na SPG: 

16/02/2023 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedico essa tese ao meu companheiro Rodrigo 

Zieri e aos meus pais Maria Isabel Tognoli 

Magri e Mauro Roberto Magri pelo apoio e 

amor incondicional.   



Agradecimentos (Acknowledgment) 

 

Não cheguei aqui sozinho. Por isso, agradeço...  

Aos meus pais, Maria Isabel Tognoli Magri e Mauro Roberto Magri, por todo apoio e 

pelo amor incondicional. Amo vocês! 

Ao meu companheiro, Rodrigo Zieri, pois não teria conseguido sem você. Me lembro 

que no dia da prova de ingresso do doutorado você viajou comigo pra São Paulo pra me apoiar 

e, durante todos esses anos que estamos juntos, você sempre me incentivou a seguir em frente 

e nunca me limitou a nada, mesmo estando distantes fisicamente. Por isso, meu muito obrigado 

por tudo. Te amo! Agradeço também a Marie, nossa cachorrinha que foi adotada durante a 

pandemia. Ela fez toda a diferença em nossas vidas naquele período difícil, e continua 

fazendo...com seu companheirismo que é único dos cachorros.    

À minhas avós, Gema e Maria José, à minha irmã Débora e ao meu sobrinho Luiz 

Gustavo, pelo amor e carinho. 

Às minhas amigas e aos amigos da vida, Ferzinha, Mômo, Ferzona, Dan, Chica e Deroco, 

pela amizade sincera, pelas conversas e pelas cervejas. Amo vocês! 

À minhas amigas e aos meus amigos do Laboratório de Sólidos Lamelares (LaSol 

Instituto de Química – USP), Carol, Mari, Vanessinha (in memoriam), Rafael, Victor, Denise, 

Vanessa Roberta, Alfredo e Michele. Muito obrigado por terem me recepcionado tão bem! 

Vocês são profissionais incríveis que me ensinaram muito durante o período do meu 

doutoramento. Faço um agradecimento especial a Carol (minha melhor amiga em São Paulo 

XD), por sempre segurar a minha mão (XD), pelas fofocas, pela amizade sincera, e por me 

fazer acreditar no meu potencial.  

Aos amigos do IQ/USP, Lais Matos (Broto) e Ronaldo Amaral, por sua amizade sincera 

e por me ajudarem sempre que precisei.  

À moradia estudantil, CRUSP, por garantir minha permanência estudantil nos últimos 

anos de doutoramento. Também aos amigos do CRUSP, Luana, Lua e Marcelo, por tornarem 

essa breve estada mais leve e divertida. 

Ao grupo de pesquisa da Profa. Ana Maria Ferreira Costa, em especial a Cida e ao 

Ricardo. Vocês sempre foram muito solícitos em me ajudar nesse trabalho, sou muito grato por 

isso.  

A equipe do Laboratório de Espectroscopia Molecular (LEM, Instituto de Química – 

USP), em nome das Profas. Dalva Lúcia e Márcia Temperini, pela amizade, pelos 



ensinamentos e pelo apoio nas análises de espectroscopia vibracional. Agradeço também aos 

colegas, Otávio, Iza, Jair, Laura e Rafa pelas conversas e pelo auxílio nas análises.  

Agradeço também ao Laboratório de Cristalografia (Instituto de Física - USP), em nome 

da Profa. Marcia Fantini e dos técnicos Tarsis e Antônio Carlos, por todo apoio com as análises 

de cristalografia de raios X. 

Agradeço a equipe de Matériaux Inorganiques do Institut de Chimie de Clermont-

Ferrand, em nome da Profa. Christine Taviot-Gueho. E também aos amigos e amigas que lá 

fiz, Nawal, Ali, Marwa, Cedric, Nour, Cristian, Henrique e Alexandra, pela amizade, pelas 

conversas e pelas cervejas.  

A minha orientadora, Profa. Vera R. L. Constantino, por me receber em seu laboratório, 

pela orientação, pelos ensinamentos compartilhados e pela amizade construída ao longo desses 

anos. Serei eternamente grato! Aprendi e cresci muito em seu laboratório, profissionalmente e 

como pessoa humana. Te admiro! Muito obrigado por tudo!  

A Universidade de São Paulo, ao Instituto de química (IQ/USP) e ao Departamento de 

Química Fundamental, pela infraestrutura e as condições necessárias para realização desse 

trabalho.  

A Central Analítica do Instituto de Química da Universidade de São Paulo (CA-IQUSP), 

em nome da Michele, do Alfredo e da Rebeca, por toda ajuda técnica e pela estrutura 

disponibilizada para realização desse trabalho.  

Por fim, agradeço as agências de fomento, porque sem financiamento não se faz pesquisa. 

A Coordenação de Aperfeiçoamento de Pessoal de Nível Superior – CAPES pela bolsa 

concedida (33002010191P0 – Química), ao CNPQ e à FAPESP pelo apoio financeiro de 

projetos do LaSol. Agradeço também ao Centre National de la Recherche Scientifique (CNRS) 

da França pela bolsa de estágio concedida por meio do projeto Pack Ambition International 

2019 E LS 200788.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Educação não transforma o mundo.  

Educação muda as pessoas.  

Pessoas transformam o mundo.” 

Paulo Freire (1921-1997)  



ABSTRACT 

 

Magri, V.R. Development of Nanocomposites based on Layered Double Hydroxides and 

graphene-like materials. 2023. 200p. Tese de Doutorado - Programa de Pós-Graduação em 

Química. Instituto de Química, Universidade de São Paulo, São Paulo 

 

Nanocomposites based on layered double hydroxides (LDH) and graphene-like 

materials (C), e.g., graphitic carbon and carbon quantum dots (C-dots), have been applied in 

sensing, catalysis, environmental protection, electronic devices, and as bioimaging and 

theragnostic agents, for instance. In this work, hybrid materials constituted of M2Al-LDH (M 

= Mg2+ or Zn2+) intercalated with carboxymethylcellulose polymer (CMC) or folate anions from 

Folic Acid (FA) were synthesized and investigated as precursors of carbon-based materials. 

Their thermal behavior was evaluated by simultaneous thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC), as well as evolved gas analysis (EGA) through TGA 

coupling to mass spectroscopy (MS) and/or infrared spectroscopy (IR). Based on the TGA/DSC 

results, the materials were pyrolyzed in a furnace, and resulting nanocomposites were 

structurally and spectroscopically characterized. The main founds of the work were: (i) M2Al-

FA and M2Al-CMC were suitable sources of carbon-based nanocomposites composed of 

layered double oxides (LDO-C); (ii) from pyrolysis of FA itself, N-doped C-dots could be 

synthesized at 350 °C, whereas graphitic carbon was optimally obtained above 800 °C; (iii) the 

carbonization of folate anions was delayed after intercalation; (iv) vibrational spectroscopy 

characterization of FA and sodium folate salts (Na2HFol and Na3Fol), supported by density 

functional theory (DFT) calculations, were helpful in characterize related graphite-like 

materials and carbon-based nanocomposites; (v) the crystallization of metal oxides (i.e.; MgO 

and ZnO) and/or spinel-like  structures (i.e., MgAl2O e ZnAl2O) were hindered for M2Al-LDH 

hybrid materials when compared with their counterparts intercalated with simple anions, for 

instance, carbonate (CO3
-) and chloride (Cl-). Such hindrance was attributed to the carbonized 

matter formed during pyrolysis; (vi) for Zn2Al-LDH hybrids material, it was noticed a 

carbothermic reaction involving ZnO occurring above 800 °C, which led to the loss of zinc 

vapor; (vii) LDO-C obtained from M2Al-FA pyrolysis could be successfully restored into the 

LDH-C structure through reaction in water (“memory effect”). Nanocomposites presenting 

intimately mixed components were obtained up to 600 and 800 °C from Zn2Al-FA and Mg2Al-

FA precursors, respectively; (viii) LDH-FA were also potential precursors of nanocomposites 

based on LDH/C-dots and the proper temperature limit was determined to be around 400 °C. 

The exploration of nanocomposite precursors with different physicochemical properties 

allowed us to provide a wide-ranging knowledge of important features regarding the synthesis 

of nanocomposites based on LDH and graphene-like materials. Hence, this research can drive 

new strategies to synthesize LDH-C and LDO-C with assorted potential applications. 

 

Keywords: Layered Double Hydroxides; Layered Double Oxides; Folic Acid; Graphene-like 

materials; Carbon-based nanocomposites. 

 

 

 



RESUMO 

 

Magri, V.R. Desenvolvimento de Nanocompósitos à base de Hidróxidos Duplos Lamelares 

e Materiais do tipo Grafeno. 2023. 200p. Tese de Doutorado - Programa de Pós-Graduação 

em Química. Instituto de Química, Universidade de São Paulo, São Paulo 

 
Nanocompósitos à base de hidróxidos duplos lamelares (LDH) e materiais do tipo grafeno 

(C), e.g., carbono grafítico e pontos quânticos de carbono (C-dots), têm sido aplicados em 

sensores, catálise, remediação ambiental, dispositivos eletrônicos, e como agentes teranósticos 

e de diagnóstico por imagem, por exemplo. Neste trabalho, materiais híbridos constituídos por 

M2Al-LDH (M = Mg2+ ou Zn2+) intercalados com o polímero carboximetilcelulose (CMC) ou 

ânions folato oriundos do ácido fólico (FA) foram sintetizados e investigados como precursores 

de materiais à base de carbono. O comportamento térmico dos materiais foi avaliado 

simultaneamente por análise termogravimétrica (TGA) e calorimetria diferencial exploratória 

(DSC), bem como análise de gases (EGA) por meio de TGA acoplada à espectrometria de 

massas (MS) e/ou espectroscopia no infravermelho (IR). Com base nos resultados de TGA/DSC, 

os materiais foram pirolisados em forno e os nanocompósitos obtidos foram caracterizados por 

análise de estrutura e por espectroscopia. Os principais resultados do trabalho foram: (i) os 

materiais M2Al-FA e M2Al-CMC foram precursores adequados para a síntese de 

nanocompósitos à base de carbono constituídos por óxidos duplos lamelares (LDO-C); (ii) 

partindo-se da pirólise do FA puro, C-dots dopados com nitrogênio foram sintetizados a 350 

°C, enquanto que a temperatura ideal para se obter carbono grafítico foi acima de 800 °C; (iii) 

a carbonização dos ânions folato foi retardada após a intercalação; (iv) a caracterização do FA 

e sais de folato de sódio (Na2HFol e Na3Fol) por espectroscopia vibracional, apoiada por 

cálculos da teoria do funcional da densidade (DFT), auxiliou na caracterização dos respectivos 

materiais do tipo grafeno e dos nanocompósitos à base de carbono; (v) a cristalização de 

estruturas de óxidos metálicos (isto é, MgO e ZnO) e/ou espinélio (e.g., MgAl2O e ZnAl2O) foi 

dificultada para os materiais híbridos de M2Al-LDH comparados com os respectivos materiais 

intercaladas com ânions simples, por exemplo, carbonato (CO3
-) e cloreto (Cl-). Esse efeito foi 

atribuído à matéria carbonizada formada durante a pirólise; (vi) para os híbridos de Zn2Al-LDH, 

notou-se a reação carbotérmica envolvendo ZnO que ocorre acima de 800 °C, levando à perda 

de zinco metálico na forma de vapor; (vii) materiais do tipo LDO-C, obtidos da pirólise de 

M2Al-FA, puderam ser reconstituídos a fase LDH-C por meio da reação em água (“efeito 

memória”). Nanocompósitos apresentando componentes intimamente misturados foram 

obtidos até 600 e 800 °C, a partir dos precursores Zn2Al-FA e Mg2Al-FA, respectivamente; (viii) 

LDH-FA também foram potenciais precursores de nanocompósitos à base de LDH/C-dots e o 

limite de temperatura adequado foi determinado para ser em torno de 400 °C. A investigação 

de precursores que apresentam diferentes propriedades físico-químicas permitiu fornecer um 

amplo conhecimento dos principais aspectos relacionados a síntese de nanocompósitos à base 

de LDH e materiais do tipo grafeno. Deste modo, este trabalho poderá auxiliar no 

desenvolvimento de novas estratégias para sintetizar LDH-C e LDO-C com diversas aplicações 

em potencial. 

 

Palavras-chave: Hidróxidos duplos lamelares; Óxidos duplos lamelares; Ácido fólico; 

materiais do tipo grafeno; nanocompósitos à base de carbono. 
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Chapter 1 

Introduction  

Human beings have been using nanomaterials since prehistoric times in rupestrian 

paintings made of carbon nanomaterials from smoke and soot [1]. The advent of nanoscience 

and nanotechnology in the modern age has been increasing life quality thanks to the 

contribution to developing several fields in society, such as medicine and healthcare, 

environment, energy, agriculture, industry, and technology, as well as education, among many 

others [1–4]. The implementation of nanomaterials by industries and in day-by-day human 

products is a reality and the market associated is currently valued in billions of dollars [1,5,6]. 

Examples include the use of nanomaterials in drug delivery systems, prostheses, cosmetics, 

fabrics, fertilizers, automobiles, and electronic devices [1–5], for instance.  

The interest in nanomaterials is based on their unique physical-chemical properties (e.g, 

high surface area, outstanding electronic properties, etc.) compared to related bulk materials, 

owing mainly due to the reduced size of nanoparticles [1,5,7,8]. Nanomaterials can be defined 

as materials in which at least one of their dimensions is in the submicrometric size of 

approximately 1 to 100 nm [9]. According to their dimensionality, nanomaterials can be 

classified as follows (Figure 1):  

(i) zero-dimensional (0D): materials that have all dimensions on the nanometric 

scale, such as, fullerenes, carbon quantum dots (C-dots), and gold nanoparticles.[1,5,7,8]  

(ii) one-dimensional (1D): materials that present one dimension in the micrometric 

scale (e.g.; graphene nanotubes and nanoribbons) [1,5,7,8]; 

(iii) two-dimensional (2D): materials composed of layers in which one dimension is 

in the nanometric domain, for example, graphene, layered double hydroxides (LDH) and 

montmorillonite clay mineral [1,5,7,8]. The International Union for Pure and Applied 

Chemistry (IUPAC) defines layered materials as “a crystalline material wherein the atoms in 

the layers are cross-linked by chemical bonds, while the atoms of adjacent layers interact by 

physical forces. A single layer is called a lamella, slab or sheet. A layered compound has a 

well-defined X-ray diffraction (XRD) pattern, which demonstrates its lamellar structure” [10]. 

In addition, such materials can form intercalated compounds that IUPAC defines as 

“compounds resulting from reversible inclusion, without covalent bonding, of one kind of 

molecule in a solid matrix of another compound, which has a laminar structure. The host 

compound, a solid, may be macromolecular, crystalline or amorphous” [11]. 
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(iv) three-dimensional (3D): all dimensions of this type of material are larger than 

100 nm, but it is constituted by nanomaterials, for instance, bulk solids (e.g., graphite) and some 

nanocomposites [1,5,7,8]. 

 

 

Figure 1. Schematic representation of the classification of nanomaterials according to their 

dimensionality.  

 

The synthesis methods of nanomaterials can be divided into (i) bottom-up routes, in which 

bulk materials are segmented in nanostructured materials; and (ii) top-down routes, in which 

atoms and molecules are used as building blocks to form nanostructures [1,7]. Furthermore, 

nanomaterials can be combined with different compounds or other (nano)materials,  forming 

nanocomposites or hybrid materials with synergistic properties [12–20]. A composite is defined 

by IUPAC as “multicomponent material comprising multiple, different (non-gaseous) phase 

domains in which at least one type of phase domain is a continuous phase” and a nanocomposite 

as “Composite in which at least one of the phase domains has at least one dimension of the 

order of nanometres” [21]. On the other hand, a hybrid material is defined as “material 

composed of an intimate mixture of inorganic components, organic components, or both types 

of components. The components usually interpenetrate on scale of less than 1 µm” [21]. 

Nanocomposites constituted by LDH or layered double oxides (LDO) and graphene-like 

materials (e.g., graphitic carbon and C-dots) are of great scientific, technological, and 

biomedical interest because of the synergistic properties that combine the chemical reactivity 

of LDH/LDO with the outstanding electrical/thermal conductivity, mechanical strength, and 

optical properties (e.g., photoluminescence/phosphorescence) of nanocarbons [12–19]. Such 

carbon-based nanocomposites have been applied in catalysis, energy storage and conversion, 

sensors, environmental protection, and as theragnostic agents, for instance [12–20]. Table 1 

gives the review works published regarding the synthesis methods, properties, and applications 

of nanocomposites constituted of LDH (or LDO) and carbon-based materials. 
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Table 1. Reviews works regarding LDH/LDO and graphite-like carbon up to 2022.  

Title Year Ref. 

Hierarchical Nanocomposites Derived from Nanocarbons and Layered 

Double Hydroxides - Properties, Synthesis, and Applications 
2012 [12] 

Graphene/layered double hydroxides nanocomposites: A review of recent 

progress in synthesis and applications 
2016 [13] 

Graphene/layered double hydroxide nanocomposite: Properties, synthesis, 

and applications 
2016 [14] 

Layered double hydroxide- and graphene-based hierarchical 

nanocomposites: Synthetic strategies and promising applications in energy 

conversion and conservation  

2016 [15] 

Graphene-supported organic-inorganic layered double hydroxides and their 

environmental applications: A review 
2020 [16] 

A review of the synthesis methods, properties, and applications of layered 

double hydroxides/carbon nanocomposites 
2022 [17] 

A Comprehensive Review of Layered Double Hydroxide-Based Carbon 

Composites as an Environmental Multifunctional Material for Wastewater 

Treatment 

2022 [18] 

Layered Double Hydroxide/Nanocarbon Composites as Heterogeneous 

Catalysts: A Review 
2022 [19] 

 

LDH, known as hydrotalcite-like materials, is a class of solids with a structure similar to 

the Mg(OH)2 brucite mineral [22,23], as represented in Figure 2. LDH layers are 2D 

nanostructures constituted by edge-sharing metal-coordinated hydroxyl octahedral, M(OH)6 

[20,23–26]. The bonds among the octahedrons extend along the crystallographic a and b axes, 

forming layers that stack face-to-face along the c axis [23,26,27]. The isomorphic substitution 

of a fraction of the bivalent cations by trivalent ones confers a positive residual charge to the 

layer.[22–28] The residual charge is equivalent to the isomorphic substitution degree, and it is 

compensated by the intercalation of hydrated anions between the layers [22–28]. LDH can be 

represented by the [M2+
(1-x)M3+

x(OH)2]x+[(An-)x/n∙mH2O] general formula, in which M2+ 

represents the divalent cations (Mg2+, Zn2+, Ni2+, Co2+, Ca2+ etc.), M3+ the trivalent cations 

(Al3+, Ga3+, Co3+, Fe3+ etc.), and An- is the compensation anion with a n charge (CO3
2-, Cl-, NO3

-

, anionic organic species, etc.) [22–28]. The value of x indicates the [M3+]/[(M2+ + M3+)] molar 

fraction that usually vary between 0.2 ≤ x ≤ 0.33 (R = M2+/M3+ corresponding to 4:1 and 2:1) 

and is related to the charge density of the layer [23,27]. 
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Figure 2. (a) Schematic representation of the crystalline structure and the (a, b) lattice 

parameters of a hypothetical LDH with (c) triple hexagonal unity cell in a primitive 

rhombohedral cell (3R polytype in R-3m space group). (d) The XRD (CuKa radiation) of an 

LDH with Zn2Al(OH)6](CO3)0.50·2H2O formula. 
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LDH can present distinct polytypes with different layers stacking along c direction, such 

as two-layer stacking (2H polytype; hexagonal symmetry) or three-layer stacking (3R polytype; 

rhombohedral symmetry) sequence [23,26,27]. In general, synthetic LDH presents a hexagonal 

unit with rhombohedral symmetry (R-3m space group) [23,26,27,29,30], as shown in Figure 

2a,c. [23,26,27,29,30], as represented in Figure 2a,c. X-ray diffractometry (XRD) is the 

primary technique to evaluate the LDH structure [23,26,27]. At the small angle region of the 

diffractogram (below 30°/2 for CuK radiation; Figure 2d), it is observed the peaks attributed 

to the family of (00l) diffraction planes, which is related to the basal spacing (dbasal = 

{[d003+(2d006)+...(nd00l´)]/n}) and varies according to the dimension and packing of the 

intercalation anion [23,26,27]. The dbasal space corresponds to the sum of layer thickness 

(approximately 0.48 nm) and the interlayer space [23,26,27]. For materials with rhombohedral 

symmetry, the cell parameter c is equal to 3dbasal [23,26,27] (Figure 2a). The diffraction peak 

of (110) plane in the 60°/2 corresponds to the distance between the metallic cations (d110) in 

the layer [23,26,27] (Figure 2b,d). It varies according to the ionic radius (coordination number 

equal to 6) of metallic cations and M2+/M3+ molar ratio, and it is related to the a and b cell 

parameters by the formula a = b = 2d110 [23,26,27] (Figure 2b). 

LDH can be easily synthesized in the laboratory, and one of the most widely used 

synthesis methods is co-precipitation [24,25,28] based on Miyata’s work reported in the 70s 

[31]. In addition, such materials are versatile in terms of composition due to the wide 

availability of M2+ and M3+ cations and anions that can be used for the LDH synthesis, as well 

as the possibility to vary the M2+/M3+ molar fraction [20,22–28,32]. Thus, it is possible to obtain 

a wide variety of inorganic materials or organic-inorganic hybrid materials with distinct 

physicochemical properties [20,22–28,32]. In general, LDH exhibits  properties such as 

dissociation in an acidic solution and anion-exchange capacity [24,25,33,34]. Depending on its 

composition, LDH can exhibit catalytic[35–37], electrochemical[32], and 

photoluminescent/phosphorescent[20] properties, as well as low cytotoxicity and in vivo and in 

vitro biocompatibility [25,38–44]. For instance, LDH composed of Mg2+, Zn2+, Cu2+, and Fe3+ 

are suitable for the development of drug delivery systems, tissue engineering, and as 

theragnostic materials due to their biocompatibility [25,38–44]. On the other hand, those 

consisting of Ni2+, Co2+/3+, and Fe3+ are electroactive and can be used in the development of 

electrochemical devices [32]. LDH can also act as a catalyst support[37] and can be used in the 

preparation of polymer-based nanocomposites [43–45]. In addition, LDH can be precursor of 

LDO or mixed metal oxides (MMO) and spinel-like materials [36,37,46–52] with acid-base 



 
 

16 
 

catalytic properties [53]. The advantage of obtaining LDO is the possibility of reconstitution 

into the hydroxylated phase by reaction with water, the so-called “memory effect” [52–54]. 

Figure 3 shows a schematic representation of the main methods used to obtain 

nanocomposites constituted by LDH or derivatives (i.e., MMO and LDO) and carbon-based 

materials. The nanocomposites can be prepared from: (i) the co-assemble of LDH and 

carbonaceous materials nanoparticles previously synthesized separately [12–20] (Figure 3a); 

(ii) the in situ co-precipitation of LDH in the presence of carbonaceous materials nanoparticles 

[12–20] (Figure 3b); or (iii) by template-assisted approaches, in which the carbon source 

loaded in LDH is carbonized in-situ [12–20] (Figure 3c). The organic-inorganic hybrid 

materials constituted by organic anions intercalated into LDH are potential precursors of such 

carbon-based nanocomposites [55–59]. The organic species work as a carbon source in a 

bottom-up approach, and they can be carbonized in-situ in a confined space between the LDH 

layers [55–59]. The structural arrangement of LDH makes this material an excellent matrix for 

template-assisted synthesis [55–59]. LDH layers can act as a nanoreactor, making it possible to 

control the growth of carbon-based materials, and consequently, the size, structure, and 

composition of their nanoparticles owing to the confined space of the interlayer region 

[12,14,55–59]. Since the LDH are soluble in acidic solutions, carbonaceous materials can be 

easily isolated if necessary [55–59]. Furthermore, LDH can be converted to LDO, MMO, and/or 

metallic nanoparticles during the synthesis, which extends the range of multifunctional carbon-

based nanocomposites that can be obtained [12,14,51,55–57,60]. 
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Figure 3. Simplified schematic representation of synthesis methods applied in the obtention 

of carbon-based nanocomposites constituted by LDH (or derivatives). M2+ 
and

 
M

3+
: divalent 

and trivalent metal cations; An-
: organic anion of charge n; C-dot: carbon dots; LDH: layered double 

hydroxides; LDH: layered double oxides; MMO: mixed metal oxides; MNP: metallic nanoparticles. 

 

Graphene-like materials can be denoted as compounds with structures derived or similar 

to graphene (e.g., graphene oxide, C-dots, fullerene, graphitic carbon, etc.) [8,15,61,62]. The 

2D graphene structure is constituted of Csp2 atoms arranged in a hexagonal lattice [61,63,64]. 

In the graphene layer, each C atom is linked to the other three atoms through −bonds (in the 

layer plane) formed by the overlapping of sp2 orbitals, whereas the adjacent free p orbitals 

(perpendicular to layer plane) form -bonds (Figure 4) [61,63,64]. The one-atom thick layers 

are formed by the extension of the bonds along the crystallographic axis a and b, yielding an 
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extensive and highly conjugated system of delocalized -bonds [63–65]. Graphene is the 

building-block for other carbon allotropes such as graphite (bulk structure formed by the 

stacking of graphene layers), fullerenes, C-dots, and graphene nanotubes, for instance [8,62]. 

The interest in graphene is because of its outstanding properties. It is a zero band-gap 

semiconductor with electrical mobility of ≥ 200,000 cm2(V.s)-1 and thermal conductivity of ≈ 

3,000-5,000 W(m∙K)-1 [66,67]. Besides, graphene presents a high mechanical strength (≈ 200 

times higher than steel) and theoretical surface area of 2,630 m2 g-1 as well as it is light (0.77 

mg m-2), flexible, transparent (2.3% of absorbance), impermeable, and can be functionalized 

[5,65–67]. The graphene-like materials can be applied in many fields, from the development 

of electro-electronic devices to nanomedicine, for instance [5,67,68].  

 

Figure 4. sp2-hybrid carbon arrangement in the graphene layer. Modified from Reference[61]. 

 

Among the graphene-like materials nanocomposites, the ones constituted of C-dots have been 

gaining significant attention. C-dots are 0D carbon with photoluminescent properties and 

particle size smaller than 10 nm. They were accidentally discovered in 2004 by Xu et al.[69] 

(top-down route) and between 2009-2013 new bottom-up synthesis protocol were established 

by microwave[70] and hydrothermal carbonization[71] as well as pyrolysis[72]. Since then, C-

dots have attracted considerable attention due to their properties such as 

photoluminescence/phosphorescence, up-conversion, photostability, solubility in water, 

activity as electron donor-acceptors, low cytotoxicity and biocompatibility [73–93]. C-dots 

have been successfully applied as sensors, photocatalysts, reductant agents, theragnostic agents, 
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and in bioimaging as well as to produce 

optoelectronic, electrochemical, and energy 

conversion-storage devices [73–93]C-dots can be 

classified according to their structure and 

composition into three groups: Graphene Quantum 

Dots (GQDs), Carbon Nanodots (CNDs) and 

Polymer Dots (PD) [86,89]. The structure, 

composition, and consequently, the properties of C-

dots are highly dependent on the synthesis method 

and on the reagents used as a carbon source [78,86,89]. In general, C-dots are constituted by a 

nucleus of carbon with sp2/sp3 hybridization (doped or not with nitrogen atoms, for instance) 

surrounded by organic functional groups (e.g., -COOH, -OH, -NH2, -CONH2) [86,89], as 

represented in Figure 5. The C-dots photoluminescent properties are dependent on their particle 

size, surface groups (surface chemistry), or fluorophore species/molecules formed during the 

synthesis that stay imbibed/absorbed in their structure [78,81,82,91]. Accordingly, a sample 

can display excitation radiation-dependent emission [91]. In addition, nitrogen doping can 

improve the electronic properties of materials, for instance, quantum luminescence yield and 

photoreduction properties [78,86,91]. C-dots can present fluorescence from blue/green (short-

wavelength-emitting) to yellow/red (long-wavelength-emitting) and are an alternative to dyes 

and semiconductor quantum dots [73–93]. Table 2 presents some review works focused on the 

synthesis method, structure, composition, properties, and applications of C-dots.  

The C-dots can be synthesized through bottom-up methods from the carbonization of 

small organic molecules or polymers by hydrothermal routes, by pyrolysis or by microwave 

synthesis [78,79,85,87,89]. Although biomass can be used as carbon source in the C-dots 

synthesis, depending on the desired application, it is preferred using pure precursors to the 

obtention of materials with high purity and to ensure reproductivity [82]. Another approach is 

the template-assisted synthesis in a confined space inside a nanostructured reactor, like micelles 

[94], mesoporous silica [95] and LDH [56,57,59,96–103] (Figure 3c).  

 

 

 

 

 

Figure 5. Schematic representation 

of a hypothetic C-dot structure. 
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Table 2. Review works regarding C-dots synthesis methods, structure, properties and 

applications up to 2022.  

Title Year Ref. 

Luminescent Carbon Nanodots: Emergent Nanolights 2010 [73] 

Graphene quantum dots: emergent nanolights for bioimaging, sensors, 

catalysis and photovoltaic devices 
2012 [74] 

Carbon Nanodots: Synthesis, Properties and Applications 2012 [85] 

Carbon quantum dots: synthesis, properties and applications 2014 [87] 

Carbon and Graphene Quantum Dots for Optoelectronic and Energy Devices: 

A Review 
2015 [88] 

The Photoluminescence Mechanism in Carbon Dots (Graphene Quantum 

Dots, Carbon Nanodots, and Polymer Dots): Current State and Future 

Perspective. 

2015 [89] 

Carbon dots: large-scale synthesis, sensing and bioimaging 2015 [90] 

Mechanism for excitation-dependent photoluminescence from graphene 

quantum dots and other graphene oxide derivates: consensus, debates and 

challenges 

2016 [91] 

Graphene and Carbon Quantum Dot-Based Materials in Photovoltaic Devices: 

From Synthesis to Applications 
2016 [92] 

The polymeric characteristics and photoluminescence mechanism in polymer 

carbon dots: A review 
2017 [93] 

Fluorescent carbon dots and their sensing applications 2017 [75] 

Polymers in carbon dots: A review 2017 [76] 

Carbon Dots: The next Generation Platform for Biomedical Applications 2019 [77] 

Carbon Dots: Synthesis, Formation Mechanism, Fluorescence Origin and 

Sensing Applications. 
2019 [78] 

Design, Synthesis, and Functionalization Strategies of Tailored Carbon 

Nanodots 
2019 [79] 

Biocompatible nitrogen-doped carbon dots: synthesis, characterization, and 

application 
2020 [80] 

Surface states of carbon dots and their influences on luminescence 2020 [81] 

Roles of Impurity and Sample Heterogeneity in Intriguing Photoluminescence 

Properties of Zero-Dimensional (0D) Carbonaceous Materials 
2022 [82] 

Carbon Dots as New Building Blocks for Electrochemical Energy Storage and 

Electrocatalysis 
2022 [83] 

Carbon Nanodots from an In Silico Perspective 2022 [84] 

A multifunctional chemical toolbox to engineer carbon dots for biomedical 

and energy applications 
2022 [86] 

 

 

The use of inorganic matrices such as LDH presents some structural and synergic 

advantages. C-dots can be well dispersed in the LDH matrix, which avoids aggregation and 

self-quenching, promoting solid-state photoluminescence [57,58,102–104]. In addition, the 

confinement effect assisted by the rigid LDH structures and physicochemical interactions 

between C-dots and layers, inhibits non-radiative decay and improves the exciton lifetime of 

C-dots [98–101,104]. Such features can extend the fluorescence lifetime and enhance the 
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quantum yield in favor of the bioimaging [105] as well as facilitate the electron-transfer rate in 

photocatalysis [99] and promote phosphorescence phenomena [98,100,101]. The photo and 

thermal stability of C-dots are also improved when they are combined with LDH [57,104]. 

Additionally, LDH composed of electroactive metals can interact electronically with C-dot and 

facilitate the electron-transfer migration, favoring catalyzed redox reactions [106] and 

enhancing the electrochemical activity of LDH [107]. The physicochemical features of LDH 

(or derivatives) surface can be changed by the incorporation of C-dots, improving the 

interaction of nanocomposites with pollutants (H-bonds, –  interaction, electrostatic 

interaction, etc.) [97,108–110] for the benefit of wastewater treatment. Table 3 summarizes the 

main works regarding nanocomposites constituted by LDH (or derivatives) and C-dots, which 

points out the chemical composition, characterization techniques, and their applications. 
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Table 3. Published works related to nanocomposites based on LDH (or derivatives) and C-dots (until December 2022). 

a) Co-assemble: LDH and C-dots synthesized separately 

LDH# C and/or N sources C-dots synthesis route Characterization† Application‡ Ref. 

Mg3Al-CO3 PEG and serine Microwave 

XRD, SEM, HRTEM, N2 adsorption-desorption 

(SAA-BET) and pore size distributions (BJH), 

Zeta potential, FTIR, and Fluorescence 

spectroscopy 

Adsorbent for removal organic 

dyes from water 
[108] 

HRP@Co2Fe-Cl 
Sodium citrate and 

NH4HCO3 

Hydrothermal 

(180 °C/4h) 

XRD, SEM, UV−vis, and Fluorescence 

spectroscopies; Electrochemical measurements 
H2O2 biosensor [111] 

Ni3Al-CO3 Citric acid 
Hydrothermal 

(200 °C/3h) 

XRD, TEM, EDX, XPS, Zeta potential, FTIR, 

Fluorescent properties measurements; 

Electrochemical measurements 

H2O2 sensor [112] 

Mg2Al-NO3 

(exfoliated) 

Citric acid and 

ethylenediamine 

Hydrothermal 

(200 °C/5h) 

XRD, SEM, HRTEM, AFM, Zeta potential, 

hydrodynamic size (DLS), FTIR and 

spectroscopies and fluorescent properties 

measurements; Electrochemical measurements; 

DFT calculations 

Fundamental studies: ultrathin 

luminescent films for developing 

optical/optoelectronic sensing 

devices 

[104] 

Ni3Al-LDH 
Wood-based 

activated carbon 

Mechanic 

(high-energy ball mill) 

XRD, SEM, HRTEM, and FTIR; Electrochemical 

measurements 
Acetylcholine Biosensor [107] 

Mg2Al-NO3 Citric acid and urea Microwave 
XRD, TEM, EDX elemental mapping, Zeta 

potential, XPS, FTIR, and solid-state 13C NMR 

Radionuclides Sr2+ and SeO4
2− 

water removal 

[109,

113] 

Ag@Mg3(AlCe)-NO3 
Citric acid and 

1,10-phenanthroline 

Hydrothermal 

(180 °C/2h) 

XRD, SEM, TEM/HRTEM, HAADF, EDX, XPS, 

N2 adsorption-desorption (SAA-BET) and pore 

size distributions (BJH), elemental analysis, FTIR 

and Fluorescence spectroscopy; Electrochemical 

measurements 

Heterogeneous catalyst for 

wastewater treatment 
[106] 

Ce6@Mg2Al-LDH 

(exfoliated) 

p-hydroxybenzoic 

acid and 

ethylenediamine 

Hydrothermal 

(180 °C/6h) 

TEM/HRTEM, AFM, XPS, Zeta potential, 

hydrodynamic size (DLS), FTIR, Raman, UV-

Vis, and Fluorescence spectroscopies 

Theragnostic material 

(in vitro) 
[114] 
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ICG@Mg3Al-LDH 

(exfoliated) 

p-phenylenediamine 

and 

3-(triethoxysilyl) 

propyl isocyanate 

Solvothermal 

(180 °C/12h) 

XRD, TEM/HRTEM, AFM, XPS, Zeta potential, 

hydrodynamic size (DLS), FTIR, UV-Vi and 

Fluorescent properties measurements 

Theragnostic material 

(in vitro and in vitro) 
[105] 

Zn2.5(AlGdDy)-LDH 
Folic acid and L-

lysine 

Hydrothermal 

(180°C/30min) 

XRD, TEM, SEM, EDS, FTIR, XPS, 1H-NMR, 

UV-Vis and MRI and Fluorescent properties 

measurements 

Theragnostic material 

(in vitro) 
[115] 

PDA@PNIPAM@Pd 

@Mg3Al-LDH 

citric acid and tris-

hydroxyaminometha

ne 

Calcination 

(275 °C/20min) 

XRD, SEM, EDX elemental maps, FTIR, XPS 

and TGA 

Heterogeneous catalyst for 

organic reactions 
[116] 

NiRCo-LDH 

(R=1–4) 
field bindweed 

Hydrothermal 

(180°C/6h) 

XRD, SEM, EDS, FTIR, UV-vis and 

Fluorescence spectroscopies; electrochemical 

properties measurements 

Electrocatalyst for water 

oxidation 
[117] 

NixCo-LDH 

(MOF-derived) 
pyrene and HNO3 

Calcination 

(80 °C/2d) 

XRD, SEM, EDS, TEM, XPS and TGA; 

electrochemical measurements 
Supercapacitor [118] 

NixCo-LDH Graphene oxide Hummer’s method 

XRD, SEM, HAADF, TEM, AFM, N2 

adsorption-desorption (SAA-BET) and pore size 

distributions (BJH), XPS, FTIR, Raman, UV-vis 

and Fluorescence spectroscopies and static 

contact angle; electrochemical properties 

measurements; DFT calculations 

Supercapacitor [119] 

b) LDH synthetized in the presence of C-dots 

LDH# C and/or N sources C-dots synthesis route Characterization† Application‡ Ref. 

Ni5Fe-LDH Graphite Electrochemical 

XRD, SEM, EDS, TEM/HRTEM, AFM, XPS, 

UV−vis, Fluorescence, FTIR, and Raman 

spectroscopies; Electrochemical measurements 

Electrocatalyst for oxygen 

evolution reaction (OER) 
[120] 

Ni3Al-LDH Graphite Electrochemical 

XRD, SEM, TEM/HRTEM, XPS, FTIR, N2 

adsorption-desorption (SAA-BET), and pore size 

distributions (BJH); Electrochemical 

measurements 

Supercapacitor [121] 

Ni2CoAl-LDH Citric acid 
Calcination 

(180 °C/30min) 

XRD, SEM, TGA/DTA, FTIR, and Fluorescence 

spectroscopies; Electrochemical measurements 
Glucose sensor [122] 



 
 

24 
 

Zn2Al-LDH Ammonium citrate 
Hydrothermal 

(170 °C/5h) 
XRD, TEM, EDX, and FTIR spectroscopy Cd2+ water removal [110] 

Mg2Al-LDH 
Sodium citrate and 

L-cysteine 

Hydrothermal 

(160 °C/10h) 

XRD, SEM, TEM, AFM, EDS elemental 

mapping, FTIR, UV-vis, and Fluorescence 

spectroscopies 

Adsorbent for Hg2+ and Ag+ 

uptake 
[123] 

Ni3Mn-LDH 

citric acid and 

ethanolamine or 

citric acid and 

ethylenediamine 

Hydrothermal 

(200 °C/4h or 200 

°C/5h) 

XRD, SEM, EDS, HRTEM, N2 adsorption-

desorption (SAA-BET), TGA, XPS, and FTIR; 

electrochemical measurements 

Synthesis of NiMn-MMO/C-dots 

to be used as anode of lithium-ion 

batteries 

[124] 

NixCo-LDH 
fungus bran and L-

lysine 

Hydrothermal 

(180 °C/12h) 

XRD, SEM, EDX elemental mapping, TEM, N2 

adsorption-desorption (SAA-BET) and pore size 

distributions (BJH), Zeta potential, XPS, FTIR, 

and Raman spectroscopies; electrochemical 

measurements 

Supercapacitors [125] 

Co3Al-LDH magnolia blossoms 
Solvothermal 

(180 °C/5h) 

XRD, SEM, EDS, HRTEM, HAAD, AFM, XPS, 

N2 adsorption-desorption (SAA-BET), FTIR, UV-

Vis, and Fluorescence spectroscopies; 

electrochemical measurements 

Photocatalyst for CO2 

photoreduction into CO and CH4 
[126] 

NixFe-LDH 

(MOF-derived) 

citric acid, citric acid 

and NH3 or glucose 

and H3BO3 

Hydrothermal 

(200 °C/3h or 160 

°C/3h) 

XRD, SEM, HRTEM, XPS, XAS, FTIR, Raman, 

UV-Vis, and Fluorescence spectroscopies; 

electrochemical measurements 

electrocatalysts for oxygen 

evolution reaction (OER) 
[127] 

NixGa-LDH@NF 

(MOF-derived) 
Citric acid and urea 

Hydrothermal 

(180 °C/5h) 

XRD, SEM, TEM/HRTEM, elemental mapping, 

N2 adsorption-desorption (SAA-BET) and pore 

size distributions (BJH), XPS, FTIR, Raman, and 

UV-Vis spectroscopies; static contact angle; 

electrochemical measurements 

Supercapacitor [128] 

c) Template-assisted synthesis from LDH-organic anion hybrids 

LDH# C and/or N sources C-dots synthesis route Characterization† Application‡ Ref. 

Mg3Al-Citrate NH3 
Hydrothermal 

(180 °C/8h) 

XRD, TEM/HRTEM, AFM, 13C- and 1H-NMR, 

XPS, GPC chromatography, UV-vis, Raman and 

FTIR spectroscopies and fluorescent properties 

measurements; DFT calculations 

Fundamental studies [56] 
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Mg3Al-Citrato NH3 
Hydrothermal 

(180 °C/8h) 

XRD, TEM/HRTEM, AFM, XPS, UV-vis, 

Raman, and FTIR spectroscopies and fluorescent 

properties measurements; 

Optic sensor for NO2 [58] 

Mg3Al-Citrate/SDS NH3 
Hydrothermal 

(180 °C/8h) 

XRD, SEM, TEM/HRTEM, TGA, FTIR, UV-vis, 

and Fluorescence spectroscopies 

Adsorbent of 

2,4,6-triclorofenol 
[97] 

MgRAl-Citrate 

(R= 2–5) 
ethylenediamine 

Hydrothermal 

(150 °C/6h) 

XRD, SEM, TEM/HRTEM, EDS elemental 

mapping, AFM, XPS, 13C- and 1H-NMR, 

elemental analysis, Zeta potential, hydrodynamic 

size (DLS), FTIR, Raman, UV-vis and 

Fluorescence spectroscopies; Electrochemical 

measurements; molecular dynamics simulation 

Fundamental studies: 

Thermosensor and 

blue LED production 

[57] 

Mg3Al-EDTA 

Zn3Al-EDTA 

Mg3Al-SDS/EDTA 

-- 
Pyrolysis 

(200-400 °C/4h) 

XRD, TEM/HRTEM, EDS elemental mapping, 

XPS, TGA, FTIR, Raman and UV-vis 

spectroscopies, Fluorescent and Phosphorescent 

properties measurement 

Fundamental studies [98] 

Mg3Al-EDTA 

Mg3Al-[Cu(EDTA)] 
-- 

Pyrolysis 

(250 °C/4h) 

XRD, SEM, TEM/HRTEM, AFM, ESR, TGA, 

XPS, FTIR, Raman and UV-vis spectroscopies, 

Fluorescent and Phosphorescent properties 

measurement; Electrochemical measurements; DFT 

calculations 

Fundamental studies: 

photocatalysis 
[99] 

Mg2Al-EDTA -- 
Pyrolysis 

(300 °C/4h) 

XRD, SEM, TEM/HRTEM, AFM, 1H- and 13C-

NMR, XPS, FTIR, Raman and UV-vis 

spectroscopies, fluorescent and phosphorescent 

properties measurement; cyclic voltammetry; 

DFT calculations 

Fundamental studies: anti-

counterfeiting marker 
[59] 

Mg2Al-PDTA 

Mg2Al-[Zn(PDTA)] 
-- 

Pyrolysis 

(250 °C/4h) 

XRD, SEM, TEM/HRTEM, AFM, TGA, XPS, 

FTIR, Raman and UV-vis spectroscopies, 

Fluorescent and Phosphorescent properties 

measurement; cyclic voltammetry 

Fundamental studies: data 

security devices and sensors 
[101] 

Mg3Al-EDTA 

Mg3Al-[Zn(EDTA)] 
-- 

Hydrothermal 

(250 °C/24h) 

XRD, SEM, TEM/HRTEM, AFM, TGA, 1H- and 
13C-NMR, ESR, XPS, FTIR, Raman and UV-vis 

spectroscopies, Fluorescent and Phosphorescent 

properties measurements; cyclic voltammetry 

Fundamental studies [100] 
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CS@Mg4Al-LDH -- 
Pyrolysis 

(500 °C/6h) 

XRD, SEM, EDX elemental mapping, 

TEM/HRTEM, EXAFS, N2 adsorption-desorption 

(SAA-BET) and pore size distributions (BJH), 

XPS, FTIR, and fluoresce spectroscopies 

Synthesis of Mg2+/Al3+-MMO 

composite to U(IV) and 
241Am(III) water removal 

[129] 

Mg3Al-SDS/DABS 

([SDS/DABS] from 

1:9 to 9:1) 

-- 
Hydrothermal 

(200 °C/4 h) 

XRD, SEM, TEM, AFM, element analysis, XPS, 

FTIR, Raman, and UV-Vis spectroscopies and 

fluorescent properties measurements 

Fundamental studies: solid-state 

luminescence and white LED 

production 

[102] 

HIS@Zn2Al-LDH -- 
Hydrothermal 

(170 °C/8h) 
XRD, FTIR, SEM, HRTEM and ESR 

Synthesis of C-dots/ZnO/ZnAl2O4 

composite to be used as 

antibacterial agent 

[130] 

Mg3Al-AS -- 
Hydrothermal 

(220 °C/10h) 

XRD, SEM, HRTEM, AFM, FTIR, Raman, XPS, 
1H-NMR, UV-Vis and 

fluorescent/phosphorescent properties 

measurements; cyclic voltammetry 

Pressure sensor [103] 

Mg3Al-[Zn(EDTA)] -- 
Hydrothermal 

(250 °C/24h) 

XRD, SEM, TEM/HRTEM, AFM, TGA, ESR, 

XPS, FTIR, Raman, and UV-vis spectroscopies 

and Fluorescent and Phosphorescent properties 

measurements; 

O2 sensor [96] 

SDBS@Mg3.2Al-LDH -- 
Pyrolysis 

(350-650 °C/2h) 

XRD, SEM, EDS elemental mapping, HRTEM, 

Zeta potential, N2 adsorption-desorption (SAA-

BET), FTIR, XPS, and static contact angle 

Synthesis of MgAl-MMO/C-dots 

to be used as adsorbent of organic 

dye pollutants 

[131] 

#nominal M2+/M3+ molar ratio, x: metal molar ratio not reported; M2+/M3+-LDH was used when the intercalation anion was not specified; Ag: silver nanoparticles; AS: 

Aminobenzene sulfonic acid; Ce6: chlorin e6; CS: chitosan; DABS: 2,5-Diaminobenzenesulfonate; DBS: dodecylbenzene sulfonate; DOX: doxorubicin; EDTA: 

ethylenediamine tetraacetate ([Cu(EDTA)] and [Zn(EDTA)] are the related organo-complex of Cu2+ or Zn2+, respectively); HIS: histidine; HRP: Horseradish peroxidase 

enzyme; ICG: indocyanine green; MOF: metal-organic frameworks; NF: Nickel foam; Pd: palladium nanoparticles; PDA: polydopamine polymer; PDTA: 

diethylenetriaminepentaacetate ([Zn(PDTA)] is the related organo-complex of Zn2+); PEG: poly(ethylene glycol) polymer; PS: polystyrene polymer; PNIPAM: poly(N-

isopropylacrylamide); S: sulfide nanoparticles; SDBS: sodium dodecylbenzene sulfonate; SDS: sodium dodecyl sulphate;  
†AFM: Atomic Force Microscopy; BET: Brunauer–Emmett–Teller; BJH: Barrett–Joyner–Halenda; DFT: Density Functional Theory; DLS: Dynamic Light Scattering; DTA: 

Differential Thermal Analysis; EDS: Energy Dispersive Spectroscopy; EDX: Energy Dispersive X-ray; ESR: Electron Spin Resonance; ESI: Electrochemical Impedance 

Spectroscopy; EXAFS: Extended X-ray Absorption Fine Structure; FTIR: Fourier Transform Infrared; GPC: Gel Permeation Chromatography; HAADF: High-angle Annular 

Dark-field Imaging; HRTEM: High-resolution Transmission Electron Microscopy; MRI: Magnetic Resonance Imaging; NMR: Nuclear Magnetic Resonance; SAA: Specific 

surface area; SEM: Scanning Electron Microscopy; TEM: Transmission Electron Microscopy; TGA: Thermogravimetry Analysis; XAS: X-ray Absorption Spectroscopy; 

XPS: X-ray Photoelectron Spectroscopy; XRD: X-ray Diffraction;  
‡LED: Light Emitting Diode; MMO: Mixed Metal Oxides 
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The potential of such materials in terms of their properties and, consequently, their 

applications is reflected in the number of scientific articles published trying to the synthesis of 

nanocomposites composed of LDH (or derivatives) and C-dots (Table 2 and Figure 6). 

Searching in the “Web of Science” platform, crossing the terms “carbon dots” and “layered 

double hydroxides”, 103 related works were found. However, after a detailed refinement, it was 

selected 55 works about such nanocomposites. Ten years after the C-dots discovering, in 2014, 

the first works were published reporting co-assembly methods [108,111] or synthesizing LDH 

in the presence of C-dots [120]. Since then, the number of publications has been increasing, 

with China being the biggest scientific producer in the field, corresponding to approximately 

76% of the publications (Figure 6). The first work reporting the template-mediated synthesis 

of C-dot was reported by Song et al [56] in 2015. The method consisted of hydrothermal 

carbonization of citrate intercalated into Mg3Al-LDH and using NH3 as N-dopant source. 

Among the 55 works, 16 used organic-inorganic hybrid materials as precursor of 

nanocomposites, but in only 13 the organic anions were intercalated into LDH, i.e., the real 

template-assisted synthesis (Figure 6). Almost all works reported exclusively the use of LDH 

composed by Mg2+/Al3+ cations intercalated with simple organic anions such as citrate, EDTA 

(or EDTA metal-complex), PDTA (or PDTA metal-complex) as well as SDS co-intercalated 

with DBS or citrate (Table 4c). 

 

 

Figure 6. Scientific production data from 2004-2022 regarding nanocomposites based on LDH (or 
derivatives) and C-dots. The numbers were taken from Web of Science platform in January 2023.  
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Carbon-based nanocomposites have enormous economic potential considering their 

versatile properties and assorted applications. In the prospective study on nanotechnology 

published in 2010 by the Agência Brasileira de Desenvolvimento Industrial (ABDI) [2] themes 

like as nanomaterials, nanoelectronics, nanophotonic, nanobiotechnology, nanoenergy and 

nanoenvironment were identified as the most promising and strategic for Brazil. 

Nanocomposites are also included in the prospective study, and it was considered as desirable 

situation [2]. Although no LDH/graphitic-like carbon nanocomposite is in the market yet, the 

Merck company has already been commercializing blue luminescent graphene quantum dots 

(1.0 mg∙mL-1 in H2O; approximately US$ 190.00) for research purposes. Furthermore, as a 

practical example of marketing products consisting of layered double hydroxide, the synthetic 

LDH with [Mg6Al2(OH)16]CO3∙4H2O formula, known as hydrotalcite-like compound, is 

commercialized by Bayer as the antacid Talcid™. Also, an Italian company started 

commercializing the Azelike™ cream to treat skin diseases (acne, inflammation, 

hyperpigmentation), in which the active principle is the anion from azelaic acid intercalated 

into LDH. Interestingly, the system was developed by a research group from the Department of 

Chemistry at the University of Perugia, which has been working for years in the field of layered 

materials. 

Our group has been working with LDH for more than twenty years. However, studies 

with the intercalation of organic species began fifteen years ago, focusing on the physical-

chemical characterization by structural, spectroscopic, and thermal techniques but also testing 

the buffering effect of LDH in acid medium. Subsequently, the characterization techniques were 

expanded to allow for greater structural detailing of the LDH materials, which include solid-

state nuclear magnetic resonance (NMR) and high-resolution transmission electron microscopy 

(HRTEM). The adjustment of the synthesis parameters has made it possible to obtain hybrid 

systems LDH-organic species of high crystallinity, which allows for carrying out computational 

simulations with the generation of one-dimensional electronic density maps from the XRD 

results and the pair distribution function (PDF) calculations. The vibrational spectroscopic 

results (Raman and FTIR) of organic species have also been validated by density functional 

theory (DFT) calculations. In addition, studies have recently evaluate the potential of using 

hybrid materials constituted of LDH intercalated with anionic organic species as precursors of 

carbon-based nanocomposites [51,132,133]. 

In this work, hybrid materials constituted of M2Al-LDH (M = Mg2+ or Zn2+) intercalated 

with carboxymethyl cellulose polymer (CMC) or anions from Folic Acid (FA; vitamin B9) 

were evaluated as precursors of carbon-based nanocomposites by in-situ carbonization 
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(template-mediated methods) carried out mainly by pyrolysis, but also by hydrothermal 

carbonization. CMC (Figure 7a) was chosen because it is a good source of carbon-based 

materials, is derived from biomass, and can be intercalated into LDH. FA (Figure 7b) was 

chosen because it is widely investigated as precursor of graphite-like materials by bottom-up 

methods. In addition, it can work both as a carbon and nitrogen source, exempting the use of 

additional dopant sources, and has aromatic rings, which can help to form graphitic carbon 

nuclei. Mg2Al-LDH and Zn2Al-LDH matrices were chosen due to their biocompatibility, 

abundance, and low cost and because of their differences in terms of crystallite size, reactivity 

and physicochemical and thermal properties [30,54,134]. For instance, the thermal stability of 

Zn2Al-LDH is much lower than Mg2Al-LDH [30,41,135,136]. Mg(OH)2 and Zn(OH)2 have 

different solubility product constants of 5.61x10-12 and 3.0x10-17, respectively [137]. 

Furthermore, such LDH compositions are not classified as catalysts of graphitization [12], 

which makes it possible to evaluate purely the potential use of these materials as nanoreactors 

in the template-assisted synthesis of carbon-based materials. 

 

 

Figure 7. Structural formula of sodium carboxymethylcellulose (a) and folic acid (b).  

 

 

One of the main goals of this work was to evaluate how much the composition of 

nanocomposite depends on the composition of the M2Al-LDH hybrid precursor. Initially, the 

thermal behavior of the hybrid materials was evaluated by simultaneous thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), and evolved gas analysis (EGA) by 

mass spectrometry (TGA-MS) and/or infrared spectroscopy (TGA-IR). Appropriately, the 

temperature values of pyrolysis were selected and the precursors were pyrolyzed in a furnace. 

Subsequently, the characterization of the obtained carbon-based materials was performed by 

standard techniques in laboratory, such as X-ray Diffraction (XRD), Fourier Transform Infrared 
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(FTIR) and Raman spectroscopy, and Scanning Electron Microscopy and Energy Dispersive 

Spectroscopy (SEM-EDS). Based on the results, the proper temperature range was pointed out 

for the obtention of carbon-base nanocomposites. 

This thesis was organized into chapters in the format of scientific articles. Chapter 2 

presents the work published in ChemEngineering 2019 titled “Investigation of Thermal 

Behavior of Layered Double Hydroxides Intercalated with Carboxymethylcellulose Aiming 

Bio-Carbon Based Nanocomposites” [51]. In this work, the thermal behavior of M2Al-CMC 

(M= Mg or Zn) hybrid materials was investigated by TGA/DSC and TGA-MS analysis. 

Accordingly, M2Al-CMC were pyrolyzed between 500-1000 °C, and the carbon-based 

nanocomposites were further characterized by XRD, FTIR, Raman, and SEM-EDS. For 

comparison purposes, LDH intercalated with carbonate (M2Al-CO3) were pyrolyzed in the 

same temperature range. The formation of graphitic carbon was observed above 600 °C, as 

determined by Raman spectroscopy. XRD results showed that the Mg2Al-CMC pyrolyzed 

between 600-1000 °C presented poorly crystallized MgO and the formation of spinel structures 

(MgAl2O) was hindered in comparison with the LDH-CO3 counterpart. On the other hand, for 

Zn2Al-CMC, it was observed the formation of well-crystallized nanometric ZnO at 800 °C. As 

far as the temperature increased, it was indirectly noticed that the ZnO was converted to zinc 

vapor (TGA/DSC, XRD, SEM-EDS) by carbothermic reaction. The residual phase at 1000 °C 

presented indicative of ZnAl2O4 (spinel) and γ-Al2O3 phases, differently than was observed for 

Zn2Al-CO3 sample (ZnO and ZnAl2O4), confirming the effect of graphitic carbon in reducing 

ZnO. Accordingly, it was established that for obtaining nanocomposites constituted by 

MMO/LDO and graphitic carbon, the best temperature range is 600-1000 °C or 600-800 °C, 

when the precursors were Mg2Al-LDH and Zn2Al-LDH hybrid materials, respectively.  

In Chapter 3 is presented the work titled “Folic acid and sodium folate salts: Thermal 

behavior and spectroscopic (IR, Raman, and solid-state 13C NMR) characterization,” published 

in Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy  2022 [138]. The 

spectroscopic investigation of FA and its synthesized sodium salts in the dianion (Na2HFol) or 

trianion (Na3Fol) form was scrutinized in their solid state. The interpretation of spectroscopic 

data was supported by theoretical calculations using DFT. The thermal behavior of such 

compounds was also evaluated by TGA/DSC coupled to TGA-MS in a synthetic air 

atmosphere. The goal was to identify the main thermal (TGA/DTG-DSC-MS; in air 

atmosphere) and spectroscopic (IR, Raman, and solid-state 13C NMR) signatures of each 

species as well as investigate the influence of the protonation level on the physicochemical 

properties of the compounds. The spectral differences among them were mainly based on 
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signals assigned to glutamic acid (glutamate) and pterin (neutral or anionic) moieties of FA. In 

addition, the oxidative thermal stability was improved for sodium salts, following the order: FA 

> Na2HFol > Na3Fol. This work contributed to the characterization of carbon-based materials 

obtained from the pyrolysis of FA and its sodium salts (Chapter 4). It was also useful to 

characterize the hybrid materials of LDH intercalated with folate anions and their related 

nanocomposites (Chapter 5). 

The work titled “Pyrolysis mechanism of Folic Acid: identification of gaseous products 

and characterization of N-doped carbon materials” was submitted for Carbon in 2023 and is 

presented in Chapter 4. Initially, the thermal behavior of FA was investigated and compared 

with its sodium salts (Na2HFol and Na3Fol) by TGA/DSC under an N2 atmosphere. The 

gaseous/volatile products released during the pyrolysis were evaluated by simultaneous TGA-

FTIR and TGA-MS. Hence, FA was pyrolyzed in a set of temperature values up to 1000 °C, 

and the samples were further characterized by XRD, FTIR, Raman, and X-ray photoelectron 

spectroscopy (XPS). Subsequently, a pyrolysis mechanism was proposed for FA as follows: (i) 

decomposition of FA initiates at 200 °C; (ii) the formation of carbonaceous material through 

polymerization/condensation reaction (FTIR, Raman, and XPS) initiated from 200-350 °C and 

it was observed the release of 2-pyrrolidone and aniline (TGA-IR); (iii) between 350-1000 °C, 

the graphitization was enhanced (Raman), and N-graphite increased whereas the vanishing of 

amidic groups was observed (XPS). Furthermore, C-dots could be extracted from the sample 

pyrolyzed at 350 °C, as confirmed by transmission electron microscopy (TEM). The ideal 

temperature for synthesizing graphitic carbon containing N-graphite was determined to be 

above 800 °C. On the other hand, for the sodium folate salts, it was observed that the cracking 

reactions were favored, and graphitization was precluded. In addition to the unprecedented 

results, this work also contributed to understanding how the mechanism of pyrolysis was altered 

when intercalated folate anions were pyrolyzed in the confined space between the LDH layers. 

Finally, in Chapter 5 is presented the work entitled “Hybrid nanomaterials based on 

Folic Acid intercalated into M2+/Al3+ (M2+ = Mg2+ and Zn2+) Layered Double Hydroxides as 

precursors of Carbon-based Nanocomposites”, that will be submitted to Applied Clay Science. 

In this chapter, M2Al-LDH intercalated with folate anions (HFol2- or Fol3-) were evaluated as 

precursor of carbon-based nanocomposites by pyrolysis and hydrothermal carbonization routes. 

Initially, TGA/DSC and EGA (TGA-MS and TGA-IR) analysis of Mg2Al-Fol (Fol3-), Zn2Al-

Fol (Fol3-), and Zn2Al-HFol (HFol2-) were carried out to investigate the influence of layer 

composition as well as the valence of the anion in the carbonization process. Results indicated 

that both factors influenced the pyrolysis mechanism. However, the profile of the TGA/DSC 
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curves and the EGA analysis suggested that the layer composition was the main factor. Hence, 

Mg2Al-Fol and Zn2Al-HFol hybrid materials were pyrolyzed in a set of temperatures according 

to the thermal analysis results. The carbonization of folate anions was delayed after intercalation 

into LDH in comparison with FA and its sodium salts (Chapter 4), as it was indicated by FTIR 

and Raman analysis. Although, the carbonization was observed to advance faster in Zn2Al-

LDH than in Mg2Al-LDH. From XRD analysis, it was observed that the carbonaceous material 

(C) formed during the pyrolysis prevented the crystallization of metal oxides and spinel-like 

structures, similarly with was also observed for M2Al-CMC counterparts. Nanocomposites 

constituted of graphitic carbon and crystallized metal oxides (MgO and ZnO) were only 

obtained at 800 °C. Furthermore, LDO was successfully restored to LDH structure through a 

reaction in water (XRD, SEM and TEM). The obtained nanocomposites presented a 

carbonaceous phase intimately mixed with the restored LDH structure (SEM-EDS and TEM). 

Additionally, after the regeneration essay, it was observed a conversion from the inherited 

structure of LDH-FA to the LDH-CO3 phase, as far as the folate anions were carbonized. Also, 

separation of phases occurred for Zn2Al-LDH (ZnO, Al(OH)3 and LDH) and Mg2Al-LDH 

(Mg(OH)2 and LDH) samples pyrolyzed at 800 and 1000 °C, respectively. Spectrofluorimetric 

analysis showed that LDH-FA are potential precursors for LDH/C-dots nanocomposites. 

Materials presented photoluminescent properties that decreased in intensity as far as 

oxygenated and nitrogenated functional groups (e.g., COO-, NH, C=O) of folate were 

decomposed. The proper temperature range for obtaining LDH/C-dots was stated to be below 

the peak temperature of the first decomposition step of folates (410-430 °C). Hydrothermal 

carbonization was not suitable to obtain LDH/C-dots from Mg2Al-Fol because occurred an 

anion exchange between folate and generated carbonate during the process, making the 

carbonization take place outside the layers. However, photoluminescent ZnO-nanocomposites 

could be obtained from Zn2Al-LDH hydrothermally treated at 180 °C. 

Considering the potential economic value of nanocomposites based on LDH (or 

derivatives) and graphite-like materials as well as their potential applications in several areas 

of science and technology. This thesis may contribute to the development of protocols to obtain 

multifunctional carbon-based nanocomposites for diagnostic imaging, environmental 

protection, and electronic-optoelectronic devices production, for instance. Besides the relevant 

social impact that this research can provide, the synthesis protocols reported in this thesis will 

allow Brazil to be internationally competitive in the field of nanocomposites based on LDH and 

graphene-like materials.  
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Abstract. Carboxymethylcellulose (CMC), a polymer derived from biomass, was intercalated into 

layered double hydroxides (LDH) composed by M2+/Al3+ (M2Al-CMC, M = Mg or Zn) and evaluated 

as precursors for the preparation of biocarbon-based nanocomposites by pyrolysis. M2Al-CMC 

hybrids were obtained by coprecipitation and characterized by X ray diffraction (XRD), vibrational 

spectroscopies, chemical analysis, and thermal analysis coupled to mass spectrometry. Following, 

pyrolyzed materials obtained between 500–1000 °C were characterized by XRD, Raman spectroscopy, 

scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Above 600 C, Raman 

spectra of all samples showed the presence of graphitic carbon, which plays a role in the degree of 

crystallinity of produced inorganic phases (for comparison purposes, M2Al-CO3 materials were 

investigated after calcination in the same experimental conditions). XRD patterns of Mg2Al-CMC 

pyrolyzed between 600–1000 C showed poorly crystallized MgO and absence of spinel reflections, 

whereas for Zn2Al-CMC, it was observed well crystallized nanometric ZnO at 800 C, and ZnAl2O4 

and -Al2O3 phases at 1000 C. Above 800 °C, the carbothermic reaction was noticed, transforming ZnO 

to zinc vapour. This study opens perspectives for nanocomposites preparation based on carbon and 

inorganic (mixed) oxides through precursors having organic-inorganic interactions at the nanoscale 

domain.  

Keywords: intercalation compounds; layered materials; layered double hydroxides; hydrotalcite; 

thermal analysis; carboxymethylcellulose; carbon-based nanocomposites. 

 

1. Introduction 

More than forty minerals have been identified as layered double hydroxide (LDH) phases which 

structures are analogous to brucite mineral, Mg(OH)2 [1]. In nature, partial replacement of magnesium 

ions by Al3+, Fe3+, Cr3+, Mn3+ or Co3+ produces an excess of positive charges in the structure that are 

neutralized by simple counter ions such as carbonate, hydroxide, sulphate or chloride. In some minerals, 

divalent cations like Zn2+, Ni2+, Fe2+ or Mn2+ are present instead of magnesium. These materials are also 

called as hydrotalcite-type compounds given that the first identified LDH phase was nominated 

hydrotalcite (due to its textural resemblance with talc) [2]. 

The chemical composition of LDH materials is usually represented by the general formula 

[(M2+(1−x)M3+x)(OH)2]x+[Am−x/m·nH2O]x− and denoted as M2+RM3+-A, where M is the metal ion, R is the 

M2+/M3+ molar ratio and Am− is a hydrated anion [2,3]. The M2+/M3+ molar ratio in the minerals is usually 

3 or 2 as for example in hydrotalcite ([Mg6Al2(OH)16]CO3·4H2O) and quintinite 

([Mg4Al2(OH)12]CO3·3H2O), respectively [1]. In LDH structure, hydroxide ions are in a hexagonal close-

packed arrangement in two adjacent planes in such a way that octahedral sites are occupied by metal 
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cations (Figure 1a). The octahedral are edge-sharing along the crystallographic axes a and b, forming two-

dimensional (2D) structures as shown in Figure 1b [3]. Positive layers are stacked along the c-axis and 

the anions are intercalated between them [3]. Different layers stacking of the same material can produce 

LDH structures with different dimensions along c direction, i.e., distinct polytypes: 3R (rhombohedral 

symmetry) or 2H (hexagonal symmetry) [3].  

 

Figure 1. Schematic representation of (a) hydroxide ions coordinated to metal cation in an octahedral 

arrangement, (b) layered double hydroxide (LDH) structure comprising stacked positive layers 

intercalated by negative ions, (c) monomeric unit of carboxymethylcellulose (CMC). 

From the 1970s, synthetic materials similar to LDH minerals have been prepared in a laboratory 

and characterized by increasingly advanced physicochemical techniques [4]. Such materials are very 

versatile in terms of the chemical composition of layers, as well as M2+/M3+ molar ratio, and a great 

number of combinations with different anions can be employed in LDH synthesis. Instead of simple 

anions, LDH hybrid materials can be synthesized by the intercalation of polyoxometalates [5], anionic 

metal complexes [6] and organic species like drugs, dyes, amino acids, synthetic polymers and 

biopolymers [4,7,8]. Owing to their compositional versatility, a variety of LDH with different physical-

chemical properties can be obtained for diverse applications, ranging from heterogeneous catalysis [9], 

environmental remediation [10], energy production [11], drug carrier and diagnosis in medicine [12] up 

to nanoreactors for prebiotic life [13].  

LDH organic-inorganic hybrid materials have significant potential as precursors for 

nanocomposites based on mixed metal oxides (MMO) and carbonaceous species (C). Through 

calcination, LDH can be converted into oxides (MOx) and spinels (M1M2O4) which display M2+–O2− and 

M3+–O2− acid-basic sites, high specific surface area, well dispersed metals and fine tuning interface of 

components species suitable for adsorption and/or heterogeneous catalysis in a wide range of reactions 

[14–16]. Some studies have reported the preparation of MMO/C composites by the bottom-up method 

where an organic source is carbonized within the confined space between LDH layers [17]. This 

approach reduces the number of synthetic steps compared to the physical mixture of pre-prepared LDH 

and nanocarbon form (e.g., carbon nanotubes or graphene oxide), allowing isolation of porous carbon 

and yielding more homogeneous materials at submicroscale, fostering synergistic effects. Metal oxides 

(or hydroxides) and carbonaceous materials show exciting adsorption and catalytic properties suitable 

for applications in environmental remediation or development of sensors [17].  

In this study, LDH materials composed by zinc, magnesium and aluminum cations intercalated 

with carboxymethylcellulose (CMC) polymer were chosen to investigate the thermal preparation of 

MMO/C composites. CMC is a water-soluble anionic polymer obtained through chemical modification 

of cellulose polysaccharide, the most abundant natural polymer [18]. Such polymer is constituted by a 

chain of glucose rings connected by -1,4 glycosidic linkages between C(1) and C(4) of adjacent units, 

with a carboxymethyl-substituted group mainly at C(6) position (Figure 1c). As a biomass derivative, 

CMC is a low-cost, abundant and sustainable source for biocarbon production and, as an anionic 

polyelectrolyte, can be intercalated into LDH structure. Small organic species intercalated into LDH can 

anion

(c)(b)

OH-

=M2+

anion
anion

c

a

b

(a)

=M3+

R = H or CH2COO-Na+
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be volatilized even under pyrolytic conditions precluding the carbon formation. The usage of polymeric 

organic species increases the possibility of carbon production in a non-oxidizing atmosphere.  

Few studies were reported about systems comprising LDH and CMC but none of them focused on 

the preparation of MMO/C nanocomposites. Mg1.15Al-CMC material was prepared by exfoliation of 

nitrate-LDH in formamide and posterior restacking in a sodium CMC solution also in the organic 

solvent [19]. Later M2Al-CMC (M = Mg, Zn, Cu, Ni) materials were isolated by coprecipitation method 

[20,21]. 

In this work, composite materials based on MMO/C were prepared at four temperature values (500, 

600, 800 and 1000 °C) through pyrolysis of M2Al-LDH (M = Mg2+ or Zn2+) intercalated with CMC, as 

represented in Figure 2. LDH materials constituted by Mg2+/Al3+ and Zn2+/Al3+ were chosen owing to 

dissimilar characteristics as thermal stability [22] and topological transformation from LDH to MMO 

[23,24]. Otherwise, for comparison purposes, LDH materials containing intercalated carbonate instead 

of CMC were also prepared to investigate the probable influence of CMC on the inorganic phases 

achieved in the pyrolysis process. Nanocomposites comprising of graphitic carbon, metal oxides and 

spinel phases were produced within the 600–1000 °C range. For the LDH hybrid material containing 

Zn2+ ions, ZnO nanocrystals were observed when pyrolysis was performed at 800 °C; zinc oxide 

underwent a carbothermic reaction at higher temperatures. Whereas, XRD pattern of Mg2Al-CMC 

exhibited only MgO phase within the 600–1000 °C range, indicating that pyrolyzed CMC hindered the 

spinel phase crystallization.  

 

Figure 2. Schematic representation of the two-step synthetic approach used to produce MMO/carbon 

nanocomposites from layered double hydroxides. 

2. Materials and Methods 

2.1. Chemicals 

Magnesium nitrate hexahydrate (Mg(NO3)26H2O, Merck), aluminum nitrate nonahydrate 

(Al(NO3)39H2O, Merck), zinc nitrate hexahydrate (Zn(NO3)26H2O, Merck), magnesium chloride 

hexahydrate (MgCl26H2O, Sigma-Aldrich), aluminum chloride hexahydrate (AlCl36H2O, Sigma-

Aldrich), zinc chloride (ZnCl2, Sigma-Aldrich), sodium hydroxide (NaOH, Sigma-Aldrich), sodium 

carbonate (Na2CO3, Merck), sodium carboxymethylcellulose—CMC (90 kDa, Degree of substitution 0.7, 

Sigma-Aldrich) were used without further purification. Deionized water was used in all experimental 

procedures.  

2.2. Preparation of LDH-CMC Hybrid Materials 

The intercalation of CMC polymer into LDH was carried out by co-precipitation method and the 

best experimental conditions are described ahead. For the preparation of the Mg2Al-CMC sample, 3.070 

g of CMC was solubilized into 250 mL of deionized water and the pH value of the solution was adjusted 

to 9.5 by the addition of NaOH 0.2 mol·L−1 solution. Afterwards, 250 mL of an aqueous solution 

containing 16.67 mmol of MgCl26H2O and 8.83 mmol of AlCl36H2O was added dropwise to CMC 

=M2+ (Mg2+ or Zn2+) =Al3+

=Na+ = -COO-

Precursor

Coprecipitation 

at pH constant

Layered Double Hydroxide 
hybrid material: M2Al-CMC

Pyrolysis

N2

Nanocomposite:
metal oxide +

spinel +
nanocarbon

Carboxymethylcellulose (CMC)

c

a

b
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solution under a nitrogen atmosphere and vigorous stirring. The pH value was maintained constant by 

the addition of NaOH 0.2 mol L−1 solution. The co-precipitation reaction was carried at 60 °C and, after 

the complete addition of the metal cations solution, the suspension was maintained for 6 h at 60 °C. The 

white precipitate was centrifuged, washed four times with deionized water and dried at room 

temperature under reduced pressure.  

For the preparation of the Zn2Al-CMC sample, 20 g of CMC was solubilized into 850 mL of 

deionized water and the pH value of the solution was adjusted to 7.5 by the addition of NaOH 0.5 

mol·L−1 solution. Afterwards, 520 mL of an aqueous solution containing 41.20 mmol of ZnCl2 and 21.41 

mmol of AlCl36H2O was added dropwise to CMC solution under a nitrogen atmosphere, vigorous 

stirring and at room temperature. The pH value was maintained constant by the addition of NaOH 0.5 

mol·L−1 solution. After addition of the metal cations solution, the suspension was dialyzed for 3 days 

changing the water after each 12 h. The white precipitate was then freeze dried.  

For comparison purpose, Mg2+/Al3+ and Zn2+/Al3+ LDH materials intercalated with carbonate anion 

(Mg2Al-CO3 and Zn2Al-CO3) were synthesized as described by Miyata [25] with modifications. 

Typically, the pH value of 250 mL of water was adjusted to 9.5 (for Mg2Al-CO3) or 9.0 (for Zn2Al-CO3) 

by the addition of Na2CO3 0.2 mol·L−1 solution. To this solution, 250 mL of a solution containing 16.67 

mmol of Mg(NO3)26H2O (or Zn(NO3)26H2O) and 8.33 mmol of AlCl36H2O was added dropwise under 

stirring. The co-precipitation reaction was carried out at an ambient atmosphere and room temperature. 

The pH value was maintained constant by the addition of Na2CO3 0.2 mol·L−1 solution. After addition 

of the metal cations solutions, the suspension was maintained under stirring at ambient atmosphere 

and room temperature for 2 h. The white precipitate was centrifuged, washed five times with deionized 

water, one time with ethanol and dried at room temperature under reduced pressure.  

2.3. Preparation of MMO/C Composites 

Mg2Al-CMC and Zn2Al-CMC precursors were pyrolyzed on a Shimadzu TGA-50 furnace under a 

molecular nitrogen flow of 50 mL min−1, using alumina crucibles and a heating rate of 10 °C min−1, at 

temperatures of 500, 600, 800 and 1000 °C. For comparison purpose, Mg2Al-CO3 and Zn2Al-CO3 were 

calcined under nitrogen flow using the same parameters. Besides, Mg2Al-CMC and Zn2Al-CMC 

precursors were also calcined under synthetic air at 1000 °C, using the same conditions described to 

pyrolysis at N2 environment. Afterwards, heated samples were stored in a desiccator containing silica 

gel under reduced pressure. 

2.4. Physical Measurements 

Elemental chemical analysis (carbon and hydrogen) were performed on a Perking Elmer model 

2400 analyzer. Magnesium, zinc and aluminum contents were determined in triplicate by inductively 

coupled plasma optical emission spectroscopy (ICP OES) on a Spectro Arcos spectrometer. Both 

analyses were performed at the Central Analítica of Instituto de Química da Universidade de São Paulo 

(CA-IQUSP).  

Mass spectrometry coupled to simultaneous thermogravimetric analysis and differential scanning 

calorimetry (TG-DSC-MS) were performed on a Netzsch thermoanalyzer model TGA/DSC 409 PC Luxx 

coupled to an Aëolos 403 C mass spectrometer under synthetic air or N2 flow of 50 mL min−1 employing 

alumina crucibles and a heating rate of 10 °C·min−1.  

X ray diffraction (XRD) patterns of powdered samples were recorded on a Bruker diffractometer 

model D8 DISCOVER equipped with Nickel-filtered CuK radiation (0.15418 nm), operating at 40 kV, 

30 mA, sample rotating at 20 rpm, from 1.5 to 70° (2) at 0.05° intervals, 3 s per interval.  

Fourier transform infrared (FTIR) spectra of powdered samples were recorded in the 4000–400 cm−1 

range on a Bruker Alpha spectrometer using a single bounce attenuated total diffuse reflectance (ATR) 

mode with a diamond crystal. Fourier transform Raman (FT-Raman) spectra were recorded on an FT-

Raman Bruker FRS-100/S instrument using 1064 nm excitation radiation (Nd3+/YAG laser) and liquid 

nitrogen cooled Ge detector. Raman spectra of pyrolyzed samples were recorded in the 3500–100 cm−1 
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range on a Renishaw inVia instrument coupled to a confocal Leica microscope and a CCD detector, 

using 532 nm excitation radiation (Nd3+/YAG laser).  

Scanning Electron (SEM) micrographs were collected using a JEOL JSM7401F instrument, 

equipped with a field emission gun (FEG). Accelerating voltages (kV) are reported on each micrograph. 

Energy Dispersive X ray Spectra (EDS) were collected simultaneously on a Thermo Fischer Scientific 

detector, Pioneer model, 30 mm² Si Crystal, coupled to a Noran System Six signal processor (NSS). 

Powder samples were pulverized onto carbon conductive tapes prior to SEM imaging. 

3. Results and Discussion 

3.1. Characterization of LDH-CMC Hybrid Materials 

XRD patterns of LDH-CO3 and LDH-CMC synthesized samples showed profiles characteristic of 

layered double hydroxides (Figure 3). LDH-CO3 samples are more crystalline than LDH-CMC, as 

evidenced by the high intensity and narrow diffraction peaks which can be indexed assuming a 

hexagonal cell with rhombohedral symmetry (3R polytype) and R-3m space group. The reflections 

observed at 2 values below 30° are assigned to the (00l) planes that are related to interlayer distance 

(dbasal) and the cell parameter c (Figure 1b). The reflection observed in 2 values in the region of 60° is 

attributed to the (110) plane related to the cell parameter a that gives the average distance between metal 

cations in the layer. The presence of broad XRD peaks associated with both (003) and (110) planes of 

LDH-CMC samples indicates that the crystal dimensions are both reduced in the crystallographic 

directions a and c in comparison to LDH-CO3 materials [26]. Table S1 (Supplementary Materials) shows 

the 2 values, the respective interplane distances (dhkl) and the calculated unit cell parameters for LDH 

materials. For Zn2Al-CO3 and Mg2Al-CO3 samples, the d003 spacing values were respectively 0.754 nm 

and 0.765 nm. Samples Zn2Al-CMC and Mg2Al-CMC showed a shift of 003 diffraction peaks to 2.492 

and 1.715 nm, respectively, indicating an expansion of the interlayer space in order to accommodate the 

macromolecules.  

XRD pattern of Mg2Al-CMC sample prepared by Yadollahi and Namazi [20] presented d003 spacing 

value equal to 1.73 nm while Zn2Al-CMC sample reported by Yadollahi et al. [21] showed the d003 value 

of 1.58 nm. Considering that CMC is a polymer that may present different arrangements, the proposal 

of a conformation for the chains between the LDH layers is not straightforward. The basal spacing 

difference between Mg2Al-CMC and Zn2Al-CMC materials prepared in this work may be related to the 

higher water and CMC contents in the zinc matrix. The calculated d110 values for Zn2Al-CO3 and Zn2Al-

CMC were 0.153 nm, while for Mg2Al-CO3 and Mg2Al-CMC were 0.152 nm and 0.151 nm, respectively, 

which means that the molar ratio between the metal cations is similar in the samples. These points will 

be discussed later when chemical elemental analysis will be presented.  
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(a) (b) 

 
(c) (d) 

Figure 3. XRD patterns of Zn2Al-CO3 (a), Mg2Al-CO3 (b), Zn2Al-CMC (c) and Mg2Al-CMC (d) samples. 

The diffration peaks in (a) and (b) were indexed according to ICSD 190041 and 86655, respectively. 

XRD pattern of NaCMC exhibits mainly one broad peak around 2 value of 20° (Figure S1, 

Supplementary Materials) which is associated with the low degree of organization of the 

macromolecules [27]. Considering the XRD patterns of LDH-CMC samples, it is observed a broad hump 

at (2) 20° that could suggest that part of the polymer chains might not be confined within the interlayer 

space but rather adsorbed over LDH particles. XRD patterns of M2Al-CMC (M2+ = Mg, Zn, Ni, Cu) 

samples reported in the literature [21] also showed a broad peak in the same region. 

The infrared and FT-Raman spectra of Zn2Al-CO3 and Mg2Al-CO3 are shown in Figure 4. The 

discussion about vibrational data is presented in Supplementary Materials, as well as a tentative 

attribution of the main vibrational bands (Table S2). 

The spectroscopic characterization of sodium CMC and LDH-CMC samples was evaluated by 

FTIR-ATR and FT-Raman spectroscopies (Figure 4). Spectra of the polymer and hybrid materials are 

very similar, and the results clearly indicate the presence of CMC in the LDH structure. A tentative 

attribution regarding cellulose and carboxymethylcellulose spectroscopic data is presented in Table 1. 

The NaCMC bands attributed to antisymmetric and symmetric stretching of carboxylate groups are 

noticed at 1585 cm−1 (asCOO−) and 1412 cm−1 (sCOO−), respectively. In the LDH-CMC spectra, the 

asCOO− band is shifted to 1577 cm−1. The COO− values calculated by the formula COO− = as − s 

are very close to that one of NaCMC, indicating an electrostatic interaction of carboxylate groups with 

LDH layers. Bands in the 1100–980 cm−1 region are assigned to stretching and bending vibration of C–

O bond from the glycosidic ring and hydroxyl groups. FT-Raman spectra of NaCMC and the hybrid 
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materials show very similar bands. The band at 2907 cm−1 is related to C–H stretching, at 1118 cm−1 is 

attributed to symmetric stretching of C(1)–O–C(4) group and ring breathing, and at 918 cm−1 is assigned 

to bending C(5)C(6)–H and HC(6)O. 

  
(a) (b) 

Figure 4. FTIR-ATR (a) and FT-Raman (b; λexc = 1064 nm) spectra of Zn2Al-CO3 (black), Mg2Al-CO3 (grey), 

Zn2Al-CMC (red), Mg2Al-CMC (blue) and sodium carboxymethylcellulose (NaCMC, green).  

 

Table 1. Vibrational spectroscopic data of sodium carboxymethylcellulose.  

Raman IR Tentative of Attribution Reference 

3400–3200 3600–3300 (bb) OH free or hydrogen bonded [28–30] 

2902 -- CH [28,30] 

-- 2922 asC(6)H2 [28] 

-- 2869 sC(6)H2 [28] 

1595 1585 asCOO- [31] 

1458(sh) -- scC(6)H2 [30,32] 

-- 1448(sh) scCH2 and ipCOH [29,32] 

1415 -- CH2 and CCH, HCO, COH [30,32] 

-- 1412 sCOO- [31] 

1377 1374(sh) CH2 and CCH, HCO, COH [30,32] 

1327 1320 wC(6)H2 and CCH, HCO, COH [30,32] 

1262 1264 twC(6)H2 and CCH, HCO, COH [30,32] 

1150(sh) 1150(sh) asC-C and asC-O (ring breathing) [29,32] 

1118 -- sC(1)-O-C(4) and s ring breathing [32] 

-- 1095(sh) C(2)-O [29,33] 

-- 1046(sh) C(6)-O and C(5)-O [33] 

1026(sh) 1019 C(3)-O [33] 

-- 995 (sh) C(1)-O [33] 

918 -- C(5)C(6)-H and HC(6)O [30] 

896 895 C(1)-H [32] 

 703 rkCH2 and oopCOH (C6 and C3) [29,34] 

bb = broad band; sh = shoulder;  = stretching; as = antisymmetric; s = symmetric;  = bending; w = 

wagging; tw = twisting; sc = scissoring; ip = in-plane; oop = out-of-plane; rk = rocking. 
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Thermal analysis technique indicated significant changes in the CMC thermal profile before and 

after the intercalation process. In the pristine form and under N2 atmosphere, NaCMC exhibits four 

events of mass loss until 1000 °C (Figure S2, Supplementary Materials). The first event, endothermic, 

occurring from room temperature up to about 170 °C is attributed to the release of a total of 7.3 % of the 

initial mass as water molecules (release of fragment m/z = 18) presented initially in the hydrophilic 

polymer. According to TGA and DSC data, the polymer decomposition occurs in two exothermic steps 

[35,36]. The first step, steeper, in the 240–320 °C range, promotes release of water (m/z = 18), 

decarboxylation with CO2 (m/z = 44) release and a low amount of C3H5 (m/z = 41);  the second step, in 

the 320–530 °C range, yields a charred residue. The last event of mass loss, also endothermic, recorded 

above 800 °C can be related to the decomposition of carbonaceous matter to Na2CO3 [35]. CMC used in 

this study has 0.7 of the degree of substitution (DS) of carboxymethyl group and, as a result, the 

repeating unit (RU) can be represented by C6H10O5(C2H2O2Na)0.7. Considering this composition, the 

expected percentage of Na2CO3 residue (13.7%) is very close to the experimental value (13.5%) obtained 

by TGA analysis (Figure S2). 

The knowledge of the thermal behavior of carbonate LDH phases and the products produced in 

distinct temperatures is important to contrast with thermal properties of LDH-CMC precursors. 

According to TGA-MS results, for both carbonate-based layered structures, three main events of mass 

loss can be described (Figure 5). The first event, ranging from room temperature up to 220 °C is related 

to the release of interlayer and adsorbed water molecules [37], as indicated for MS curve (release of m/z 

= 18 fragment). The initial structure is proven to be modified even at temperatures above 100 °C owing 

to the detection of growing quantities of m/z = 44 (CO2) fragment in MS analysis. In the second event of 

mass loss at temperatures above 200 °C, composition integrity of the layered structure is severely 

affected owing to the release of water molecules (m/z = 18) through a mechanism known as 

dehydroxylation [37]. For Zn2Al-CO3, the onset temperature for dehydroxylation was observed at a 

lower temperature (215 °C) in comparison to Mg2Al-CO3 (282 °C), and thus it can be inferred that the 

Mg2Al-CO3 structure is thermally more stable than the analogous phase of zinc. 

Around the same temperature value and at higher temperatures, the release of m/z = 44 fragment 

(CO2) is intensified for Mg2Al-CO3 as the third event of mass loss (decarbonation process) occurs. At 

around 480 °C, dehydroxylation is ended for Mg2Al-CO3 sample but carbonate decomposition (release 

of m/z = 44 fragment) is still observed at temperatures up to 700 °C (even though the majority of 

carbonate decomposes at around 440 °C). On the other hand, Zn2Al-CO3 material exhibits a distinct 

thermal behavior. Even though it dehydroxylates and is partially decarbonated (since the m/z = 44 

fragment analysis reveals the increase of CO2 detection above 200 °C), only a small fraction of carbonate 

ions is released. Just at temperature values higher than 520 °C, m/z = 44 fragment is detected in large 

quantities in an apparent two distinct mechanisms of mass loss up to 840 °C. Such differences in the 

decarbonation process for Zn2Al-CO3 compared to Mg2Al-CO3 can be a direct consequence of the 

occurrence of dehydroxylation of the Zn-based LDH at lower temperatures than the thermal 

decomposition of carbonate, which allows the coordination of CO32− ion to metals present in the formed 

mixed oxide structure, increasing the anion thermal stability [22,23]. As the temperature of the analysis 

is increased, after dehydroxylation of the LDH is completed, it is formed an amorphous M2+(Al)O oxide 

phase, followed by the formation of crystalline oxide phases. Above temperature values of 500 and 800 

°C, spinel phases are obtained respectively for Zn2Al-CO3 and Mg2Al-CO3 [23,38,39]. 
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(a) (b) 

  
(c) (d) 

Figure 5. TG-DSC and DTG-MS curves of Zn2Al-CO3 (a), Mg2Al-CO3 (b), Zn2Al-CMC (c) and Mg2Al-

CMC (d) samples under N2 atmosphere. 

For Zn2Al-CMC, the dehydration step occurs within the 30–250 °C temperature range, closely 

followed by Mg2Al-CMC in the 30–225 °C range according to the increase in the amount of the m/z = 18 

(H2O) fragment detected (Figure 5). The second event of mass loss (from 250 to 380 °C) is related to the 

thermal decomposition of polymer chains through release of water molecules (m/z = 18) from hydroxyl 

groups in the polymer composition and decarboxylation of side groups (m/z = 44) for both layered 

systems, according to DTG data. Although the beginning of this decomposition event is not significantly 

shifted towards higher temperatures, when pristine NaCMC is compared to the intercalated polymer 

into LDH galleries, it is noticed that the polymer decomposition event exhibits larger thermal range 

after immobilization. Hence, the interaction between both inorganic and organic phases delays the start 

of polymer fragmentation. 

Above 380 °C, MS curves of M2Al-CMC phases are altered substantially depending on the 

composition of the inorganic layers (Figure 5). At higher temperature values, glucose chains undergo 

fragmentation in both LDH samples yielding not only water and carbon dioxide molecules but also 

C3H5 fragments (m/z = 41). Even though the beginning of this event is around the same value for both 

Mg and Zn-based LDH, it is observed that this second decomposition step is extended to a wider 

temperature range for Mg2Al-CMC (380–605 °C) than for Zn2Al-CMC (380–520 °C). Mass changes are 

negligible above 605 °C for Mg-based hybrid material (Figure 5). On the other hand, the TGA curve of 

Zn2Al-CMC reveals one event of mass loss above 760 °C which is not observed in the same experiment 
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conducted at air atmosphere (data not shown). This observation is surprising considering that it is 

expected the release of less volatile compounds at N2 atmosphere than at molecular oxygen 

environment. The ascription of this event will be clarified ahead in view of XRD and SEM data of 

pyrolyzed materials. 

Based on the dehydration process observed by TGA and data from the chemical elementary 

analysis, a formula is proposed for LDH-CO3 and LDH-CMC materials synthesized in this work (Table 

S3). Experimental M2+/Al3+ molar ratio is very close to the nominal value for carbonate or CMC 

intercalated LDH materials. Precursor hybrid materials present about 20–22% in mass of carbon 

element. 

3.2. Characterization of MMO/C Composites 

LDH-CMC samples pyrolyzed at 500, 600, 800 and 1000 °C (MMO/C nanocomposites) were 

evaluated by Raman spectroscopy to assess the type of carbonaceous material obtained (Figure 6). 

Raman spectra of both LDH-CMC pyrolyzed at 500 °C still show fluorescence that suppressed 

vibrational bands, as observed for NaCMC and LDH-CMC precursors (Figure S3).  

  
(a) (b) 

Figure 6. Raman spectra of Zn2Al-CMC (a) and Mg2Al-CMC (b) samples pyrolyzed at 500, 600, 800 and 

1000 °C under N2 atmosphere (exc = 532 nm). 

The characteristic spectral profile of graphitic materials is observed for samples obtained in the 

600–1000 °C range (Figure 6): bands D (1340–1350 cm−1), G (1590–1600 cm−1) and 2D (2500–2800 cm−1). 

Band G is assigned to the in plane stretching of the C=C bonds (Csp2) and is characteristic for all forms 

of sp2 carbon. Band D is attributed to ring breathing and requires defects for its activation [40–42]. 

However, besides the graphitic bands, Raman spectra of pyrolyzed samples at 600 °C also exhibit 

shoulders attributed to amorphous hydrogenated carbonaceous material at 1180 cm−1 (C–H in aromatic 

ring structure and correlated to a rich sp3 structure), 1430 cm−1 (aromatic ring breathing for rings 

containing more than two fused aromatic rings), and 1250 cm−1 (rich sp3 structure as an aryl-alkyl C–C 

(like polyacetylene) bonded to aromatic species) [42,43]. These bands disappear with temperature 

increasing up to 1000 °C. The intensity ratio between bands D and G (ID/IG) is also increased with 

temperature progression, pointing out dehydrogenation of carbonaceous material and intensification 

of aromatic rings [43]. Hence, amorphous carbon is produced between 500 and 600 °C, and yield a more 

organized structure as the temperature is further increased.  

FTIR-ATR spectra of LDH-CMC pyrolyzed materials exhibit weak bands assigned to the organic 

polymer (Figure 7). A significant change is observed at 1150–990 cm−1 region, attributed to C–O–C and 

C–O vibration modes of glycoside rings and to hydroxyl groups, indicating their conversion to other 

compounds as the temperature is increased. In general, bands observed bellow 900 cm−1 are assigned to 
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vibrational modes of M–O bonds as already discussed in Supplementary Materials (Table S2). For 

comparison purpose, the FTIR-ATR spectra of LDH-CO3 calcined samples (Figure S4) and the 

discussion about the results are presented in Supplementary Materials.  

  
(a) (b) 

Figure 7. FTIR-ATR spectra of Zn2Al-CMC (a) and Mg2Al-CMC (b) samples pyrolyzed at 500, 600, 800 

and 1000 °C under N2 atmosphere. 

To investigate the differences between the thermal transformations of Mg2Al-LDH and Zn2Al-LDH 

materials, XRD patterns of samples calcined between 500–1000 °C under N2 flow were recorded (Figure 

8). Zn2Al-CMC pyrolyzed and Zn2Al-CO3 calcined at 500 and 600 °C are converted into a poor 

crystalized ZnO phase. However, at higher temperature values, the products from pyrolysis are very 

distinctive indicating an influence of the organic polymer in the structure and composition of the 

inorganic portion of the produced composite. ZnO phase produced from the hybrid LDH at 800 °C is 

significantly more crystalline than that one obtained from Zn2Al-CO3. On the other hand, Zn2Al-CO3 is 

transformed into a well crystalized ZnO and ZnAl2O4 (spinel) phases at 1000 °C, while XRD pattern of 

Zn2Al-CMC presents peaks attributed to ZnAl2O4 and poor crystalized γ-Al2O3 phase. From 800 to 1000 

°C, Zn2Al-CMC material seems to lose the ZnO phase and this event should be correlated to that one 

noticed by thermal analysis in the same temperature range (Figure 5). 

XRD patterns of Mg2Al-CMC pyrolyzed between 500–1000 °C indicate the formation MgO phase 

which crystallinity is increased with the temperature evolution (Figure 8). Similarly, Mg2Al-CO3 sample 

calcined between 500–800 °C shows reflections of MgO. However, when calcined at 1000 °C, MgO and 

MgAl2O4 (spinel) phases are observed. The organic polymer intercalated into LDH modified the degree 

of organization of the inorganic portion of pyrolyzed products. If calcined under an air atmosphere at 

1000 °C, both LDH-CMC materials produce metal oxide and spinel phases (Figure S5a) likewise LDH-

CO3 samples under nitrogen atmosphere (Figure 8). In addition, whereas the Mg2Al-CMC sample 

calcined under synthetic air presented less residual mass than that calcined under N2 at 1000 °C, as it is 

expected due to carbonized matter, curiously the opposite was observed for Zn2Al-CMC sample (Figure 

S5b). 
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(a) (b) 

 
(c) (d) 

Figure 8. XRD patterns of Zn2Al-CO3 (a), Mg2Al-CO3 (b), Zn2Al-CMC (c) and Mg2Al-CMC (d) samples 

pyrolyzed at 500, 600, 800 and 1000 °C under N2 atmosphere. The phases were indicated according to 

ZnO (wurtzita; ICSD 26170), ZnAl2O4 (ICSD 75091), MgO (periclase; ICSD 9863), MgAl2O4 (ICSD 31373) 

and -Al2O3 (ICSD 249140). 

It can be proposed that graphitic carbonaceous material formed during the pyrolysis of hybrid 

LDH, and evidenced by Raman spectroscopy (Figure 6), hinders the formation of crystalline spinel 

phase in the obtained MMO/C nanocomposites, and allows the production of well crystallized ZnO 

particles at lower temperatures compared to Zn2Al-CO3. Besides that, comparing the results of thermal 

analysis (Figure 5), Raman spectroscopy (Figure 6) and XRD (Figure 8), it is proposed that a 

carbothermic reaction is occurring between 800–1000 °C, i.e., ZnO is reduced to metal form by carbon 

(from CMC pyrolysis) and released as vapour (zinc boiling point is 920 °C), as represented by the 

following chemical equation: 

ZnO(s) + C(gr) → Zn(v) + CO(g). (1) 

Metal zinc is produced by five industrial processes involving mainly the pyrometallurgical 

method. Carbon is mixed with ZnO and heated at about 1000–1300 °C to produce the metal in the 

vapour phase [44]. The presence of aluminum oxide at Zn2Al-CMC pyrolyzed at 1000 °C can indicate 

the partial reduction of spinel phase as observed for the mineral gahnite (a zinc aluminate of ZnAl2O4 

composition) in the presence of carbon [45]. Hence, a spinel phase decomposition could be represented 

by the following chemical equation: 

ZnAl2O4(s) + C(gr) → Al2O3(s) + Zn(v) + CO(g). (2) 

A discussion about thermodynamic aspects of reaction (1) can be found in Supplementary 

Materials (Table S4 and Table S5). The carbothermic reaction can explain the disappearance of ZnO 
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diffraction peaks (Figure 8) and the formation of γ-Al2O3 phase. As it is expected, under synthetic air 

this reaction is not observed because CMC is fully decomposed at 600 °C (data not shown). To the best 

of our knowledge, this is the first time that carbothermic reaction is reported for zinc-LDH intercalated 

with organic species.  

SEM micrographs shown different morphological transition from LDH to oxides phases according 

to M2+ cation composition (M2+ = Mg2+ or Zn2+). The micrographs of LDH-CMC precursor samples 

(Figure 9a,b) exhibit a lack of surface distinction among particles, showing up as a continuous mass. 

This observation can be interpreted as a consequence of small particles formation as already suggested 

by XRD patterns (Figure 3); morphology of LDH-CMC samples are very distinct of M2Al-CO3 phases, 

which interparticle frontiers are usually easily distinguished (Figure S6). The presence of the polymer 

chains also on the external surfaces of LDH particles can contribute to the continuous mass aspect seen 

in the images. Through an agglomeration process, which occurs along with the sedimentation of 

particles from reactional media, high surface energies acting over a large number of very small particles 

can generate such aspect, and behave as a cohesive mass. 

Morphological alterations are evident when the pyrolysis process is carried out at 800 °C, 

producing distinguishable particles at a nanoscale (Figure 9c–f). Thermal decomposition of Zn2Al-CMC 

agglomerates gives rise to denser and zinc/oxygen richer particles as shown respectively by brighter 

secondary electron contrast (Figure 9c) and EDS spectra (Figure S7). Zn2Al-CMC pyrolyzed at 800 °C is 

composed mainly by well-defined crystallites reaching up to hundreds of nanometers in size and 

connected though their grain boundaries (Figure 9e). These observations agree with its respective XRD 

pattern (Figure 6), which evidences the arising of a high crystalline ZnO phase. In comparison, the 

absence of prominent morphologies is noticed for Mg2Al-CMC pyrolyzed at 800 °C (Figure 9d), the sole 

new feature is the peeling appearance (Figure 9f). Possibly CMC thermal decomposition promotes the 

weakening and rupture of interfacial interactions among particles, previously acting as an interparticle 

connector; the subsequent gas evolution from polymer decomposition and matrix dehydroxylation 

(Figure 5) can also corroborate to the breakdown of the cohesive mass. 

A new set of superficial transformations takes place when Zn2Al-CMC material is pyrolyzed at 

1000 °C (Figure 9g). The zinc rich phase previously observed at 800 °C completely vanishes and a new 

one emerges, as can be visually depicted mostly as a collection of anisotropic acicular nanocrystals, 

assembled as branched particles onto the MMO/C composite surface. Besides, EDS spectra collected 

from this sample reveal considerable decrease in Zn signal (Figure S8). This observation is indicative of 

ZnO depletion owing to the carbothermic reduction, as suggested by thermal analysis (Figure 5), and 

XRD pattern recorded for Zn2Al-CMC pyrolyzed at 1000 °C (Figure 8). When comparing EDS spectra 

of acicular particles (Figure S8) to those observed at 800 °C, it is observed an inversion in the intensity 

between Zn and Al peaks. Branched particles produce EDS spectra with higher aluminum and oxygen 

intensities compared to those collected from their vicinity, indicating they are composed by Al2O3 

(higher Al and O content) as observed by XRD for Zn2Al-CMC pyrolyzed at 1000 °C (Figure 8). The 

superficial features of Mg2Al-CMC pyrolyzed at 800 °C are preserved when heated up to 1000 °C (Figure 

9h). Also, no significant changes are detected in Mg/Al/O composition by EDS spectroscopy (data not 

shown) for samples obtained at both high temperature values.  

Nanocomposites prepared in this study from a carbon precursor derived from biomass intercalated 

between LDH based on magnesium and aluminum in the 600–1000 °C range can be explored as 

adsorbent or catalyst. For example, composite constituted by MgO and biochar obtained by the 

electrochemical method, which was used for phosphate removal from water [46]. Nanocomposites 

obtained by Zn2Al-CMC pyrolysis in the 600–800 °C range produce incrusted ZnO particles in a matrix 

of graphitic carbon and spinel phase. Zinc oxide is a semiconductor with potential to be employed in 

devices for energy production such as dye-sensitized solar cells [47]. 
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Figure 9. SEM micrographs of MMO/C samples obtained from Zn2Al-CMC (left) and Mg2Al-CMC (right) 

as synthesized (a, b) and pyrolyzed at 800 (c, d, e, f) and 1000 °C (g, h).  

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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4. Conclusions 

LDH materials intercalated with CMC polymer, a carbon source derived from biomass, were 

evaluated as a precursor for the preparation of MMO/C nanocomposites. Best experimental conditions 

were achieved to get carbon chains between the LDH layers to assure an organic-inorganic interaction 

at a nanoscale domain. Pyrolysis step conducted above 600 °C produced materials comprising graphitic 

carbon, which structural organization is increased at higher temperature values. In samples obtained 

from Mg2Al-CMC, the biocarbon presence delays the crystallization of MgO when compared to Mg2Al-

CO3 calcined at the same temperature, and also precludes the crystallization of MgAl2O4. On the other 

hand, biocarbon formed from Zn2Al-CMC pyrolyzed at 800 °C promotes the generation of high 

crystalline ZnO particles if compared to Zn2Al-CO3 calcined at the same temperature, and also prevents 

crystallization of ZnAl2O4 phase. Above about 880 °C (endothermic peak in DSC curve), ZnO is reduced 

by graphitic carbon producing zinc vapour (carbothermic reaction); poor crystallized ZnAl2O4 spinel 

and -Al2O3 phases are noticed after pyrolysis at 1000 °C. Considering the results obtained in this study, 

to prepare nanocomposites constituted by graphitic carbonaceous material and metal oxides from CMC 

hybrid materials, the temperature range of pyrolysis process should be 600–800 °C for Zn2Al-CMC and 

600–1000 °C for Mg2Al-CMC. Future studies should investigate the surface properties of these 

nanocomposites to explore application in adsorption processes, basic catalysis or photodevices.  

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: XRD pattern of 

sodium carboxymethylcellulose (NaCMC), Figure S2: TG-DSC and DTG-MS curves of sodium 

carboxymethylcellulose (NaCMC) under N2 atmosphere, Figure S3: Raman spectra (exc = 532 nm) of NaCMC and 

LDH-CMC samples, Figure S4: FTIR-ATR spectra of Zn2Al-CO3 and Mg2Al-CO3 samples calcined at 500, 600, 800 

and 1000 °C under N2 atmosphere, Figure S5: XRD patterns of M2Al-CMC samples calcined at 1000 °C under 

synthetic air. Pictures of M2Al-CMC samples calcined at 1000 °C under synthetic air or nitrogen atmosphere, 

indicating the percentage of residue after each heating process, Figure S6: SEM image of Mg2Al-CO3 sample, Figure 

S7: EDS spectra of Zn2Al-CMC pyrolyzed at 800 °C, Figure S8: EDS spectra of Zn2Al-CMC pyrolyzed at 1000 °C; 

Table S1: Interplanar distances dhkl and 2 (CuK) values from X-ray diffraction data of LDH-CO3 and LDH-CMC, 

Table S2: Vibrational data of Zn2Al-CO3 and Mg2Al-CO3, Table S3: Chemical analysis data and proposed formula 

for LDH-CO3 and LDH-CMC, Table S4: Standard molar thermodynamic parameters of substances at 25 °C, Table 

S5: Standard molar thermodynamic values for the carbothermic reaction between graphitic carbon and zinc or 

magnesium oxides at 25 °C. Values are calculated using the data presented in Table S4. 
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HIGHLIGHTS 

 

• The main spectroscopic signatures of Folic acid, Na2Folate (dianionic) and Na3Folate 

(trianionic) compounds were highlighted, as well as the influence of the protonation 

level in their physicochemical properties. 

• Spectroscopic data interpretation was supported by theoretical calculations.  

• The compounds were also characterized by UV-VIS diffuse-reflectance spectroscopy, 

thermal analysis (TG/DTG-DSC-MS), and X-ray diffractometry. 
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ABSTRACT 

Folic acid (FA; vitamin B9) and its associated sodium salts, strongly relevant for many 

scientific and technological applications - from nutrition to pharmacology and nanomedicine, 

suffer from a lack of characterization combining experimental and theoretical. In this work, a 

spectroscopic investigation of FA and its synthesized sodium salts in the form of dianion 

(Na2HFol) or trianion (Na3Fol) was scrutinized in their solid state. The spectroscopic (infrared, 

Raman, and solid state 13C-nuclear magnetic resonance) data interpretation was supported by 

theoretical calculations using the Density Functional Theory (DFT). Additionally, the 

compounds were characterized by UV-VIS diffuse-reflectance spectroscopy, combined thermal 

analyses (TG/DTG-DSC) coupled to mass spectrometry, and X-ray diffractometry. The main 

signatures of each species were identified, as well as the influence of the protonation level on 

their physicochemical properties. These distinct properties of the three compounds are mainly 

based on signals assigned to glutamic acid (glutamate) and pterin (neutral and anionic) moieties. 

This work should help develop new products based on FA or its anionic forms, such as 

theragnostic/drug delivery systems, supramolecular structures, nanocarbons, or metal 

complexes. 
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1. Introduction 

Scientific, clinical, and public health interests concerning folic acid (FA; Pteroyl-L-

glutamic acid) have long been established. The importance of FA and its anionic species in food 

engineering, pharmacology, nanotechnology, and nanomedicine, among other fields is 

undeniable. The global market of FA production has been estimated at around half a billion 

dollars per year, with an increasing prospect [1]. The list of uses for FA is extensive, mostly 

because its chemical composition and molecular structure. As illustrated in Figure 1a, the FA 

molecule is constituted by three distinct moieties: pterin (PT), p-aminobenzoic acid (p-ABA) 

and L-glutamic acid (Glu).  

 
Figure 1. a) Molecular structure of FA and its apparent dissociation constants (pKa’s values), as 
determined by Szakács and Noszál [2]; b) Chemical speciation of FA in the range of pH values from 0 
to 14, obtained by CurTiPot software. 

 

FA is the basic structural synthetic analogue and the most oxidized form of the essential 

micronutrients group commonly termed as folates and vitamin B9 [3,4]. Folates act as enzymatic 

cofactors in a set of cellular biochemical reactions denominated as one-carbon (1C) metabolism 
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[5,6], and are necessary for the proliferation of cells, genic expression control and in the 

maintenance of the cellular redox balance [5,6]. Furthermore, FA presents antioxidant 

properties [7,8] and prevents inflammation, which can lead to endothelial dysfunction [8] and 

cognitive impairment/dementia [9]. FA consumption is encouraged in several countries to fight 

against malnutrition and strengthen the little ones, especially birth defects as FA-sensitive 

neural tube defects [10,11]. FA is taken orally using diverse drugs formulations [12], as well as 

some products containing FA and iron(II) complexes recommended as antianemia drugs by the 

United Nations Children's Fund (UNICEF), in line with the World Health Organization (WHO) 

[13].  

The sustained release of FA is also reported in innovative formulations in cosmetics 

[7,14]. In nanomedicine field, studies focused on harnessing the power of FA as a targeting 

agent for imaging and/or therapy (theragnosis) of cancer and inflammatory diseases [15–18]. 

The nanoengineering of smart delivery systems includes plenty of organic and inorganic 

nanoparticles as well as FA-drug conjugates [16–18]. In addition, FA forms complexes with a 

series of metal cations by coordination with its Glu or PT moieties [19–24]. Such complexes 

can be used as antimicrobial agent [19,23], anticancer-drug [24] or in the treatment of diabetes 

[22]. In nanomaterial and nanotechnology science, FA has been used as precursor of 

supramolecular structures (liquid crystals and gels) [25–27] and nitrogen doped carbonaceous 

materials [27,28]. The development of photoelectric devices containing FA is envisaged 

because of its electronic properties [29].  

Spectroscopic analyses combined with theoretical calculations using the Density 

Functional Theory (DFT) are powerful tools to characterize organic compounds and 

nanomaterials. Despite their very wide applicability, only a limited number of studies on FA 

following this approach are reported in the literature. Studies use crystalline FA as the standard, 

performing experimental infrared (IR) and/or Raman spectroscopies, and interpret the results 
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by combining with theoretical DFT calculations. Most works focus on the FA analysis by 

Surface-enhanced Raman scattering (SERS) spectroscopy because its promising use in analyses 

of biological samples. In general, the studies investigate the influence of the temperature and 

substrate (gold or silver) on the SERS spectral profile of FA [30] as well as the adsorption 

mechanism of FA onto different substrates [31–33]. Furthermore, the photodegradation (under 

UV) [34] and the hydrothermal decomposition [35] of FA is inspected by a spectroscopic 

approach combining experimental and theoretical data. 

The solubility of neutral FA is low (0.1069 mmol kg-1 at 25 ºC, 1 bar and pH = 4.28) [36] 

and pH-dependent in water. It is significantly increased in pH values above 5 [37], for which 

the dianion (HFol2-) and trianion (Fol3-) are then dominant species [2] (Figure 1b). Therefore, 

folate anionic species which studies are often neglected must nevertheless be considered 

because of: (i) at physiological pH value for which HFol2- is predominant [38–40]; (ii) the 

preparation of many materials and compounds (or the handle of FA in some studies) are 

performed at pH values above 5 [7,14,22–24,31–34]; and (iii) the supramolecules assembled 

by FA are pH-responsiveness [25–27]. Braga et al. [41] prepared dianionic folates salts (Li, Na 

and Ca) and showed their higher dissolution rate as well as higher thermal stability than FA. 

However, the experimental and theoretical spectroscopic analyses of folate salt are not 

accomplished yet. Gocheva et al. [38] studied the tautomerism of dianion folate (HFol2-) in 

water by 1H- and 13C-NMR and interpreted the results based on DFT calculations with the 

Polarizable Continuum Model (PCM). Experimental and calculated IR spectra of palladium and 

platinum folate complexes were reported by He et al. [24], but the theoretical (DFT) values and 

the correlated attribution were not presented.  

The knowledge of physical-chemical features of FA and its salts in the solid state by usual 

laboratory techniques is essential and useful because contribute to the development of new 

products, combined to a more assertive characterization of their properties. Our group has 
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performed the thermal and spectroscopic characterizations of bioactive molecules and their 

respective sodium salts [42–44]. In this study, the spectroscopy profile (IR, Raman, and solid 

state 13C-NMR) of solid FA (commercial) is compared to its synthesized sodium salts used as 

a model of dianion (Na2HFol) and trianion (Na3Fol) forms of FA. The main signatures of each 

species are tracked as well as the influence of the protonation level in their physicochemical 

properties. The spectroscopic analyses are supported by theoretical calculations using DFT. The 

samples are also characterized by UV-VIS diffuse-reflectance spectroscopy, thermal analysis 

(TG/DTG-DSC-MS), and X-ray diffractometry. To the best of our knowledge, this is the first 

study comparing consistently the physical-chemical features of FA and its sodium salts in their 

solid-state. In addition, this work gives us the opportunity to compare data already published 

on FA.  
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2. Materials and Methods  

2.1. Preparation of folate sodium salts  

FA (C19H19N7O6, ≥ 97%), from Sigma-Aldrich, and standard aqueous sodium hydroxide 

0.1 mol·L-1 solution, from Merck, were used as received. Na2HFol and Na3Fol samples were 

prepared by the stoichiometric reaction between 0.7 g of FA and the standard 0.1 mol L-1 NaOH 

aqueous solution and further isolated by lyophilization process using Thermo Savant 

ModulyoD equipment (200 mPa and -50 ºC).  

 

2.2. Physical Measurements  

X-ray diffraction (XRD) patterns of powdered samples were recorded on a Bruker 

diffractometer model D8 DISCOVER, equipped with Nickel-filtered CuKα radiation (0.15418 

nm), operating at 40 kV and 30 mA, sample rotating at 30 rpm, and collected in the (2 θ) 4–50 

° range, with steps of 0.05 °/2θ and scan speed of 0.05 °/3 s.  

Diffuse reflectance spectra (Kubelka-Munk) of solid samples in the UV-VIS region were 

recorded in a Shimadzu model UV-2401PC spectrophotometer, equipped with an integration 

sphere. BaSO4 (Waco Pure Chem.) was used to dilute the samples. FA titration was carried out 

in aqueous media (0.024 mmol·L-1) using NaOH aqueous solution (0.10 mol·L-1) and the UV-

VIS electronic spectra of the resulting solutions were registered in a Shimadzu UV-1650PC 

spectrophotometer.  

Thermal Analysis (TG/DTG-DSC-MS) were conducted on a Netzsch thermoanalyzer, 

model TGA/DSC 490 PC Luxx, coupled to Aeolos® 403 C Quadro mass spectrometer, from 

room temperature to 1000 oC, under compressed air flow (50 mL·min-1), using a heating rate 

of 10 °C·min-1 and an alumina crucible. Differential Scanning Calorimetry (DSC) data under 

N2 flow (50 mL·min-1) were obtained from room temperature to 380 oC, using a heating rate of 
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10 °C·min-1. The sample modifications that occur during heating were also evaluated in a 

melting point apparatus from Microquimica, model MQAPF – 302, operating at a heating rate 

of 10 °C·min-1; the powdered sample was sandwiched between cover glasses and placed on the 

heating block. During the analysis, the sample was illuminated by a lamp, and transformations 

could be visualized by magnifying lens. 

The Fourier transform infrared (FTIR) spectra were recorded in a Bruker Alpha 

spectrophotometer (DTGS detector and KBr optics), using a single bounce Attenuated Total 

Reflectance (ATR) accessory equipped with a diamond crystal in the 4000–400 cm-1 range with 

a spectral resolution of 4 cm-1 and 512 scans. Data were collected on the absorbance mode and 

manually converted to transmittance. Raman spectra were recorded in a Bruker FT-Raman 

instrument, model MultiRam, equipped with Ge detector (cooled by liquid nitrogen) and 

Nd3+/YAG laser (1064 nm exciting radiation), in the range of 3500-100 cm-1 with 4 cm-1 of 

spectral resolution and 1024 scans, using 150 mW power on the samples. 

13C (I = 1/2) solid state nuclear magnetic resonance (NMR) analysis was performed on 

Bruker Advance 300 MHz using magic angle spinning (MAS) at 10 kHz and a 4 mm diameter 

size zirconia rotor. 13C spectra were obtained by 1H enhanced cross-polarization method (CP, 

contact time of 1 ms, recycling time of 5 s). Calibration was made using the carbonyl group of 

glycine as reference (176.03 ppm), and 2,000 to 10,000 scans were needed to obtain a proper 

signal for samples.  

 

2.3. Theoretical Methods  

Calculations in the Kohn-Sham (KS) scheme of the Density Functional Theory (DFT) 

were performed to obtain geometry optimizations, vibrational (IR and Raman) and NMR 

chemical shifts for FA and sodium folates (Na2HFol and Na3Fol). All geometries presented in 

this paper were obtained in a gas phase environment simulation, and the B3LYP hybrid 
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functional with the 6-311++G(d,p) Gaussian basis sets were employed [45,46]. The Gaussian09 

software package was used for geometry optimizations, vibrational spectra acquisition, and 

NMR calculations [47]. Structural optimizations were performed considering the X-ray 

diffraction data of FA single crystal as a reference [48]. The theoretical infrared and Raman 

spectra (wavenumbers and intensities/activities) were acquired at the same level of theory as 

the geometry optimizations. The spectra were shown with a resolution of 1 cm-1 and applying a 

0.975 scaling factor from 4000 to 1000 cm-1 to correct the anharmonicity effects on the 

vibrational spectra [49]. 

 

3. Results and Discussion 

The neutral PT moiety exists in different tautomeric forms, while the anion form has 

different mesomers [38,50], as reviewed in Appendix A–Supplementary Material (SM). The 

neutral PT (as in FA and HFol2- ion) exhibits a keto-enol (lactam-lactim) equilibrium between 

C4=O and N3–H groups (see Figure A.1 in SM), and the keto form has two tautomers, 

comprising the hydrogen atom bonded to N3 or N1 atoms. Anionic PT (as in Folate3-) presents 

mesomer resonance structures as amidate (-N3–C4=O) and enolate (N3=C4–O-), as also shown 

in Figure A.1. In this work, the 3-lactam tautomer (Figure 1a) for FA and Na2HFol samples, 

as well as the enolate mesomer form for Na3Fol sample, were considered the main forms of PT 

based on stability data reviewed in Section 1 of SM. 

  



 
 

72 
 

3.1. X-ray diffractometry and UV−VIS spectroscopy  

The XRD patterns of powdered compounds are presented in Figure 2. Commercial FA 

presents XRD profile typical of a crystalline compound with some intense diffraction peaks 

observed at 2θ values of 5.51°, 10.97º and 13.18°. From Vesta software [51] and using the CIF 

from Ref. [52] (CCDC N 1489544), such peaks are assigned to the diffraction plans (002), (004) 

and (013), respectively. These results are in agreement with those reported for the dihydrate FA 

(primitive orthorhombic unit cell and space group P212121) [41,48,52]. Kaduk, Crowder and 

Zhong [52] re-determined the structure of dihydrate FA using synchrotron X-ray diffraction 

analysis, Rietveld refinement techniques and DFT calculations. In the crystal (Figure A.2), the 

Glu chain exists in a bent conformation, while p-ABA and PT moieties are slightly tilted relative 

to each other. The molecules in the crystal are networking by intermolecular H-bonds, and the 

pyrimidine and benzene rings of adjacent molecules are stacked at around 0.34 nm (Figure 

A.2).  

 

Figure 2. XRD patterns of dihydrate FA (commercial sample), and the Na2HFol and Na3Fol salts 

prepared in this work.  
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The XRD patterns of the powdered salts are characteristic of non-crystalline materials 

(Figure 2), possibly due to the isolation method used (see Section 2.1). Na2HFol exhibits a 

diffraction peak at 2θ = 27.10° (ca. 0.33 nm) attributed to the distance among two disk-like 

structures π–stacked in a columnar array, formed by the self-assembly of HFol2- anions in water 

[25,27,53], as discussed in Section 3 of SM. Hence, the only coherence length detected by XRD 

is the ordered structure arising from the periodicity of π–π intermolecular stacking [53]. On the 

other hand, the XRD pattern of Na3Folate presents only a broad peak centered around 2θ of 

25°, indicating that the deprotonation of N(3)-H group precludes the formation of the disk-like 

tetramer arrays and their stacking, probably because of the repulsive forces between negatively-

charged PT units. 

Samples present distinct colors (not shown): while powdered commercial FA is yellow-

orange, Na2HFol is orange and Na3Fol is yellow. The intermolecular interactions as H-bonds 

and π–π stacking modify the electronic and vibrational spectra of the molecular and anionic 

organic aggregates in comparison with their respective monomeric species [54,55].. The UV-

VIS diffuse reflectance spectra of both FA and sodium salts were recorded to complement the 

XRD analysis. The electronic absorption spectra in the solid state (aggregated form) are 

compared with the spectra of compounds in aqueous solution (monomeric form), as displayed 

in Figure 3.  
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Figure 3. a) UV–VIS diffuse reflectance spectra of FA, Na2HFol and Na3Fol samples compared with b) 

electronic spectra of FA titrated in water; pHi is the initial pH value after FA dissolution in water.  

 

Data on the electronic UV-VIS spectra of FA in solution are revisited and a discussion is 

reported in Section 4 of SM. According to Figure A.4, only Fol3- species can be distinguished 

in the solution. However, a solution-to-solid spectral shift is clearly observed, and the powdered 

samples present distinguishable electronic spectra, which could indicate the presence of 

different species and/or aggregated states.  

UV-VIS electronic spectrum of commercial FA in solid state exhibits bands centered at 

296 nm and 365 nm (Figure 3). The position of the higher-energy band is not affected by the 

deprotonation degree of the species as it is also observed for Na2HFol and Na3Fol. Considering 

that the band around 280 nm in water solution is attributed to the π–π* transition of PT and p-

ABA moieties in FA and Na2HFol, and to the π–π* transition of p-ABA [34,56] in Na3Fol 

sample, the same assignment seems plausible for the solid state samples. The band at about 365 
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nm is tentatively correlated to the band at 346 nm present in the spectra recorded in the solution, 

which is attributed to the π–π*/n–π* of PT ring [34,56]. The spectrum of FA in solid state 

presents additionally a shoulder in the 430 nm region that can be attributed to an intermolecular 

charge-transfer (CT) transition from the benzene to the pyrazine rings of aggregated molecules 

[29,57] because of their proximity in the crystal (Figure A.2).  

The electronic spectrum of powdered Na2HFol presents a very broad band in the region 

of 350-420 nm with an intense shoulder around 450-550 nm, which is not observed in water 

solution, as noticed to FA in solid state (Figure 3). As discussed previously, Na2HFol assembles 

in a supramolecular structure, in which H-bonded folate tetramers are tightly packed in a π-

stacking array (Figure A.3). Consequently, the spectral profile of the dianion salt in the 400-

550 nm region could be attributed mainly to an CT transition favored by some intermolecular 

interactions, based on the study of a concentrated solution of FA [57] and nanoparticles of 

pyrazoline derivate [58]. On the other hand, Na3Fol shows a distinct spectral profile, in which 

a broadband arising in the 400 nm region is more intense than the one at 296 nm. The 

hyperchromic shift should be attributed to the deprotonation of the PT ring, which changes the 

energy of – */n–* transitions, as observed for Fol3- in an aqueous solution. Besides, a tail 

extended up to about 500 nm is observed in the solid state Na3Fol spectrum, also suggesting a 

charge transfer transition, but less intense than for Na2HFol.  

The UV–VIS diffuse reflectance results are in agreement with the XRD data 

interpretation regarding the structural arrangement of FA and folate species in the samples and 

their aggregation degree; these techniques can be used to differentiate disodium and trisodium 

folate compounds. 
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3.2. Thermal Analysis (TG/DTG-DSC) coupled to mass spectrometry (MS)  

The DSC curves in N2 atmosphere and the data from melting point analysis (Figure A.5) 

of FA, Na2HFol and Na3Fol pointed out that the samples decompose at about 210 °C, 280°C 

and 300°C, respectively, as discussed in Section 5 in SM.  

The results of thermal analysis in air atmosphere are displayed in Figure 4, summarized 

in Table 1, and detailed reported in Table A.1 of the SM. The first thermal event for all samples 

is attributed to the dehydration step (endothermic processes), as indicated by the release of the 

fragment m/z =18 (H2O). Considering the beginning of the release of fragment attributed to CO2 

(m/z = 44 in MS curve; Figure 4b), the thermal stability of FA is significantly increased in salt 

forms: from 198 ºC (FA) to 267 ºC (Na2HFol) and to 300 ºC (Na3Fol), in line with reported data 

for some folate metal complexes [19,21] and alkaline salts [41]. The decomposition temperature 

values of FA and its salts are practically the same in inert (N2; Section 5 of the SM) or oxidant 

(Figure 4) atmospheres, which indicates a process driven by thermolysis [59].  
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Figure 4. a) TG-DSC and b) DTG-MS curves of commercial FA, and synthesized Na2HFol and Na3Fol 

samples under air atmosphere. 
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Table 1  
Thermal analysis data of FA, Na2HFol and Na3Fol samples under air atmosphere. 

Sample H2O (%)a Organic matter (%) Proposed Formulab 

FA 7.9 (7.5) 93.8 (92.5) C19H19N7O6‧2.0H2O 

Na2HFol 7.6 (8.5) 81.5 (82.7) Na2C19H17N7O6‧2.5H2O 

Na3Fol 9.0 (9.6) 76.7 (78.0) Na3C19H16N7O6‧3.0H2O 
ahydration water; bfrom thermal analysis results; Values in parenthesis are the expected percentage considering the 

proposed formulas. 

 

As previously recorded by Vora et al. [60], crystalline FA presents a complex thermal 

decomposition mechanism in N2 atmosphere. Indeed, it was also observed in air atmosphere, 

as displayed in Figure 4, Table A.1 and in SM. After dehydration, the TG curve of FA presents 

a slow weight loss profile. The oxidative decomposition of FA takes place in five consecutive 

events of mass loss, divided at least in nine overlapped steps (TG-DTG; Table A.1). The two 

overlapped events in 190-391°C range may be mainly attributed to the Glu moiety 

decomposition (calc. 27.7%; exp. 27.5%). The former event is accompanied by the release of 

H2O and CO2 (190-391 °C), and by the release of a fragment with m/z = 43, assigned to HNCO 

(292-391°C). In the region between 391-528 °C, the events can be mainly attributed to the 

oxidative decomposition of p-ABA group (calc. 25.4%; exp. 25.6%). The event is accompanied 

mainly by the release of H2O, CO2, and HNCO. Since the higher amounts of released m/z = 30 

(NO) and m/z = 44 (CO2) are observed between 528-707 °C, the event occurring in this 

temperature region is predominantly associated with the PT rings decomposition (calc. 39.4%; 

exp. 38.6%), which is the moiety with the highest nitrogen content.  

A change in the thermal behavior of sodium folate salts is observed when compared with 

FA. The steps of the thermal oxidation of sodium salts are not easy to separate. Unlike FA, the 

TG curves of salts after dehydration present abrupt weight loss events (Figure 4). For Na2HFol, 

the decomposition of the anhydrous sample occurs mainly in three events (six steps). In the 

range of 264-323 °C, the event is accompanied by the release of H2O and CO2. It can be related 

to the decomposition of the carbon chain (C3H4) of glutamate moiety (calc. 7.7%; exp. 7.8%). 

The following events are accompanied by the release of H2O, CO2, NO, and a fragment of m/z 
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=46 (NO2) and are related to the decomposition of p-ABA (323-528°C; two steps) and PT (383-

528 °C) groups. Dehydrated Na3Fol presents only two overlapped events attributed to folate 

decomposition. In the region between 292-394 °C, the event is associated with the 

decomposition of glutamate and the initial decomposition of p-ABA. It is accompanied by the 

release of H2O, CO2, NO and NO2. The next event (394-547 °C) is followed by the same 

gaseous product, and it may be mostly attributed to the final decomposition of p-ABA and PT.  

The events of small weight loss for salts above 530 °C are associated with the release of 

different gaseous products (detected by MS, as detailed discussed in Section 6 of SM). For 

Na2HFol, the event is associated only with the release of CO2, while for Na3Fol, it is 

accompanied by the release of NO, NO2 and CO2. Residual mass at 800 °C is consistent with 

the formation of Na2CO3 residue: 22.6% (calc. 20.0%) for Na2Hfol and 30.0% (calc. 28.3%) 

for Na3Fol. 

Regardless of the atmosphere (i.e., air or N2), the thermal stability ranks as Na3Fol > 

Na2HFol > FA. Sodium salts are an alternative to improve the thermal stability of FA, especially 

in the case of Na3Fol salt with a gain of stability of about 100 ºC. Additionally, the thermal 

analysis results indicate that the decomposition of Glu seems to be delayed in the salts, while 

the end of oxidative decomposition of the PT ring appears to be advanced. 

 

3.3. Structural simulation of FA, Na2Fol and Na3Fol by DFT 

The conformations calculated for FA, Na2HFol and Na3Fol, using the B3LYP/6-

311++G(d,p) Gaussian basis sets in the DFT framework, are shown in Figure 5. The obtained 

structures (simulated in the gas phase) exhibit essentially the same extended conformation for 

the three species, independently of the protonation level: a planar pteroic acid unit (PT and p-

ABA structures), a trans amide bond and a bent conformation of the Glu moiety.  
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Figure 5. Theoretically (DFT) optimized structures (in vacuum) of FA, Na2HFol and Na3Fol. Color 
conventions: carbon (grey), hydrogen (white), oxygen (red), nitrogen (blue) and sodium (purple). 

 

The DFT simulated FA structure achieved in this work was compared to the crystal 

structure of dihydrate FA resolved by the Rietveld refinement of powder X-ray diffraction data 

[52] (Table A.2). Kaduk et al. [52] performed geometry optimization via DFT (using the 

CRYSTAL09 software) and considering C29H29N2O6(H2O)2 in the unit cell of FA. The main 

differences between experimental and simulated data are: (i) the PT and p-ABA acid units are 

not co-planar (Figure 5); and (ii) the bent of Glu moiety is not in the same three-dimensional 

conformation. In addition, such conformational structure significantly contrasts from that of FA 

and folate2- predicted by molecular simulation in liquid solution [38,61], and of folate2- 

complexed to enzymes, as the dihydrofolate reductase (DHFR) [40] or the folate receptor alpha 

(FR) .  

A particularly good agreement between the calculated and experimental bond lengths and 

angles values is here obtained, although the simulations considered the isolated molecule, i.e., 

intermolecular interactions are disregarded. It is worth noting that the calculated C4=O bond 

distance of 1.211 Å is close to the experimental value of 1.208 ± 0.004 Å [52], and it evidences 

the keto form PT moiety in FA. To the best of our knowledge, the crystal structure of dianion 

or trianion folate salts has not been reported so far, precluding any possible comparison. 

Comparing the DFT results for FA with Na2HFol (Table A.2), the main modifications 

are: (i) the length of C–O bonds of both carboxylic groups, indicating their deprotonation; (ii) 
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the elongation of C–C' and C–C' bonds; and (iii) the decreasing of C–C'–O' and C–

C'–O angles. According to theoretical calculations (and as expected), deprotonation of FA 

into the dianion promotes changes in the glutamic unit, while the pteroic acid moiety is 

insensitive. On the other hand, comparing the structural parameters calculated for Na2HFol and 

Na3Fol (Table A.2), the main differences are: (i) the C4–O distance increases from 1.211 Å in 

the simulated FA and Na2HFol to 1.258 Å in Na3Fol, thus indicating that the bond order 

decreases and that the enolate turns to be the predominant mesomer form (Figure A.1).  

In the pyrimidine ring, the C4–N3 and C2–N3 lengths decrease, respectively, from 1.408 

Å to 1.367 Å and from 1.377 Å to 1.357 Å. The N3–C4–C4a and N1–C2–N3 angles increase 

while the O–C4–C4a and C2–N3–C4 angles are reduced. Although there are no experimental 

data to compare with the DFT in the case of Na3Fol, the experimental crystallographic results 

obtained for PT anion coordinated to rhenium(I) [20] by O4 and N5 atoms show similar 

modifications (Table A.2). In the metal complex, the deprotonation of N3 promotes the 

shortening of C4–N3 (1.326(6) Å) and the elongation of the C4–O (1.283(5) Å), characteristic 

of enolate mesomer form [20].  

 

3.3. IR and Raman vibrational spectroscopies  

The experimental IR and Raman spectra of FA and sodium folate salts in the 1800-800 

cm-1 region are presented in Figure 6. Outside this spectral range, the information is limited; 

the bands in the region of 4000 and 2900 cm-1 are associated with the stretching modes of OH, 

NH, CH and CH2 groups [62]. Figures A.6-A.8 (full experimental spectra) show a strong band 

broadening in folate salts spectra, mainly due to intermolecular hydrogen bonds interactions 

between water molecules and/or folate anions groups such as -NH, >C=O and -COO- [62]. The 

region below 800 cm-1 shows very weak bands similar to all samples.  
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As highlighted in gray in Figure 6, experimental IR and Raman spectra of FA, Na2HFol 

and Na3Fol show distinct profiles. The detailed assignment of FA and folates bands is not 

straightforward due to the structural complexity of the molecule/anions and because many 

vibrational modes are combined. Hence, a tentative attribution of vibration modes presented in 

Table 2 is proposed considering the changes observed according to the protonation degree of 

the compound in the light of DFT calculations for the species in a vacuum, as well as from data 

in the literature [30,33,41–44, 62–74]. The comparison between experimental and theoretical 

spectra is shown in Figures A.9-A.11. As displayed in Figure A.12, a good linear correlation 

(R2 > 0.998) is observed between the experimental and calculated energy (in wavenumber). In 

the following, the main distinct regions of vibrational spectra of FA, Na2HFol and Na3Fol are 

discussed, while some less relevant bands are considered in SM (Figures A.9-A.11). 
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Figure 6. Experimental infrared (top) and Raman (down) spectra of FA, Na2HFol and Na3Fol samples. 
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Table 2. Experimental and calculated IR and Raman wavenumber values (cm-1) for FA, Na2HFol and Na3Fol 
Folic Acid  Na2HFol  Na3Fol  

Tentative attribution of main groups involved in the vibrationb,c,d,e 
calc.a 

exp.  
calc.a 

exp.  
calc.a 

exp.  

IR Raman   Raman  IR Raman  

1766 

1758 
1712 sh 

1718 w 

1705 w 
         

(C’=O) 

(C’=O) 

1737 1688 1688 sh  1737 1687 1686      (C4=O) + (N3H) + sc(NH2) 

1656 1662 sh 1662  1654 
1630 sh 1628 sh 

 1652 1630 sh 1630 sh  (C11=O) + (N12H) + [8b]/D23 

1634 1637 1637  1634      as(N2C2N1) + sc(NH2) + (N3H) 

1607 1603 1607  1608 1602 1605  1609 1604 sh 1601  [8a]/D3 

        1598 1585 #  sc(NH2) + (PT rings) + (C4–O-) 

        1577 1575 sh #  (PT rings) + sc(NH2) + (C4–O-) 

1563 1569 1571  1565 1566 1570      (PT rings) + sc(NH2) + (N3H); [8b]/D23 + (N10H) + (C11=O) 

        1562 1567 1565 sh  [8b]/D23 + (N10H) + (C11=O) 

        1544 
1550 br # 

 (C4–O-) + (PT rings) + sc(NH2) 

    1543 # #  1541  as(C’OO-) + (C)/() 

1530 1546 1538  1528 # 1536 sh      
(PT rings) + (N3H) + (C4=O); 

[19a]/D4 + (N10-)/(N10H) + (C11-) + (N12H) 

1524 1519 1519 sh  1519 # 1514 sh      
[19a]/D4 + (N10-)/(N10H) + (C11-) + (C11N12)/(N12H); 

(PT rings) + (N3H) 

        1518 1513 sh 1510  
(PT rings) + sc(NH2) + (C4–O-); 

[19a]/D4 + (N10-)/(N10H) + (C11-)  + (C11N12)/(N12H); 

    1515 1502 br   1514 1504 br   as(C’OO-) 

1480 1482   1475 1479 sh       (C11N12)/(N12H); sc(CH2); (PT rings) + (N3H) + sc(C9H2);  

        1468 1473 sh   (C11N12)/(N12H); sc(CH2); sc(C9H) + (PT rings);  

1465 1452 1456  1460 1447 1452      sc(C9H2) + (PT ring); sc(CH2)/(CH2); (C11N12)/(N12H);   

        1459 1452 sh 1448 br  sc(CH2)/(CH2); (C11N12)/(N12H) 

        1423 1439   (PT rings) + (C2N2) 

1412 1412 #  1407 # 1410  1408 # 1410  [19b]/D4; (C9H2) 

    1396 
1400 br 

  1396 
1401 br 

  s(C’OO-)/(C-C’) + (CH2)/(CH2);  

    1386   1386   s(C’OO-)/(C-C’) + (CH2) 

1385 1389 sh 1388          (OH) + (CH)(CH) 

1365 1359           
(OH) + (CH) + (CH2)/(CH2) + (C11N12)/(N12H);   

(C9H) + (N10H)/(N10-) +  (PT rings) + (N3H) + (C7H) 

        1355 
# 1356 sh 

 (C9H) + (N10H)/(N10-) +  

        1346  (PT rings) + (C2N2) + (C7H) 



 
 

85 
 

Table 2. Continued… 

(a) Selected values in wavenumbers (cm−1) obtained using the functional/basis set B3LYP/6-311++G(d,p). Wavenumbers were multiplied by the 0.975 scaling factor (* indicates unscaled 

values); # are very weak and/or not resolved band; (b) Attributions were made in the light of DFT and works from the literature [30,33,41–44,62–74]; (c) νs = symmetric stretching, νas = 

antisymmetric stretching, δ = bending (in plane; ip); oop = out-of-plane, sc = scissoring (ip bending),  = wagging (oop bending),  = rocking (ip bending), τ = twisting (oop bending), b = 

broad, sh = should, w = weak, (GLU)ch = carbonic chain of Glu /glutamate; (d) The numbers and letters are related to the carbon indexation in FA structure shown in Figure 1a; (e) phenylene 

ring () vibration modes were assigned using Wilson and Mulliken labelling [73];

Folic Acid  Na2HFol  Na3Fol  

Tentative attribution of main groups involved in the vibrationb,c,d,e 
calc.a 

experimental  
calc.a 

Experimental  
calc.a 

experimental  

IR Raman  IR Raman  IR Raman  

1346  1357  1344  1354 sh      (PT rings) + (NH2) + (C7H) + (C9H2) 

    1336 1328 br   1336 1327 br   (CH2)/(CH2) + (CH) + s(C’OO-) 

1333 
1338 # 

         (OH) + (CH) + (CH2)/(CH) 

1326          [14]/D25 + (N10-) + (C9H2); (CH2)/(CH2) + (’OH) + (CH) 

1323 # 1339  1323 # 1341      (PT rings) + (N3H) + (NH2) + (C7H) + (C9H2) + (N10-) + [14]/D25 

    1318 1328 br #      
[14]/D25 + (N10-) + (C9H) + (PT rings) + (); (CH2)/(CH2) 

+ (CH) 

        1320 1327 br #  [14]/D25 + (N10H)/(N10-); (CH2)/(CH2) + (CH) 

        1308 # 1332  (PT rings) + (NH2) + (C7H) + (C9H2) + (N10H)/(N10-) +  

        1301 1313 sh 1315 sh  (PT rings) + (C2N2) + (C7H) + (C9H2); 

1304 1298 1302 sh          
(OH) + (CH)(CH) + (CH); 

[3]/D26; (PT rings) + (N3H) + (C2N2); 

    1300 1303 1309      
[3]/D26 + (C11N12)/(N12H) + (CH) + (CH)(CH) 

(PT rings) + (C2N2) +  (N3H); 

        1299 1297 sh 1296 sh  [3]/D26 + (C11N12)/(N12H) + (CH) + (CH)(CH) 

1293 
1289 1291 

         (OH) + (CH2)/(CH2) + (CH) + (C11N12)/(N12H) 

1286  1285 # 1294 sh      (PT rings) + (N3H) + (C2N2) + (C7H) + (C9H2) + (N10H);  

1114 
1106 # 

         (C−O)OH + (CH2)/(CH2) 

1104  1104 1106 1105      [18b]/D24 + (C9N10) + (PT rings) +  (N3H) + (NH2) 

        1101 1100 1100  [18b]/D24 + (C9N10) + (PT rings) 

    842* 836 #  841* 834 837  [17b]/D16 + oop(C11N12H) + oop(N10H); 

838* 839 835          
[17b]/D16 + oop(C11N12H) +  oop(N10H);  

[18a]/D10 + (Glu)ch + oop(COOH) 

        832* 834 837  oop(PT rings) + (C9H2) 

815* 817 814          oop(PT rings) + (C9H2); [10a]/D13 

    816* 822 823      oop(PT rings) + (C9H2); [10a]/D13; (CH2)/(CH2) + oop(COO-) 

652 

596 
912(br)           

oop(’OH)  

oop(’OH) 
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1720-1630 cm-1 range. This region is assigned mainly to the bands related to the C’=O 

and C’=O stretching () vibrational modes of Glu unit,  C4=O of PT ring and C11=O of amide 

group. Compared to the FA vibrational spectra obtained by DFT (vacuum simulation), the 

experimental bands are not as well resolved and are shifted to a lower energy range (Figure 

A.9). It can be associated with the network of intermolecular hydrogen bonds in the solid 

(Figure A.2), which makes the C=O bond weaker, leading to a red shift and a broadening of 

the related bands [62]. The three compounds possess hydration water, as observed in thermal 

analysis data, which bands observed around 1650-1620 cm-1 in the infrared spectra assigned to 

angular deformation [62].  

The (C=O) vibrational modes of Glu moiety, attributed to the carboxylic groups 

identified as ’ and ’ in Figure 1, are predicted by DFT to be coupled. However, as noticed in 

Figure A.13, the energy of (C=O) vibration is higher than that of (C=O), as expected, 

considering that the first bonging is shorter than the second one (Table A.2). Experimentally, 

it is observed as a shoulder at around 1712 cm-1 in the infrared, and as weak bands in the FA 

Raman spectrum, in agreement with Braga et al. [41] These bands are not present in the spectra 

of the sodium salts, indicating the deprotonation of Glu moiety. 

A band assigned to C4=O stretching of PT ring is observed at around 1688 cm-1, both in 

FA and Na2HFol experimental infrared spectra, though less intense in the last compound. The 

band position agrees with the value for guanine (pyrimidine ring fused to imidazole) at 1697 

cm-1 [69]. This band is absent in the Na3Fol spectrum, indicating the deprotonation of N3 atom 

of PT and the formation of the enolate group (Figure A.1). 

For the three species, the (C11=O) of amide (Amide I) is predicted by DFT at 1650 cm-

1 region. The experimental band is observed at 1662 cm-1 as a shoulder in infrared and a weak 

band in Raman spectra of FA, in line with results reported for peptides (peptide bonds) [65]. 

However, it is proposed here that this band is red-shifted to 1630 cm-1 due to intramolecular 
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hydrogen bonds between N12–H and ’COO- groups, as suggested by Gocheva et al. [38] for 

Fol2- in aqueous solution and by similar values observed for polypeptides [65].  

According to DFT, in the FA spectrum, the band at 1637 cm -1 (calc. 1634 cm-1) can be 

attributed to antisymmetric stretching (as) of guanidyl group (C2 bonded to N1, N2 and N3; 

C2N3), coupled to NH2 scissoring (sc) and N3–H bending (), as presented in Figure A.14. 

1610-1520 cm-1 range. Regardless of the sample, a strong band at about 1600 cm-1 is 

observed in the infrared and Raman spectra (Figure 6), indicating a vibration from a group not 

involved in the deprotonation process. Based on DFT and in agreement with Kokaislová et al. 

[30] and Braga et al. [41], it is assigned to the C-C stretching of the phenylene ring of p-ABA 

group. For FA and Na2HFol, the bands in the 1570 cm-1 region of infrared and Raman spectra 

are attributed to vibrations from the pteroic acid unit (Table 2), consistent with experimental 

and theoretical results reported for guanine [64,69], p-ABA [71], PT [70], and FA [41]. A 

broadening of bands is observed from FA to Na2HFol, possibly due to the H-bonds and – 

interactions, as discussed previously. 

A comparison of the spectra of Na2HFol and Na3Fol shows remarkable changes in the 

spectral profile. According to DFT calculations, these changes are due to the deprotonation of 

N3–H group, which promotes a redshift ( = 36 cm-1) of the band assigned to PT vibrational 

modes from 1634 cm-1 (in FA; previously discussed) to 1598 cm-1 in theoretical spectra (Table 

2 and Figure A.14). As theoretically predicted by Reibnegger [50] the N3–H deprotonation 

leads to the improvement of aromatic character of pyrimidine ring in anionic pterin. 

Considering that fused aromatic rings have almost the same vibrational energy as benzene 

derivatives [62], the shift of the band toward C-C stretching phenylene rings is in line with 

theoretical calculation [50] and with the statement of enolate mesomer form in Fol3- (Figure 

A.1).  
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DFT calculations indicate a pronounced band redshift ( = 193 cm-1) from 1737 cm-1 to 

1544 cm-1 of (C4=O) due to the formation of C4–O- (enolate, Fol3-), as noticed in Table 2 and 

Figure A.15. Theoretical and experimental vibrational studies performed with uracil 

(pyrimidine-2,4(1H,3H)-dione) also indicated a similar band shift [72]. In addition, the band at 

around 1550 cm-1 for Na3Fol also has the contribution of as(C’OO-) and (C11N12)/(N12–

H) vibrations. 

1520-1460 cm-1 range. The infrared spectra of folate salts show a strong and broadband 

at about 1500 cm-1 attributed to the as(C’OO-). The broadening is probably due to some 

interactions by hydrogen bonds in the salts. DFT calculations indicate that the frequencies of 

the carboxylate groups band are distinct for both folates: around 1543 cm-1 for as(C’OO-) and 

1515 cm-1 for as(C’OO-), as displayed in Figure A.12. Li et al. [67] observed the same result 

applying a DFT approach to the disodium salt of folinate (both folinic and folic acids have a 

Glu and p-ABA groups), and suggested that the proximity of C’OO- and N12–H groups can 

be the main reason for this frequency to be higher compared to C’OO- group. 

The band at 1504 cm-1 is the most intense in the experimental infrared spectra of Na3Fol 

(Figure A.8), while for Na2HFol, the intensity of the bands at 1502 cm-1 and 1600 cm-1 is 

similar. Hence, Fol2- and Fol3- species can be distinguished by infrared spectroscopy simply by 

analyzing the relative intensities of these bands. This change in the relative intensities can be 

attributed to the contribution of the band mainly assigned to (PT rings) and (C4–O-), as can 

be noticed by the shoulder at 1513 cm-1 in the Na3Fol experimental spectra (Figure 6 and Table 

2). According to DFT calculations, such a band is redshifted from 1530 cm-1 in FA to 1518 cm-

1 in Na3Fol theoretical spectra (Table 2). As seen in Figure A.15, the deprotonation of N3 

increases PT stretching vectors, thus as well increasing the aromaticity of PT ring in Na3Fol. 

1460-1380 cm-1 range. All samples present two main bands around 1450 cm-1 and 1410 

cm-1 in experimental infrared spectra. As the profile and relative intensity of these two main 



 
 

89 
 

bands change according to the species (Figure 6), helpful to differentiate FA from folate salts. 

For FA and Na2Hfol, the bands centered at around 1450 cm-1 (calc. around 1460 cm-1) can be 

assigned to CH2 and NH bending modes with the contribution of PT rings stretching (Table 2 

and Figure A.16). The broad band around 1412 cm-1 in experimental infrared spectra of FA is 

assigned to CH2 vibrations with the contribution of in-plane (OH).  

The broad and intense band observed at about 1400 cm-1, in both infrared spectra of folate 

salts, can be mainly attributed to s(COO-), as listed in Table 2. For Na3Fol, the band around 

1450 cm-1 is observed as a shoulder in the experimental spectrum, and the contribution of PT 

vibration is no longer predicted by DFT (Figure A.16). Differently from Na2HFol, a band 

centered at 1439 cm-1 is observed in the experimental spectrum of Na3Fol and with almost the 

same intensity as the above-mentioned band at 1400 cm-1. Based on DFT calculations, it is 

correlated to the band at 1423 cm-1, observed only in the simulated spectrum of Na3Fol (Figures 

A.9-A.11) and attributed mainly to (PT rings), as displayed in Table 2 and Figure A.16.  

1360-1280 cm-1 region. Infrared and Raman spectra of FA present mainly four bands in 

this spectral range: two overlapped at about 1360-1340 cm-1 region and the other two at 1300-

1290 cm-1. As proposed in Table 2, based on DFT, such bands are mainly associated with OH, 

CH, and CH2 bending of Glu unity and CC/CN stretching of aromatic rings. Comparing FA and 

Na2HFol spectra, modifications in the IR spectral profile are observed, while the position of the 

bands is not changed significantly in Raman. 

Based on the DFT calculation and experimental results (Figure 6 and Table 2), it is 

proposed that the bands at 1359 and 1338 cm-1 in the IR spectra of FA are not from the same 

vibration of those respectively observed at 1357 and 1339 cm-1 in Raman. The change observed 

in IR spectra from FA to folate salts, is mainly due to Glu deprotonation. Bands attributed to 

CH and CH2 bending of Glu moiety are shifted from 1338 cm-1 in FA to 1328/1327 cm-1 in 

folate salts. On the other hand, from Na2HFol to Na3Fol, both Raman and infrared spectra 
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present significant modifications in this region. The infrared spectrum of Na2HFol shows two 

bands centered at 1328 and 1303 cm-1, while Na3Fol shows only one broadband at 1327 cm-1 

(with a shoulder in 1313 cm-1). In the Raman spectra, two resolved bands at 1341 cm-1 and 1309 

cm-1 are observed for Na2HFol, while for Na3Fol such bands are overlapped and centered at 

1332 cm-1 (with a shoulder at 1315 cm-1). The bands in this spectral region are related to the C-

C/C-N stretching and N3–H deformation mode, the last being absent in the trisodium. 

According to DFT, after deprotonation of the PT group, the C-C/C-N stretching is a 

redshift from 1523 to 1508 cm-1, and a blue shift from 1286 to 1301 cm-1, both with a  value 

of about 15 cm-1, as displayed in Figure A.17. The observations are consistent with theoretical 

and experimental results (but in a minor shift extension) reported to uracil, which presents such 

spectral features when its neutral pyrimidine ring is deprotonated in water [72]. The spectral 

profile in this region differentiates the dianionic from the trianionic folate. The resolution of the 

bands is higher in Raman than in infrared spectra. In addition, the shift observed for bands 

related to C-C/C-N stretching of PT unity after deprotonation occurs in a region around 1330 

cm-1 attributed to C-C stretching of the phenylene ring (Table 2). The results once again suggest 

an improvement in the aromaticity of PT ring and of the enolate mesomeric form (Figure A.1) 

in Na3Fol.  

The observed difference of 15-20 cm-1 between theoretical and experimental results 

attribution of bands around 1360-1300 cm-1 in the Raman spectra (Table 2) is related to – 

interaction of aromatic rings between species. As discussed in the UV-VIS spectra and XRD 

data analysis, such interactions change the vibronic band structure [55], which is not taken into 

account in the DFT calculations of a single molecule in vacuum. In fact, a set of broad bands 

and shoulder overlapped in this region is observed in the Raman spectrum of Na2HFol. 

1100 cm-1 range. The band in the 1100 cm-1 region of FA and folates can be attributed 

mainly to in-plane C–H bending of phenylene ring coupled to C9–N10, in agreement to studies 
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with tyrosine/tyrosinate [63] and as expected for amine linkage [62]. Vibrations attributed to 

(C–OH) of carboxylic groups and (PT rings) also have a contribution in this region (Table 2 

and Section 8 of SM). The striking changes from FA to Na2Hfol are attributed to the 

deprotonation of Glu, and the spectral changes from Na2HFol to Na3Fol are attributed to the 

deprotonation of N3–H. The band at 1100 cm-1 could be pointed as a marker of deprotonation 

degree since its relative intensity compared with other bands around 1130 cm -1 and 840 cm-1 

regions change according to the species. 

950-800 cm-1 region. Calculated DFT fits better with experimental spectra if the 

correction factor is not applied. This spectral range presents weak bands concerning out-of-

plane (COO-), and (COOH) vibrations. The most remarkable change in infrared spectra from 

FA to folate salts is the disappearance of the band in the region of 912 cm-1 attributed to out-

of-plane (OH) group. DFT prediction for such vibration is not accurate if H-bonds are not 

considered [68]. For calculations of single molecule, the band is predicted to be located in the 

region of 600 cm-1, while for dimers it is predicted and experimentally observed at 960-900 cm-

1 region, as in the case of dimers of benzoic acid [68] and mefenamic acid [43]. In this work, 

the calculated values are 652 cm-1 (’OH) and 596 cm-1 (’OH), in agreement with the 

calculated values for benzoic acid [68]. The spectra of folate samples show bands at about 910 

and 830 cm-1 assigned to the C-COO- stretching, as observed for coumarate [42], pravastatin 

[44], or tyrosinate [74], for instance. As predicted by DFT calculations, the distance of C-C’ 

or C-C’ increases by about 0.016 Å when FA is deprotonated (Table A.1), indicating that the 

chemical bond is weakened.  

Another important change observed in the IR spectrum of FA and folates occurs in the 

region of 840-816 cm-1. FA and Na2HFol present two bands in this region: (i) one at 839-836 

cm-1 attributed mainly to out-of-plane C–H deformation of phenylene ring of p-ABA [63] and 

(ii) the other one at around 817-822 cm-1 attributed mainly to out-of-plane deformation of C-
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C/C-N and out-of-plane C–H deformation [63] from PT and p-ABA moieties, respectively. 

Otherwise, only one band at 834 cm-1 is observed for Na3Fol. According to DFT calculations, 

the deprotonation of the PT unit leads to a blue shift ( about 15 cm-1) of C-C/C-N bending 

from 815 cm-1 to 832 cm-1 (Figure A.18). 

 

3.5. Solid state 13C-NMR spectroscopy  

To the best of our knowledge, the 13C-NMR data of di- and trianion folate species in solid 

state have not been reported in the literature. Solid state 13C and 15N CP-MAS NMR of FA were 

reported by Ghosh, Gayen, and Dey [75]. Experimental results reported for FA in deuterated 

DMSO by Bonechi et al. [61] indicated that the molecular conformation is different from that 

observed in the crystal because intermolecular interactions in solution are not as important as 

in the crystal due to the intramolecular interactions involving the Glu group. Experimental and 

simulated 13C-NMR results for Fol2- in water and for FA in DMSO were reported by Gocheva 

et al.[38] The authors also noticed the distinct conformation of FA in solution, in relation to the 

crystal, and predict that the molecules shape in “U” or “V” conformation because of the bending 

of Glu with p-ABA as well as the p-ABA with PT moiety.  

Solid state 13C-NMR spectra of AF, Na2HFol and Na3Fol samples are displayed in Figure 

7. The peak assignments, based on DFT calculations and from data in the literature 

[38,61,75,76], are presented in Table 3. The attribution of 13C NMR spectra peaks does not 

fully agree with previous studies [38,61,75,76] when the chemical shifts are too close to each 

other (for instance, C2 and C8a). The experimental and calculated 13C-NMR spectra of samples 

are compared in Figure A.19. A good linear correlation (R2 > 0.994) between experimental and 

the calculated 13C chemical shift can be noticed in Figure A.20.  

The deprotonation of both carboxylic groups has a weak influence on the 13C chemical 

shifts of C, C, C, C’ and C’ (Figure 7; Table 3), consistent with what was observed by 



 
 

93 
 

Gocheva et al. [38] in DMSO. In addition, based on the DFT calculations, after the 

deprotonation, the chemical shift of C’ is larger than for C’ (Figure 7; Table 3). 

Experimentally, both contributions merge at an average chemical shift value significantly 

smaller than that theoretically predicted but partially correlated (Figure A.20). Another 

important spectral change experimentally observed is the chemical shift of C11 (from 164.9 to 

around 168.5) and C1’ (from 116.9 to around 120.0) related to the amide group after Glu 

deprotonation. Such chemical shifts are also in agreement with Gocheva et al.[38]. C11 is the 

carbonyl group that links p-ABA to Glu moiety and, like in C1’, the chemical shift seems to be 

overestimated by calculation in the three organic forms. It can be related to hydrogen bonds 

between N12–H and C’OO- groups in anionic species [38], as discussed previously. For both 

salts, the C1’ and C11 relative peak intensities of the sodic salts are weaker than for FA. In 

addition, after deprotonation, C6’ and C4a+C2’ peaks are overlapped in the spectra. DFT 

calculations are in close agreement with the experimental results for the two salts. However, 

the width of the contribution merging C6’, C4a and C2’ is more than 500 Hz (> 6 ppm), 

explained by the fact that the – interactions (Figure A.3) are not considered in the 

calculations.  
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Figure 7. Experimental solid state 13C-NMR spectra of commercial FA, and Na2HFol and Na3Fol 
samples prepared in this work. The peak marked with asterisk (*) indicates the possible presence of 
Na2HFol.  

 

The most remarkable chemical shift in the spectra of Na3Fol compared with FA and 

Na2HFol is associated with C4 and C2. Indeed, a pH superior to pKa4 induces a change from 

HN3 to NaN3, strongly impacting the neighboring carbon atoms, C2 and C4, with a pronounced 

low-field shift. The results predicted by DFT are consistent with the experimental chemical 

shift reported by Cheung et al. [76] for folate in a water solution when the pH value is increased 

from 5.5 (Fol2-) to 10 (Fol3-). The same effect is predicted for DFT calculations but less 

pronounced for C4a and C8a (both engaged in the pyrazine resonant ring), but it is not 

experimentally observed because of the peaks broadening.  
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Table 3  

Experimental and calculated solid state 13C-NMR chemical shifts (ppm) of FA, Na2HFol and Na3Fol samples. 

Assignment 
Folic Acid  Na2HFol  Na3Fol 

calcd. exp. exp.a) exp.b) exp.c)  calcd. exp. exp.d) exp.e)  calcd. exp. exp.f) 

’C 180.4 181.8 182.1 173.7 173.7  191.4 181.8 182.0   191.6 181.8  

’C 178.4 177.4 186.4 173.9 173.9  192.1 181.8 185.1   192.1 181.8  

C11 168.5 164.9 sh 168.9 166.4 166.3  167.0 168.6 172.2   167.3 167.7  

C4 162.5 164.4 157.1 161.2 160.8  163.2 163.5 169.3 165.8  181.1 172.3 174.2 

8a 161.7 164.0 sh 152.8 153.8 153.6  162.6 163.5 156.5 154.8  164.1 163.9 156.7 

C2 154.2 151.2 sh 155.9 156.2 156.5  154.1 154.4 159.4 155.6  166.2 167.7 165.1 

C4’ 154.8 150.3 155.2 150.8 150.7  153.7 148.6 153.5   154.5 149.3  

C7 153.5 148.9 sh 153.2 148.6 148.6  153.6 148.6 151.4 150.1  152.8 149.3 148.5 

C6 151.1 148.4 154.0 148.6 148.4  153.2 148.6 151.7 151.3  148.5 147.1 sh 148.9 

C6’ 137.5 131.6 136.4    137.0 128.7    137.1 127.7  

4a 133.4 124.3 128.9 127.9 127.8  133.1 128.7 130.2 128.5  131.5 128.7 129.2 

C2’ 130.8 124.3 136.4    131.0 128.7    130.7 128.7  

C1’ 126.6 116.9 121.1 121.3 121.1  131.3 121.2 124.5   130.0 120.5  

C3’ 116.5 111.9 116.5 111.2   116.1 114.2    115.6 114.2  

C5’ 111.2 109.1 113.3 111.2 111.1  111.0 108.4 115.1   111.0 108.4  

C 54.3 54.2 58.1 51.8 51.6  57.7 55.8 58.8   57.8 55.8  

C9 46.2 45.1 49.2 45.9 45.7  47.0 44.4 48.5 47.0  46.7 45.7 47.2 

C 33.5 30.1 30.8 26.1 25.9  37.5 34.3 31.4   37.6 34.3  

C 31.6 27.1 33.9 30.4 30.3  37.3 29.1 37.1   37.2 28.9  
a)solid state 13C CP-MAS NMR from ref. [75]; b) FA in DMSO-d6 solution from ref. [61]; c) FA in deuterated DMSO solution from ref. [38]; d)Fol2- in water-d6 

solution (pH 7) from ref. [38]; e)Fol2- in deuterated water (pH 5.5) from ref. [76]; f)Fol3- in deuterated water (pH 10) from ref. [76]. 
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4. Conclusion 

In this work, di- (Na2HFol) and trisodium (Na3Fol) folates isolated in their solid state are 

compared to FA, commercially available, and applied in several fields. To highlight their 

respective characteristics, the three samples were characterized by spectroscopic (IR, Raman, 

and 13C-NMR) and thermal techniques. The spectroscopic characterization, in combination 

with DFT theoretical calculations, allowed a complete spectral fingerprint of each compound. 

The main difference in the IR spectra between FA and Na2HFol concerns the vibrational bands 

attributed to Glu /glutamate moiety, while the most significant change between Na2HFol and 

Na3Fol is the absence of bands in the region of C=O stretching (1720-1660 cm-1) and the relative 

intensity of bands at 1500 cm-1 and 1600 cm-1 (C-C stretching of the phenylene ring). Prominent 

modifications in the 1360-1290 cm-1 region of Raman spectra are associated to the vibrational 

modes of PT rings.  

Solid-state 13C-NMR results show the successive deprotonation as a function of pH value. 

The carbon atoms of Glu moiety are not highly sensitive to the deprotonation, while pronounced 

changes are related to chemical shifts of C1’ (benzene ring) and C11 (amidic), from FA to 

Na2HFol, and of C2 and C4 (PT moiety), from Na2HFol to Na3Fol.  

Singular thermal oxidative profiles are observed for FA, Na2HFol and Na3Fol. Thermal 

stabilities of the samples are independent of the atmosphere (i.e., air or N2) and follows the 

order: Na3Fol (300 ºC) > Na2HFol (267 ºC) > FA (198 ºC). XRD pattern of Na2HFol exhibits a 

broad diffraction peak that is attributed to the distance between two disk-like structures π–

stacked in a columnar array, as already identified in water, thus underlining such organization 

in solid state.  

UV-VIS electronic spectra of the species in water solution compared to those ones of the 

powdered samples are clearly distinguishable. In solid state, the spectra of all the three 

compounds show a shoulder in the low energy region, that can be associated to intermolecular 
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charge-transfer (CT) transitions of packed FA molecules in the crystal, and in the case of 

sodium salts, be related to CT transitions in aggregated and/or supramolecular structures.  

It is our belief that this work provides a comprehensive comparison between FA and its 

anionic folate species, helping to better understand and design new products based on them. 
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Abstract: Folic acid (FA) is a suitable source for producing different types of N-doped carbon 

materials by pyrolyzes, such as Carbon dots (C-dots) and graphitic carbon. However, the 

pyrolysis mechanism of FA is still unknown, especially above 350 °C, which hampers the smart 

design of tailor-made carbon materials by a one-pot route. In this work, the FA decomposition 

mechanism under nitrogen gas was investigated by simultaneous thermogravimetric analysis 

and differential scanning calorimetry (TGA/DSC) and by the analysis of the released 

gaseous/volatile products by TGA coupled with infrared spectroscopy and mass spectrometry. 

Based on thermal analysis data, FA was pyrolyzed in a furnace at 350, 430, 570, 800, and 1000 

°C and the products were analysed by X-ray diffraction (XRD), vibrational spectroscopy 

(infrared and Raman), and X-ray photoelectron spectroscopy; in-situ high temperature XRD 

experiments were also performed. The formation of carbonaceous material was initiated 

between 200-350 °C through polymerization/condensation reactions, and it was marked by the 

release of 2-pyrrolidone and aniline. The carbonization was enhanced above 350 °C through 

denitrogenation (e.g., NH3, HNCO, and HCN release) and deoxygenation (i.e., CO and CO2 

loss) reactions, providing N-graphite structures. The ideal temperature range for C-dots 

synthesis was between 200-350 °C, whereas N-doped graphitic carbon was obtained above 800 

°C. The unprecedented data about the thermal decomposition of the low-cost FA allow 

optimizing the synthesis of new N-doped carbon materials suitable for applications in 

adsorption, sensing, catalysis, and energy storage.  
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1. Introduction 

N-doped carbon materials present plenty of potential applications that cover the 

development of electronic devices and catalysts (or catalyst supports), adsorbents, sensors, and 

biocompatible materials [1–3]. Due to the electronic configuration of the nitrogen atom and its 

higher electronegativity compared to the carbon atom, the N-doping of the carbonaceous 

framework can either change or improve the reactivity and electronic properties of referred 

materials [1–3]. These effects occur because the doping changes the electronic band structure 

of carbonaceous material, which can increase its charge transfer efficiency (n-type 

conductivity), confer acid-base character, create sites of coordination/adsorption, and enhance 

its wettability, catalytic activity or luminescence quantum yield [1–3].  

Bottom-up methods involving pyrolysis of small molecules, polymers, and biomass are 

extensively applied for the synthesis of N-doped carbon nanomaterials [1–3]. Pyrolysis is a 

cheap and scalable method that can be used to synthesize different forms or shapes of carbon 

particles, such as C-dots (zero-dimensional form, 0D) [3], carbon nanotubes (one-dimensional 

form, 1D) [4], graphitic carbon (two-dimensional form, 2D) and hierarchical nanostructures 

with three-dimensional (3D) shapes [5–8]. The structure, composition and properties of 

produced materials are strongly dependent on the temperature value of the synthesis and the 

nature of precursors (source of carbon) [1–3,5,9,10].  

Folic acid (FA, vitamin B9), an inexpensive and multifunctional molecule, is a profitable 

precursor of different N-doped carbon-based nanomaterials with different shapes [4–9,11–14]. 

Composed of three moieties (Fig. 1), FA molecule works as an “all in one” precursor for N-

doped carbon materials because it serves as Csp2 building block (aromatic rings) and N source 

(22.2 wt.% per chemical formula), ruling out the demand of an additional N-containing 

molecule, and presents coordination/chelation sites for metal ions binding [6–8]. In addition, 

FA molecules can form supramolecular structures (e.g., ribbons, tubes and layers), throughout 
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H-bonds and - stacking, contributing to the formation of nanostructured carbon materials 

during the carbonization process [4,6,8]. 

 

 

Figure 1. Molecular structure of Folic Acid (C19H19N7O6). 

 

N-doped carbonaceous materials with high surface area and electrochemical properties 

have been obtained by the direct or template-assisted carbonization of FA associated or not to 

transitions metals (e.g., Ni2+ and Co2+) [4–9]. The potential applications of such materials have 

been explored in the development of supercapacitors [9], lithium–sulphur batteries [8], and 

electrocatalysts for O2 reduction [5–7] or CO2 reduction [4] reactions. The temperature value 

of pyrolysis strongly influences the composition (e.g., nitrogen content and positioning: N-

pyridine, N-pyrrole and N-graphite, etc) and properties (i.e., specific surface area, porosity and 

capacitive performance) of such N-doped carbon materials [4,5,9]. FA is also applied as a 

precursor of C-dots, the luminescent allotropes of carbon with particle size less than 10 nm 

[3,12–14]. C-dots prepared by hydrothermal carbonization of FA presented higher luminescent 

quantum yield, solubility in water, thermal and photostability than the pristine precursor, and 

can act as cancer targeting and bioimaging agents [12–14]. So far, no work has been reported 

using pyrolysis of FA to produce C-dots, despite the feasibility and scalability of the method. 

The knowledge about pyrolysis pathways of FA could be helpful in understanding the 

formation of carbonaceous structure and establish strategies to achieve a smart design of related 

N-doped carbon materials. Although the thermal oxidative stability of FA [15], folate salts [15–
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17], or its metal complexes [16,18] has been well discussed in the literature, the mechanism of 

FA pyrolysis has been neglected. To the best of our knowledge, only Vora et al. [19] suggested 

an initial mechanism of FA decomposition by allying thermal analysis under N2 atmosphere as 

well as ex-situ X-ray diffractometry and infrared spectroscopic characterization of the solid 

products. However, the heating rate used in thermal analysis (10 °C min -1) was not the same as 

used in the preparation of FA pyrolyzed samples (2 °C min -1) [19], and the evaluated 

temperature range between 140 and 349°C is low in comparison of the common values used to 

produce graphitic carbon [4–9].  

In this work, the FA pyrolysis process was detailed and evaluated up to 1000 °C by 

simultaneous thermogravimetric analysis and differential scanning calorimetry (TG/DSC), 

under N2 atmosphere and heating rate of 10 °C min-1, combined with evolved gas analysis 

(EGA) performed by coupled mass spectrometry (TG-MS) and Fourier transform infrared 

spectroscopy (TG-FTIR), as well as in-situ high-temperature X-ray diffraction (XRD) 

experiments. The structure and composition of solid products obtained by pyrolysis (referred 

as char in this text) were further characterized ex-situ by XRD, X-ray photoelectron 

spectroscopy (XPS), FTIR and Raman spectroscopies. The results obtained for pyrolyzed FA 

were also compared with those ones from di- (Na2HFol) and trisodium folate (Na3Fol) salts to 

evaluate precursors for the production of N-dopped carbon materials. The preparation of N-

doped C-dots from the pyrolysis of FA, Na2HFol and Na3Fol was also evaluated. Consequently, 

insights about the decomposition mechanism of FA and the structural evolution of the 

carbonaceous product were discussed. Furthermore, appropriate temperature ranges were 

identified to produce N-doped carbon materials with different structures and compositions. This 

work can be helpful to speed up the development of new N-doped carbon-based materials 

produced from the pyrolysis of FA, aiming at applications in adsorption, sensing, catalysis, and 

energy storage devices, for instance.  
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2. Experimental  

Information about the chemicals used in this work are described in Supplementary 

Material (SM) file. Scheme 1 shows the main experimental procedures performed in this work, 

which details will be mentioned ahead. 

 

 
Scheme 1. Experiments related to the pyrolyzes process of FA and its sodium salts are divided 

in three main procedures: (A) identification of main gases/volatiles by TGA-FTIR and TGA-

MS data; (B) recovery of solid samples after pyrolysis at five temperature values and their 

physicochemical characterization; and (C) extraction of N-dopped carbon materials named C-

dots and characterization of its dispersions. 

 

 

2.1. Thermal behaviour of Folic Acid 

TGA/DSC analysis and the EGA by coupled infrared spectroscopy (TGA-FTIR) and 

mass spectrometry (TGA-MS) were conducted on a Netzsch thermoanalyzer, model STA 409 

PC Luxx. The thermoanalyzer was coupled to a FTIR spectrometer Bruker, Tensor 27 model 

(MCT detector cooled with liquid N2; 4400-650 cm-1 region and 4 cm-1 of resolution), and to a 

QMS 403C Aëolos quadrupole mass spectrometer. The evolved gases enter in the mass 
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spectrometer and FTIR spectrometer at 300 °C. The thermal data were recorded up to 1000 °C, 

under dynamic N2 atmosphere with a flow rate of 50 mL∙min-1, heating rate of 10 °C∙min-1 and 

employing an alumina crucible. The FTIR spectra of gaseous/volatile products generated during 

pyrolysis were compared with their reference molecular gaseous spectra (Fig. S1) available on-

line by National Institute of Standards and Technology (NIST;[20]) and HITRAN ([21]) 

databases. 

 

2.2. Precursors pyrolysis  

Based on TGA/DSC and EGA results, the FA precursor were pyrolyzed in a set of 

temperatures values: 350, 430, 570, 800, and 1000 °C. For comparison purposes, Na2HFol and 

Na3Fol were pyrolyzed at 430 and 570 °C. Pyrolysis was conducted on a Shimadzu TGA-50 

furnace under a N2 flow of 50 mL∙min-1 and a heating rate of 10 °C∙min-1, using alumina 

crucibles. The furnace presents an updraft design, in which the gas flows from up to down, and 

it is coupled to a cooler system turned on at the end of the process. The obtained products were 

stored in a desiccator containing silica gel under reduced pressure until the characterization 

step. 

 

2.3. C-dots extraction  

The extraction of C-dots from samples pyrolyzed at 350 °C or 430 °C was performed 

with the following media: deionized water, aqueous NaOH solution (0.1 mol L-1), and DMSO. 

Initially, 0.25 g L-1 suspensions were prepared, and the systems were kept under ultrasonication 

(Limp Sonic LS-3D ultrasonic equipment; 70 W and 40 kHz) for 30 minutes. Then, the systems 

were left standing for 24 h and submitted for more 30 minutes of ultrasonication. After that, the 

supernatant was passed through 0.02 m membrane pores filter (Whatman® Anotop® 10 

syringe filter) to isolate the C-dots. Samples extracted with NaOH solution were further 
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dialyzed using a cellulose tubing (cut off 2 kDa; Sigma-Aldrich) for 4 h changing the water 

every 30 minutes until the base excess was removed, monitored with phenolphthalein as shown 

in Fig. S2. The samples obtained from heated Na2HFol and Na3Fol under a nitrogen atmosphere 

were also dialyzed using the same procedure.  

 

2.4. Apparatus  

X-ray diffraction (XRD) patterns of char samples were recorded on a Bruker 

diffractometer model D8 DISCOVER, equipped with Nickel-filtered CuKa radiation (0.15418 

nm), operating at 40 kV and 30 mA, sample rotating at 15 rpm, and with scan step of 0.05°, 

scan speed of 0.05° s-1 in the 4-60° range. For the in-situ monitoring of structural changes of 

FA and its sodium salts upon pyrolysis, a high-temperature chamber (Anton Paar HTK-16) was 

installed on the X’Pert-pro diffractometer, enabling in-situ high-temperature XRD 

measurements under a controlled atmosphere. Measurements were carried out in a dynamic 

nitrogen atmosphere (24 mL min-1) in the temperature range 25-800 °C; the heating rate was 

10 °C min-1, after an equilibration atmosphere time of 2 h. The diffracted beam was recorded 

over a range of 2-70° (2θ) with a step size of 0.0167° (2θ) and counting time 100 s/step. 

Fourier transform infrared (FTIR) spectra were recorded on an Agilent spectrometer, 

model Cary 630 FTIR, in the 4000–650 cm-1 range with a resolution of 4 cm-1, using a ZnSe 

multibounce attenuated total diffuse reflectance (ATR) in transmittance mode. Raman spectra 

were recorded in a Renishaw inVia instrument coupled to a confocal Leica microscope and a 

CCD detector, using Nd3+/YAG laser with excitation radiation of 532 nm and in the 3200–500 

cm-1 range. The Raman spectra were baseline corrected and deconvoluted by Gaussian fitting 

[22].  

Scanning electron microscopy (SEM) images were acquired in a Quanta 650 FEG 

microscope operating at 5 kV and using an EDT detector. Previously, the samples were 
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suspended in isopropyl alcohol, dropped onto a silicon wafer, dried at room atmosphere, and 

covered with a Pt nanolayer. Transmission electron microscopy (TEM) images were recorded 

using a JEOL JEM2100 microscope operating at 200 kV of accelerating voltage, equipped with 

a LaB6 filament and a Gatan CCD camera (ORIUS 832 SC1000B model). Previously, the 

samples were dropped on a 400-mesh copper grid covered with an ultrathin carbon film.  

XPS spectra were acquired on a SPECS Flex PS X-ray photoelectron spectrometer 

operating at 50 W, at pass energies of 30 eV, and using monochromatic Al Kα (1486.71 eV) as 

X-ray source. The calibration was made by using carbon as standard (C1s at 284.8 eV). The 

analysis and quantification of data were performed on Origin lab 9.0 software. A linear 

background subtraction was used for quantification, and a Gaussian line shape was applied in 

the deconvolution analysis. The sensitivity factors utilized were those ones reported by Ayiania 

et al. [10] as follows: 0.278, 0.78 and 0.477 for C1s, O1s and N1s, respectively.  

Zeta potential measurements were performed on a Malvern Zeta NanoSizer ZS 

equipment. Ultraviolet and visible (UV-VIS) electronic spectra of C-dots dispersions were 

recorded in Shimadzu spectrophotometer, UV-2401PC model, equipped with an integration 

sphere. UV-VIS electronic absorption spectrum of FA in aqueous saturated solution were 

recorded in an Agilent HP8453 UV-VIS spectrophotometer. Photoluminescence spectra of C-

dots dispersions were recorded in a Shimadzu spectrofluorophotometer, RF-5301PC model. 

Electronic UV-VIS absorption and photoluminescence spectra were carried out using quartz 

cuvettes with a path length of 1 cm. 

 

3. Results and Discussion  

 

3.1. Thermal Analysis (TGA/DSC) 

 

To evaluate the thermal stability and the pyrolytic paths of FA, Na2HFol and Na3Fol, the 

simultaneous TGA/DTG-DSC curves of each compound was performed in N2 atmosphere (Fig. 
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2). The samples presented overlapped steps of mass loses that can be divided in five (FA and 

Na3Fol) and six (Na2HFol) events, as summarized in Table S1. The profile of TG/DTG curve 

of FA is in line with that one reported by Vora et al. [19]. The first endothermic event around 

30 and 200 °C observed for the three samples is attributed to their dehydration, while the 

subsequent events are assigned to their thermal decomposition. Folate sodium salts present 

higher thermal stability than FA, following the order: FA (200 ºC) < Na2HFol (270 ºC) < Na3Fol 

(300 ºC), determined by the beginning of CO2 release (data from TGA-MS and TGA-FTIR 

curves summarized in Table S1).  

 

 

Figure 2. TGA/DTG-DSC curves from pyrolysis of FA, Na2HFol and Na3Fol. 



 

 

117 
 

As reported in previous work [15], the initial temperature values of the thermal 

decomposition of FA and folate sodium salts do not depend on the atmosphere (air or N2), 

indicating that the process occurs through a non-oxidative mechanism of thermolysis that can 

involve radical formation. On the other hand, the progress of thermal decomposition under N2 

is completely different from the previous results observed in the oxidative atmosphere [15,17]. 

Indeed, TGA/DTG-DSC profiles under air indicated complete combustion of FA at 1000 °C, 

whilst sodium salts presented residual masses around 20% and 30% for Na2HFol and Na3Fol, 

respectively, tentatively attributed to the formation of the inorganic compounds Na2CO3 and 

Na2O [15]. However, under N2 atmosphere, the residual mass measured at 1000°C decreased to 

24.1% for FA and to around 5-8% for sodium salts, as indicated in Fig. 2. Hence, sodium 

compounds formed during the pyrolysis seem to strongly affect the global pyrolysis mechanism 

of the folate ions. An interpretation of these observations will be given after the presentation of 

all characterization data. 

 

3.2. Analysis of evolved gases/volatiles from pyrolysis by TGA-FTIR and TGA-MS 

The gaseous/volatile products released during pyrolysis of FA were evaluated by TGA-

FTIR (Fig. 3), while the respective results obtained for folate salts can be seen in Fig. S3.  
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Figure 3. TGA-FTIR data for FA: (a) 3D plot; (b) contour map (superior; yellow and blue 

colours are defined as intensity increasing and decreasing, respectively) and FTIR spectra of 

gases/volatiles identified (inferior; at selected temperature ranges); and (c) integrated 

absorbance of TGA-FTIR curves of main released compounds: CO2 (2360 cm-1), CO (2114 cm-

1), 2-pyrrolidone (1760 cm-1), aniline (1622 cm-1), and NH3 (966 cm-1). 

 

The 3D plot of TGA-FTIR data of FA permitted to visualize the main spectral regions 

related to the released products under an increased heating process (Fig. 3a). The release of 

H2O observed by TG-FTIR (Fig. 3b) confirms that the first step of mass loss around 30-200 °C 

(Fig. 2) is due to FA dehydration. In the first pyrolysis step of FA (200-350 °C), beyond the 

release of CO2, H2O and NH3, occurred the release of 2-pyrrolidone and aniline (Fig. 3b-c), 

which are characteristic of Glu [23,24] and p-ABA [25] moieties degradation, respectively. The 

second step of FA thermal decomposition (350-570 °C) involved the release of HNCO, HCN, 
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NH3, N2O and CO; the release of 2-pyrrolidone and aniline was still observed (Fig. 3b-c). At 

higher temperature range (570-1000°C), only the release of small-weight molecules, such as 

CO2, CO, NH3, NO, HCN and HNCO, was observed.  

The comparative EGA results against the temperature of FA and its salts are depicted in 

Figs. S4-S5 (TGA-FTIR and TGA-MS curves, respectively). The three compounds do not 

present a melting point [15,19]. The endothermic events observed in DSC curves (Fig. 2) at the 

beginning of the decomposition process of FA (211 °C and 266 °C), Na2HFol (295 °C) and 

Na3Fol (340 °C) can be assigned mainly to the volatilization of aniline and 2-pyrrolidone, which 

boiling points are 184 °C and 251 °C [26], respectively. In line with thermal analysis, EGA 

results showed that using sodium salts instead of FA changed the pyrolytic decomposition 

mechanism significantly. The initial pyrolysis stage of Na2HFol (260-430 °C) and Na3Fol (300-

430 °C) were marked by the increase of CO2, NH3, H2O and aniline releasing (Figs. S4-S5). 

Furthermore, the conversion of -COOH group into -COO-Na+ seems to change the 

decomposition mechanism of glutamic moiety. The release of 2-pyrrolidone occurred in a 

single step (Fig. S5d), and it decreased against the rise of allyl radical (C3H5), as can be 

evidenced by m/z 41 fragment in TGA-MS curve (Fig. S5c) and the vibrational bands of 

aliphatic C–H groups at 2800-3000 cm-1 region (Fig. S3c,f). The water release was observed to 

increase above 300 °C for the folate salts (Fig. S5), which can be attributed to a catalytic effect 

of Na+ ion on the dehydration reaction during pyrolysis [27]. Additionally, the major gaseous 

products for Na2HFol, above 600 °C, are CO2, CO and NH3 (Fig. S4a-c). On the other hand, 

the deprotonation of PT moiety in the Na3Fol salt led to a substantial release of NO (Figs. S3f 

and S5b) over the whole temperature range (300-1000 °C), while NH3 (Fig. S4b) and HCNO 

formation decreased (Fig. S5b), especially above 450 °C. The formation of NO+ species near 

1000 °C was also observed as well as an unidentified product above 800°C, that present bands 

at 1465 cm-1 and 882 cm-1, marked in dark yellow in TGA-FTIR spectra (Fig. S3f).  
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The formation of N2O (by-product of NH3, HNCO and HCN [28]) and NO (Fig. 3b and 

Figs. S3-S5) was observed for all compounds above 340 °C, but the bands were still observed 

above 900 °C for Na3Fol.  

Based on the results presented above, the three compounds were pyrolyzed at selected 

temperature values according to their decomposition steps (Table S1). Owing to the better 

results obtained from FA pyrolysis than its sodium salts intending the production of N-dopped 

carbon materials, the following sections was focused on the characterization of carbonaceous 

materials obtained from FA. A summary of the results obtained from sodium folate pyrolysis 

will be presented at the end of this text.  

 

3.3. Analysis of pyrolyzed FA solids  

3.3.1. XRD characterization 

The ex-situ XRD patterns of pristine FA and carbon materials prepared from its pyrolysis 

over different temperature values are compared in Fig. 4. The sample heated above the 

dehydration temperature (175 °C) presented a diffraction pattern similar to that of pristine di-

hydrate FA (orthorhombic crystal system and P212121 space group) [15,17] and no change in 

the sample colour was visualized (inset in Fig. 4). Braga et al. [17] reported that dehydrated FA 

presents a monoclinic unit cell and P21 space group, that could only be accessed by in-situ XRD 

because of its fast rehydration. In fact, in-situ XRD experiments performed in this work (Figs. 

S6-S7) confirm their observations. It was also noticed that the rehydration process is highly 

dependent on the heating time (Fig. S6): increasing the time of analysis from 5 to 60 minutes, 

the rehydration is not observed anymore, possibly because a partial decomposition of FA, as 

indirectly indicated by the yellow-grey colour of the residue. Then, the FA heating in an 

isothermal condition or lower heating rate [19] must be considered because such parameters 

affect the structure and composition of materials obtained from FA pyrolysis.  
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The materials obtained in a furnace over 350°C (Fig. 4, inset) were black, indirectly 

evidencing that FA carbonization occurred, at least partially. Ex-situ XRD data (Fig. 4) 

indicates the formation of an amorphous material at 350 °C, as noticed by broad peaks at low 

angle region, below 30° (2) value. The crystallinity slightly increased as the temperature 

increased to 1000°C, leading to two peaks noticed at 25.2° and 43.7°, related to the (002) and 

(101/100) crystallographic planes of graphitic carbon [8,29]. The broad aspect of the peaks 

indicated a small size of the coherent domain attributed either to small particle size and the 

presence of defects [9,29]. These results are consistent with those ones obtained by in-situ XRD 

(Fig. S8) and with data reported elsewhere for N-doped carbon materials obtained from FA [5–

9].  

To complement the microstructural characterization of char samples, their particle 

morphologies were analysed by SEM (Fig. S9). Materials presented carbon particles with 

varied size, differently of the porous texture previously observed for FA pyrolyzed in the 

presence of transition metals [5–7]. Particles obtained at 350 °C presented mainly small 

platelet-like morphology, while they changed to slab-like when heated at 570 °C. At 800 °C, 

materials were constituted by a mixture of small particles without a defined morphology and 

large aggregates with a conchoidal fracture pattern. The increase of temperature up to 1000°C 

did not change the morphology significantly, confirming the disorganized nature of the sample 

structure.  
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Figure 4. Ex-situ XRD patterns of FA and respective pyrolyzed samples. Insets show the colour 

change of samples upon heating. 

 

Ex-situ XRD results of samples obtined from pyrolisis of folate salts are depicted in Fig. 

S10. The samples changed from yellow-orange powder to a black solid with a foam-like 

appearance at 430 and 570 °C, indirectly indicating their carbonization (insets in Fig. S10). The 

materials presented a broad (002) diffraction peak of graphitized carbon near 26.0° (2). 

Furthermore, XRD pattern of Na2HFol pyrolized at 430 °C presented peaks indicative of 
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Na2CO3 formation, and its further conversion to NaO2 and NaNCO at 570 °C. XRD profile of 

Na3Fol showed peaks attributed to Na2CO3 and NaO2 at 430 °C. The increase of temperature 

up to 570 °C led to the formation of NaNCO, although Na2CO3 and NaO2 still remain. It is 

worth to note that the crystalization of inorganic compounds and even the formation of a foam-

like material were not observed in in-situ analysis (Figs S11-S12). Initially, it was considered 

that a post-reaction with room atmosphere had occurred for ex-situ analysis, but this hypothesis 

does not explain the difference between the appearance of samples pyrolized in the distinct 

analysis setup. A such variance in results can be related to the different design of the heating 

cell of in-situ XRD equipment and the furnace used for pyrolysis. The distinct direction of gas 

flow can  influence the reaction by favouring or not the reaction between char and released 

gases [30]. Therefore, results suggest that the composition and structure of char products can 

be influenced not only by the pyrolysis parameters, such as temperature and precursor but also 

by the pyrolysis furnace setup.  

 

3.3.2. FTIR-ATR characterization 

The FTIR-ATR spectra of FA and its pyrolyzed samples are depicted in Fig. 5. No 

detectable chemical change was observed in FTIR spectra when FA was heated up to 175 °C 

(Fig. 5), in agreement with XRD results. However, the results differ significantly from the ones 

reported by Vora et al. [19], who observed structural changes heating FA at 140 °C, probably 

due to the lower heating rate of 2 °C min-1 used in pyrolysis. Fig. 2 shows that the water release 

of FA sample was gradual and observed since 100 oC. Hence, a low heating rate can favour the 

structural modification promoted by the dehydration reaction. 
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Figure 5. FTIR-ATR of FA and its pyrolyzed samples.  = stretching,  = bending,  = aromatic 

ring, PT = pterin ring. 

 

Noteworthy changes were observed when FA was pyrolyzed at 350 °C, although 

vibrational bands of functional groups from pristine FA were still observed, such as amine (N-

H 3600-3400 cm-1) [31,32], amide (N-H at 3310 cm-1 and at C=O 1680 cm-1) [31,32], 

aromatic/aliphatic C-H (C-H; 3100-2700 cm-1) [31,32] and benzene and N-heteroaromatic 
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rings from p-ABA and PT moieties (1600-1580 cm-1) [15]. The intensity of band attributed to 

C=O around 1680 cm-1 [15] slight decreased, and the bands of N-H in 3550-3450 cm-1 [31,32] 

region decreased significantly. The vibrational band related to OH of carboxylic acid (912 cm-

1) [15] vanished completely. The results indicated that carboxylic acid (GLU moiety) and 

primary amine (PT moiety) were consumed in the first decomposition stage (200-350 °C), in 

consonance with the release of NH3 and 2-pyrrolidone detected by TGA-FTIR (Fig. 3). The 

broadening of the bands between 1600-1300 cm-1 can be attributed to the vibrations from 

C=C/C=N sp2 clusters in the carbonaceous structure [33,34].  

For the materials obtained in the temperature range from 350-570 °C, the bands attributed 

to amine/amide and benzene decreased or were broadened, suggesting a chemical or structural 

change of such groups during the carbonization. FTIR spectrum of the sample prepared at 570 

°C presented bands attributed to C-H vibrations of aliphatic (methyl/methylene) and aromatic 

groups, as observed at regions of 2700-3100 cm-1 (C–H), 1500 cm-1 (in-plane C-H coupled 

to C=C), 1460-1275 cm-1 (in-plane and out-of-plane C-Hx; aliphatic), 1150-1000 cm-1 (in-

plane C-H; aromatic) and 900-800 cm-1 (out-of-plane C-H; aromatic) [31,35,36]. The signal 

in the region of 3500-3000 cm-1 can be attributed to OH [32,36–38]. Also, physiosorbed H2O 

(due to the hydrophilicity character of the samples conferred by the presence of nitrogen [33]) 

presents a band in 3220 cm-1 region [39].  

At 800 °C, the spectrum indicated the presence of broad bands related to ketone/lactone 

C=O (1800-1620 cm-1) [31,37,38], C=C/C=N (1600-1300), C-N (1300-1000 cm-1) [33,34] and 

C-O/C-O-C (1200-1000 cm-1) groups [31,37,38]. Additionally, the vanishing of bands 

attributed to C-H, N-H, and amidic C=O vibrations was observed. At 1000 °C, the C-N and C-

O/C-O-C bands declined, and the spectral profile became more similar to that one reported for 

graphite [40]. Therefore, a substantial chemical transformation occurred above 570 °C, 
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evidencing the consumption of functional groups at the expense of carbonaceous structure 

formation. 

The FTIR-ATR results of samples prepared from the pyrolysis of sodium folate salts are 

discussed in detail in the SM (Fig. S13). The data suggest that functional groups such as the 

benzene ring of p-ABA, amide groups, and carboxylate of glutamate were completely (or 

partially) consumed after the first pyrolysis stage of compounds at 430 °C. The formation of N-

heteroaromatic rings derived from PT groups was also suggested. At 570 °C, the band in the 

region of C-N and C-O/C-O-C stretching modes increased, but in a minor extension for Na3Fol. 

The results indicated the formation of carbonaceous materials with distinct structure compared 

to FA pyrolyzed samples. In addition, the presence of bands attributed to Na2CO3 and NaNCO 

(inorganic compounds; Fig. S14) were noticed for both salts, in line with the XRD results.  

 

3.3.3. Raman spectroscopic characterization 

Raman spectra (ex 532 nm) of FA and its pyrolyzed samples are shown in Fig. 6. The 

vibrational bands of FA are hindered by fluorescence phenomena [31]. The spectrum of sample 

pyrolyzed at 350 °C still presented a fluorescence background. However, the indicative of G 

(1560-1600 cm-1) and D (1340-1380 cm-1) bands, which are characteristic of graphite-like 

structures [22,31,34,41–44], implied the presence of graphitic clusters into an amorphous 

matrix. Such spectral profile is similar to the polymeric hydrogenated amorphous carbon (C 

sp2/sp3 network with high H content) reported in the literature [41]. At 430 °C, the overlapped 

G and D bands were intensified and the luminescence background decreased, what can suggest 

an increase in the graphitization with depletion of hydrogenated groups content [22], in 

agreement with FTIR-ATR data. The signal around 2700 cm-1 is attributed to the 2D band 

(overtone of peak D) and the low band resolution is an indicative of disordered carbon structure 
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[31,42], in agreement with XRD data. In addition, the weak signal observed in the region of 

2200 cm-1 is attributed to -C≡N groups (C sp1) [34].  

Amorphous carbon (Csp2 clusters embedded into sp3 matrix) containing heteroatoms (N 

and O) also presents secondary bands contributing to the Raman signal in the region of 1000-

1800 cm-1 [31,43,44]. Kato et al. [31] and Garcia-Perez et al. [43,44] carried out theoretical 

calculations to interpret the experimental Raman results of (N,O)-doped carbon obtained by the 

pyrolysis of organic precursors. The disorder, the presence of (N,O)-functional groups and the 

vacancies in the structure of graphite can promote the breakdown of the symmetry and activate 

new vibrational modes besides the fundamental G and D bands in Raman spectra [43,44]. In 

this work, one of the main differences in Raman spectra as the temperature increased up to 1000 

°C was the lowering of the signal in the region of 1460-1550 cm-1 (Fig. S15). According to the 

literature [31,43,44], such spectral region can be related to (N,O)-functional groups in vacancies 

of carbon structure, small polyaromatic hydrocarbons (PAHs) and/or 7- and 5-membered ring 

groups. In fact, with the evolution of the temperature, the disappearing of bands related to 

nitrogenated and oxygenated functional groups was observed in FTIR-ATR spectra (Fig. 5). 
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Figure 6. Raman spectra of FA pyrolysis products (ex 532 nm). 

 

The ratio between the intensity (I) of bands D and G, I(D)/I(G), and G band position are 

parameters extensively used to determine the degree of structural organization of graphite-like 

carbon [22,31,34,41–44]. However, for amorphous/disordered material containing functional 

groups and vacancies, it is difficult to analyze such parameters. Simplifying, the results are 

presented in Table S2 and in Fig. S16. The trend of G band to blue shift indicated that the 

pyrolysis temperature increase promotes the decrease of C sp3 content in the materials [22,34]. 
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The increase of I(D)/IG) from 350-800 °C suggests the conversion of a polymeric/amorphous 

carbon to a nanographite-like structure [22,34]. Further, from 800 to 1000 °C, the spectral data 

indicated a tendency of conversion from nano to micrographite-like structure [22,34]. The 

inverse relation of bands area (A), A(D)/A(G), and FWHM of G band (Fig. S16) strengthen the 

hypothesis of polymer-like carbon structure conversion to graphite-like structure as the 

temperature increases [22].  

The overlapped D and G bands of pyrolyzed folate salts were more asymmetric and 

presented shoulders compared to pyrolyzed samples from FA (Figs. S15-S16). These results 

indicated that such materials presented a more disorganized structure than pyrolyzed FA and 

defected structure constituted by non-hexagonal rings and small PAHs of different sizes 

[43,44]. The analysis of G band position, I(D)/I(G) and FWHM(G) against A(D)/A(G) (Table 

S2 and Fig. S16) suggested that the formation of a more extensive graphite-like network was 

precluded starting from folate salts in comparison with respective samples prepared from FA 

pyrolysis. Raman spectrum of Na3Fol pyrolyzed at 570 oC showed an active band at about 1060 

cm-1 assigned to the symmetric stretching of carbonate ion [45]. 

 

3.3.4. XPS characterization 

Going further in the structural characterization of carbon materials, the FA pyrolyzed 

samples were characterized by XPS analysis. The full XPS survey scan and the relative 

percentage content of carbon, nitrogen, and oxygen atoms on the surface of materials are 

depicted in Fig. 7. The relative content of carbon was observed to increase as the temperature 

evolved from 350 °C to 1000 °C. On the other hand, the nitrogen and oxygen content decreased 

and increased according to the temperature range. After the first pyrolysis step (350 °C), the 

oxygen content stayed virtually constant while the amount of nitrogen decreased. As far as the 

temperature progressed up to 1000 °C, the oxygen content decreased to around 10 wt.%. In the 
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range from 350 to 800 °C, the nitrogen content raised to around 20 wt.% and decreased again 

to around 7 wt.%. Although a variation of the mass balance occurred during the carbonization 

process as a result of the release of N,O-groups, the results suggested that the volatiles gaseous 

products (e.g., NH3, H2O and CO2) were reacting over the char surface (reforming process) 

[46].  

The N-enrichment can be reached by the thermal treatment of carbonaceous material in 

NH3 atmosphere (or in the presence of NH3 precursor; i.e., urea) [10,47,48]. Ayiania et al. [10] 

reported that the N-enrichment of char produced by pyrolysis of cellulose and thermally treated 

in NH3 atmosphere occurred between 500-700 °C. Bimmer et al.[48] and Pietrzak et al. [47] 

observed that the amount of nitrogen incorporated depends on the amount of O-containing 

group in carbonaceous structure. It is proposed in this work that the reforming of O-gaseous 

products can occur mainly in the 200-350°C range, considering data from Fig. 7b. On the other 

hand, the N-enrichment of carbonaceous material occurred by the NH3 (mainly released 

between 350-800 °C; Fig. 3c) reforming in the expense of O-containing group. Once again, it 

is worth noting that the design of the furnace (e.g., downdraft: carrier gas flow from top to 

bottom; updraft: gas flow from top to bottom) may affect the structure and composition of 

carbonaceous material [30,46]. The downdraft configuration can increase the contact time 

between the gaseous product and char [30], which favours such reforming reactions. 

Furthermore, it can be an approach applied to tune the surface chemistry of materials obtained 

from the pyrolysis of FA. 

 



 

 

131 
 

 

Figure 7. (a) Full XPS survey scan and (b) relative carbon, nitrogen, and oxygen (CNO) atoms 

content of FA pyrolyzed samples according to the pyrolysis temperature. 

 

Fig. 8 shows the deconvoluted high resolution XPS spectra of C1s, N1s and O1s for FA 

pyrolyzed in 350-1000°C range; the results are summarized in Table S3. The peak position 

used in the spectra deconvolution as well as the peak assignments were made based on 

theoretical calculations from the literature [10,31,49], as detailed discussed in the SM.  

The variation of C,N,O-functional groups on the surface of samples according to the 

temperature are depicted in Fig. S17. The content of graphitic C=C (and also the satellite -* 

signal) increased from 350 to 1000°C, indicating the graphitization improvement, corroborating 

with Raman results. The C–C bond in 7 membered rings presented a decrease tendence with 

the progress of heating whereas C–C bond in 5 membered rings increased from 570-800°C and 

decreased again up to 1000 °C. The other C groups (e.g., C=O, COO, C-O and Csp3-N) varied 

slightly, up and down, in the work temperature range. The N-amide group decreased in 350-

570 °C range while the N-graphitic one increased. According to FTIR-ATR results, such amide 

groups were mainly from pyrimidine ring of PT moiety (Figs. 1 and 5). Hence, the disappearing 

of amide group in the second step (350-570 °C) allowed the polycondensation of the pyrazine 

ring, suggesting that the formation of graphite-like structure doped with N-graphite passed 

through the PT moiety decomposition. In the 570-800 °C range, the presence of N-pyridine, N-

pyrrolic and nitrile groups intensified significantly possibly because the NH3 reforming, 



 

 

132 
 

coherent with literature data about carbonaceous materials heated in NH3 atmosphere [1,50]. 

However, the content of such groups further deceased up to 1000°C whereas the N-graphitic 

remained almost constant from 570 °C to 1000°C, suggesting a higher stability of it in 

comparison with other N-containing groups at the temperature range used in this work. At 350 

°C, the most significant O-containing groups were C=O and C-O. Such groups decreased 

significantly in amount from 350 °C to 570 °C whereas the N-oxide ones intensified. 

Progressing the temperature up to 1000° C, the C=O and N-oxide groups remained virtually 

constant, but from 800 to 1000°C, the content of C-O bonded to aliphatic groups slightly 

decreased and C-O linked to aromatic groups fostered. 
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Figure 8. Deconvoluted C1s, N1s and O1s high resolution XPS spectra of FA pyrolyzed from 

350 °C to 1000 °C. 

 

 

3.4. Pyrolysis Mechanism  

3.4.1. FA pyrolysis mechanism 

The pyrolysis process comprises a set of complex and concurrent reactions, such as 

cracking, reforming, aromatization, polymerization/condensation and polycondensation [51–

53]. In this section are discussed insights regarding the pyrolytic mechanism of FA based on 

the above-interpretated data from TGA/DSC coupled to EGA and char analysis (XRD, FTIR-

ATR, Raman and XPS). Table S4 brings a correlation between functional groups and released 
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gas detected during FA pyrolysis. A schematic representation of FA pyrolysis mechanism is 

depicted in Figure 9.  

The first pyrolytic stage (200-350 °C) is marked by the cracking of FA followed by 

molecular polymerization and the beginning of graphitization (aromatization/condensation). 

The cracking occurs mainly by: (i) the breaking of C–NH2 bond in PT moiety leading to the 

release of NH3; (ii) the vanishing of GLU carboxylate groups releasing CO2 and H2O; (iii) the 

breaking of C–N bond linking PT and p-ABA as well as (iv) C–C=O bond linking p-ABA and 

GLU moieties; both marked by the release of aniline and 2-pyrrolidone/allyl radical (C3H5). 

The loss of nitrogen occurs in a major extension in this step against the reforming of O-

containing species into groups C=O/C-O-C/C-OH, as indicated by XPS data. However, 

pyridine and amidic groups from PT moiety seem to be the most stable N-containing groups 

and pyrrole can be formed from the conversion of 2-pyrrolidone (Scheme S1) [23,24].  

According to char analysis, the carbonaceous material generated at 350 °C is expected to 

present a polymeric network-like structure containing C-dots nanoparticles imbibed on in 

(formation of this type of carbon species will be discussed ahead). The whole material is 

constituted mainly by groups from FA precursor such as, amidic groups (and 2-pyrrolidone), 

aminobenzene and N-heteroaromatic rings (N-pyrrole; N-pyridine) linked to C sp2/sp3 network.  
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Figure 9. Schematic representation of FA pyrolytic mechanism. 
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In the second step (350-570 °C), secondary cracking of the char occurs and graphitization 

is enhanced, as evidenced by EGA analysis (aniline and 2-pyrrolidone release) and Raman 

spectroscopic results. As indicated by XPS and FTIR data, the N-graphitic content increased, 

whereas amidic groups from PT were consumed (HCNO and NH3 release). The graphitization 

occurs through polycondensation reactions involving the pyrimidine ring of PT moieties and 

the decline of N,O-functional group by deoxygenation (CO and CO2 release) and 

denitrogenation (NH3, HCN, HCNO and NO) reactions.  

The growth and organization of the structure occur with the temperature increasing up to 

800 °C. Furthermore, in the third step (570-800 °C), the reforming of NH3 was boosted by 

enriching char of amine, pyrrole, nitrile and pyridinic groups (indicated by XPS spectra). 

Scheme S2 presents a possible mechanism for the reactions involved during the process. The 

low increase of amide in relation to other N-containing groups can indicate a higher amount of 

-OH groups on the surface of carbonaceous material [54]. The conversion of char to a carbon-

rich product constituted by microcrystalline graphitic structure is favoured by the increase of 

temperature up to 1000 °C. The step is also marked by denitrogenation leaving N-graphitic and 

N-pyridinic as the main form of nitrogen doping of carbon-framework.  

 

3.4.2. Sodium folate salts pyrolysis mechanism 

Insights into the mechanism of pyrolysis of sodium folate salts are discussed in the SM 

file. Briefly, the sodium folate salts seem not to be a profitable precursor to produce graphitic 

carbon, probably because of the deleterious effect of Na+ in favour of carbonaceous structure 

cracking, which foster the graphitization, especially above 700 °C. According to the literature 

[4–9], such effect is not observed for folic acid associated with transition metals cations that 

present catalytic properties for graphitization reactions, such as Ni2+, Co2+, and Fe3+, for 

instance. Nevertheless, the effect of alkaline and earth-alkaline metals in the mechanism of 
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folate pyrolysis must be further evaluated as well as the viability of produce C-dots from the 

related salts.  

 

3.5. Carbon dots extraction and characterization  

The C-dots isolation was performed from the chars produced by the pyrolysis of FA 

under mild temperature values (350 and 430 °C). The temperature of pyrolysis and the extractor 

media (water, aqueous NaOH or DMSO) influenced the amount of nanoparticles isolated. The 

intensity of brown colour of the liquid dispersions indicated that the better conditions to isolate 

the nanoparticles were achieved from FA pyrolyzed at 350 °C and extracted with NaOH 

solution and DMSO. C-dots were also isolated from Na2HFol or Na3Fol pyrolyzed at 430 °C 

and extracted with water (Fig. S18).  

Figures 10 and S19 presented the TEM analysis of C-dots produced from FA (350 °C) 

and extracted with DMSO. The size (less than 10 nm) and shape of nanoparticles varied greatly 

(Figs. 10 and S19). The graphite-like structure is confirmed by lattice spacing distances of 0.31 

nm and 0.24 nm attributed to (002) and (100) crystal planes of sp2 graphitic carbon, respectively 

[55]. The presence of surface deprotonated groups (e.g., -COOH, -OH and -CONH) was 

indicated by the negative Zeta potential value of C-dots extracted with water, varying 

approximately from -15 to -30 mV (Table S5). 

Fig. 11 presents the electronic UV-VIS, photoluminescence (PL) and excitation 

photoluminescence (PLE) spectra of sample obtained from FA heated at 350°C and extracted 

with DMSO. The spectra of other samples are compared in Figs. S20-22. Electronic UV-VIS 

spectra of C-dots presented bands bellow 300 nm that are generally attributed to -* transition 

of C=C/C=N groups (sp2 domain in carbon core) [56–58]. Around 300-400 nm, the bands are 

usually assigned to n-* transition from C=O surface groups [58,59]. The tale observed in some 

spectra above 400 nm (Fig. S20b,c) is attributed to surface states (i.e., surface defects and N,O-
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functional groups) [60,61]. The sample prepared from FA pyrolyzed at 450°C and extracted 

with DMSO or NaOH solution did not present bands in the region of surface states, while the 

sample prepared by extraction with H2O did not produce detectable absorption bands in the 

210-800 nm region as well (Fig. 20a), i.e., C-dot particles were not extracted. These results 

suggested that the increase of temperature promoted the decomposition of N,O-groups, 

specially PT amidic group, over the growth of graphite-like framework structure, in consonance 

with FTIR, Raman and XPS results. Such behaviour was not observed for samples obtained 

from folate sodium salts pyrolyzed at 430 oC and extracted with water, suggesting the increase 

in the stability of surface groups.  

 

 
Figure 10. (a) Low and (b) high magnification TEM images of C-dots obtained from FA (350 °C) and 

extracted with DMSO; (c) fast-Fourier-transform (FFT) pattern of corresponding C-dot depicted in 

figure (b) showing the spots related to (002) and (100) planes of carbon framework; (d) d-spacing 

measurement between adjacent lattice planes of 0.24 nm corresponds to the (100) planes merged to the 

zoom in (b).  
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Figure 11. (a) Electronic UV-VIS, PL excitation (em 450 nm) and PL emission spectra (ex 

280 and 360 nm) of C-dots from FA (350 °C) extracted with DMSO, inset: photographs of 

suspension under daylight (left) and UV lamp (right); (b) PL emission spectra of C-dots varying 

the excitation wavelength; (c) wavelength dependence of the maximum of PL emission as a 

function of excitation wavelength. 
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Except for FA (450 °C) extracted with water and DMSO, all other systems presented 

emission visually observed under UV lamp of 365 nm (Fig. S18b). Material extracted with 

DMSO presented white emission while the other materials emitted blue radiation. It can be 

related with solvent effect in separate C-dots with different physicochemical properties [62] or 

due to solvent-dependent PL [63].  

The samples presented excitation-dependent PL (Figs. 11 and S21-S22). For instance, 

sample from FA (350°C)/DMSO condition presented emission in a broad spectral range, from 

440 to 625 nm (Fig. 11b). Two regions of maximum emission were observed when excitation 

was performed at 260-380 nm range and above 400 nm (Figs. 11c and S22). The PL mechanism 

is not the focus of this work, but in general it is related to the molecular species generated during 

pyrolysis (covalently linked to the core or imbibed in it), quantum effect (size of carbon core) 

and surface states (electron trap and defects promoted by surface groups) [64]. The PLE spectra 

of materials from emission in 450 nm (Region 1) presented similar profile of FA (Figs. 11c, 

S21 and S23). The optical properties (absorption, PL and PLE spectra) of FA are highly 

dependent on its PT moiety [65], as can be noticed in Fig. S23. The results suggested that PT 

moiety is one of the mainly building block for C-dots and it can be imbibed or covalently 

bonded to carbon structure promoting a molecular PL behaviour in materials [64]. However, a 

more detailed PL characterization of C-dots from the method reported in this work is demanded 

to determine the PL mechanism and optical features of C-dots (e.g., quantum yield, 

photostability etc.). Furthermore, considering the white emission of sample extracted with 

DMSO (inset of Fig. 11a), it opens the possibility to separate the particles by chromatography 

to obtain C-dots fraction that emit distinct colours, from blue to red, for instance [56].  
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4. Conclusion 

This work presented a rational strategy to establish the proper temperature ranges to 

produce a set of N-doped carbon materials from the pyrolysis of FA, such as C-dots and ordered 

graphitic carbon. FA by itself is a suitable carbon source for producing N-doped carbon 

materials: C-dots can be synthesized using relatively low temperatures from 200-350 °C, while 

graphitic carbon is optimally obtained above 800 °C. EGA analysis shown the release of 

oxygenated and nitrogenated species, helping to elucidate the pyrolysis mechanism of FA. A 

comparison with the results of pyrolysis of di- and trisodium folate showed that salts 

decomposition favoured cracking reactions and precluded graphitization. The knowledge about 

the mechanisms involved during the FA pyrolysis must be profitable to tune the structure and 

composition of desired carbonaceous material and, consequently, it can be related to their 

properties. Also, parameters such as furnace design, heating rate/isothermal set up and heating 

time must be considered and better evaluated in future studies to produce N-dopped carbon 

obtained from the pyrolysis of FA. This work can help to speed up the synthesis of new N-

doped carbon material obtained from FA pyrolysis with the potential to be applied in the 

development of electronic/optoelectronic devices, in catalysis, as bioimaging agent, in CO2 

capture/conversion and so on. 
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Abstract: Layered double Hydroxides (LDH) of Mg2+/Al3+ or Zn2+/Al3+ compositions and 

intercalated with Folic Acid (FA) anions were evaluated as precursors of carbon-based 

nanocomposites through one-pot bottom-up methods. The thermal behaviour of the LDH-FA 

hybrid materials was evaluated under N2 atmosphere by the simultaneous thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) and the evolved gas analysis 

(EGA) through TGA coupled to mass spectrometry (TGA-MS) and infrared spectroscopy 

(TGA-IR). LDH-FA materials were pyrolyzed in a set of temperatures to obtain 

nanocomposites based on carbonaceous material (C) and layered double oxide (LDO). 

Crystallization of metal oxides and spinel phases (MgAl2O4 or ZnAl2O4) was hindered by 

carbonized material formed between de layers during the pyrolysis and LDO-C composites 

constituted of graphitic carbon and crystalline metal oxides (MgO and ZnO) were only obtained 

in temperatures above 800 °C. The carbonization degree was more intense for Zn-LDH than 

for Mg-LDH. Furthermore, LDO-C was successfully converted to LDH-C through a 

reconstitution reaction in water, but phase separation occurred for Zn-LDH and Mg-LDH 

samples pyrolyzed at 800 and 1000 °C, respectively. LDH-C presented photoluminescent 

properties that decreased in intensity as far as the pyrolysis temperature increased up to 600 °C. 

For comparison, nanocomposites were also prepared by hydrothermal carbonization approach 

varying the temperature (150 and 180 °C) and the time (1-10 h). For Mg-LDH, the anion 

exchange between folate and carbonate generated during the process promoted carbonization 

outside the layers. Although, the Mg-LDH structure was maintained independent of the 

hydrothermal parameters, being progressively converted to LDH-CO3 phase. Differently, ZnO-

nanocomposites were obtained from Zn-LDH, increasing temperature and time. This work 

contributes to the development of new carbon-based nanocomposites from LDH hybrid 

materials, with the potential to be applied in sensing, catalysis, environmental protection as well 

as nanomedicine, among other fields.   
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1. Introduction  

 

Nanocomposites constituted by graphene-like materials and layered double hydroxides 

(LDH) present potentiality to be applied in sensing, catalysis, energy storage devices, 

environmental remediation and in nanomedicine (drug delivery system and theragnostic agent), 

for instance (Zhao et al., 2012; Cao et al., 2016; Khorshidi et al., 2022). Assorted applications 

are allowed thanks to the synergism between the outstanding properties of graphene-like 

materials (e.g., electronic conductivity, mechanical strength, photoluminescence) with the 

reactivity of LDH (Zhao et al., 2012; Cao et al., 2016; Khorshidi et al., 2022).  

LDH are a class of layered material with brucite Mg(OH)2-like structure (Figure 1a). The 

layers are formed by edge-sharing of octahedrons of metal cations coordinated to hydroxide 

ions in the vertices (M(OH)6) (Cavani et al., 1991; Taviot-Guého et al., 2018). Isomorphic 

substitution of bivalent by trivalent metal cations in the layers confers an equivalent positive 

residual charge ([M3+] = [q+]) to the material. The electroneutrality is reached by the 

intercalation of hydrated-exchangeable anions into the LDH interlayer spaces. LDH are 

versatile in terms of composition as represented by the general formula [M2+
(1-

x)M3+
x(OH)2]x+[(An-)x/n∙mH2O], where M2+ is a divalent metal cation (Mg2+, Zn2+, Ni2+, Co2+, 

Cu2+, Fe2+, etc.) and M3+ is a trivalent cation (Al3+, Ga3+, Co3+, Fe3+, etc.); An- is the 

compensation anion that can be inorganic (CO3
2-, Cl-, NO3-, etc), organic, polymeric or a 

coordination compound (Cavani et al., 1991; Taviot-Guého et al., 2018). The x value represents 

the [M3+]/([M2+]+[M3+]) molar fraction that generally varies between 0.2 ≤ x ≤ 0.33 (or 

[M2+]/[M3+] molar ratio between 4:1 and 2:1). The physicochemical properties of LDH are 

intrinsically dependent on their layer composition, but in general, such materials are soluble in 

acidic media and present anion-exchange properties (Cavani et al., 1991; Taviot-Guého et al., 

2018; Ye et al., 2022). Besides, upon heating, LDH can be converted into reactive layered 

double oxides (LDO) or mixed-metal oxides (Takehira, 2017; Ye et al., 2022). Such LDH 
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derivatives present catalytic properties due to the acid-base pairs (M2+–O2- and Al3+-O2-) 

generated during the layer dehydroxylation. The original LDH structure can be restored by 

reaction with water or moisture, the so-called “memory effect” (Takehira, 2017; Ye et al., 

2022).  

 

 
Figure 1. Schematic representation of the LDH structure with rhombohedral symmetry (3R1 three-

layer polytype) in R-3m space group (a) and molecular structure of FA (b). 

 

Hybrid materials constituted of LDH intercalated with anionic organic species are 

suitable precursors of carbon-based nanocomposites obtained by bottom-up methods through 

pyrolysis or hydrothermal carbonization (Sun et al., 2012; Song et al., 2015, 2016; Liu et al., 

2017; Bai et al., 2018; Magri et al., 2019; de Matos et al., 2020). The use of hybrid materials as 
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a precursor of nanocomposites is advantageous because: (i) the synthesis can be carried out by 

one-pot methods, carbonizing the organic anion in-situ in the confined space of interlayer 

region; (ii) LDH structure works as a nanoreactor, controlling the reaction rate and contributing 

to the formation of graphene-like materials with homogeneous structure and composition, such 

as carbon dots (C-dots) (Song et al., 2015, 2016; Liu et al., 2017; Bai et al., 2018) and graphene 

single layers (Sun et al., 2012); (iii) concomitantly to the carbonization of the organic anion, 

LDH can be converted into magnetic metallic nanoparticles (de Matos et al., 2020) or 

LDO/mixed metal oxides (Magri et al., 2019), which opens an avenue of possibilities to prepare 

nanocomposites based on carbonaceous materials with different structures as nano-onions (de 

Matos et al., 2020) and graphitic carbon (Magri et al., 2019),. 

Anionic organic species, such as citrate (Song et al., 2015, 2016; Liu et al., 2017), 

ethylene diamine tetraacetate (EDTA) (Bai et al., 2018), dodecyl sulfonate (DSO) (Sun et al., 

2012) and carboxymethyl cellulose polymer (CMC) (Magri et al., 2019; de Matos et al., 2020), 

have been intercalated into LDH structure and used as a carbon precursor by in-situ 

carbonization approaches. Besides, nitrogenated species can be used for N-doping the carbon 

array (Song et al., 2015, 2016; Liu et al., 2017), improving the electronic and optical properties 

of materials (Inagaki et al., 2018; Liu et al., 2019). Since hundreds of organic anions can be 

intercalated into LDH structure (Taviot-Guého et al., 2018), the carbon source is not limited to 

a few organic molecules. For instance, hybrid materials intercalated with anions from folic acid 

(FA; vitamin B9) have a huge potential to be used as a precursor of carbon-based 

nanocomposites. FA presents a proper structure for the synthesis of N-doped carbon materials. 

As shown in Figure 1b, FA is formed by pterin (PT), p-aminobenzoic acid (p-ABA) and L-

glutamic acid (Glu) moieties (Figure 1b), making it a source of carbon and nitrogen as well as 

building blocks of aromatic rings for graphene-like materials, such as C-dots (Zhang et al., 

2019) and graphitic carbon (Liu et al., 2021). Although the intercalation of folate anions into 



 

 

154 
 

LDH has already been reported, to the best of our knowledge, the use of LDH-FA hybrid 

materials was not explored yet for such purposes.   

In the perspective of LDH layer composition, there is a limitation in the literature 

regarding the influence of layer chemical composition in the carbonization process, even though 

one of the main factors influencing the thermal stability and the structural transformation of 

LDH upon heating is the layer composition (Zhao et al., 2010; Hobbs et al., 2018; Magri et al., 

2019). The reconstitution of LDH structure after pyrolysis of hybrid materials is also poorly 

explored (Conterosito et al., 2018). Despite that, the reconstitution mechanism for calcined 

materials is well reported because of the role of memory effect in environmental remediation 

(Ye et al., 2022). Furthermore, no work was reported in the literature concerning the influence 

of the carbonization method in the synthesis of nanocomposites.   

In this work, hybrid nanomaterials formed by folate anions (HFol2- and Fol3-) intercalated 

into the M2Al-LDH (M: Mg2+ or Zn2+) were synthesized by the co-precipitation method. 

Aiming at the synthesis of carbon-based nanocomposites, the work was focused in four lines: 

(ii) evaluation of thermal behaviour of hybrid materials by TGA/DSC and EGA analysis to 

address the adequate temperature range for the synthesis of carbon-based nanocomposites; (ii) 

pyrolysis of precursors to obtain nanocomposites constituted of LDO and graphite-like 

materials (LDO-C); (iii) reconstitution reaction of LDO-C into LDH-C and evaluation of the 

potential to obtain LDH/C-dots nanocomposites; and (iv) for comparison, the preparation of 

LDH/C-dots by hydrothermal carbonization approach. This work will contribute to a more 

assertive synthesis of new carbon-based nanomaterials constituted by LDO and LDH. 
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2. Experimental  

 

2.1. Chemicals  

 All chemicals used in this work were reported in Section S1.1 of supplementary 

information (SI).  

 

2.2. Methods   

 The synthesis (section S1.2) and characterization (section S1.3) procedure of LDH were 

given in the SI. The materials were undermentioned as LDH-FA (intercalated with folate 

anions, H2Fol2- or Fol3-), LDH-Cl (intercalated with chloride anions) or MR
2+Al-A, where M2+ 

is the divalent metal cation (Mg or Zn), R means the nominal M2+/Al3+ molar ratio equal two 

and A is the anion.  

 

2.3. Thermal Behaviour  

The thermal behaviour of materials was evaluated by thermogravimetry analysis (TGA) 

and differential scanning calorimetry (DSC) coupled to evolved gas analyses (EGA). 

TGA/DSC were conducted on a Netzsch thermoanalyzer, model STA 409 PC Luxx. The 

equipment was coupled to FTIR spectrophotometer Bruker, Tensor 27 model (MCT detector 

cooled with liquid N2; 4400-650 cm-1 region and 4 cm-1 of resolution), and to a QMS 403C 

Aëolos MSD mass spectrometer to conduct the EGA by infrared spectroscopy (TGA-IR) and 

mass spectrometry (TGA-MS), respectively. The experiment was performed up to 1000 °C, 

under dynamic N2 atmosphere with a flow rate of 50 mL∙min-1, heating rate of 10 °C∙min-1 and 

using alumina crucible. The vibrational bands of TGA-IR spectra were attributed from 

comparing the results with spectra of reference gaseous molecules available online by National 
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Institute of Standards and Technology NIST (Linstrom and Mallard, 2023) and HITRAN 

(Gordon et al., 2022) databases. 

 

2.2. Synthesis of LDO-C nanocomposites 

The synthesis of LDO-C was evaluated by pyrolyzing the Mg2Al-Fol and Zn2Al-HFol 

hybrid precursors on a Shimadzu TGA-50 furnace under N2 flow (50 mL∙min-1), using a heating 

rate of 10 °C∙min-1 and alumina crucibles. The temperature values of pyrolysis were selected 

based on TGA/DSC results, as follow: (i) Mg2Al-Fol: at 360 °C, 410 °C, 450 °C, 600 °C, 800 

°C and 1000 °C; and (ii) Zn2Al-Fol: at 360 °C, 430 °C, 500 °C, 600 °C and 800 °C. To evaluate 

the influence of isothermal condition in the synthesis of LDO-C from the pyrolysis of LDH-

FA, additional samples were pyrolyzed at 360 °C with aneling time of 0.5 h. The 

nanocomposites obtained were stored in a desiccator containing silica gel under reduced 

pressure. The LDO-C materials were encoded as MR
2+Al-A-X, where X indicates the 

temperature of pyrolysis (in °C). The MR
2+Al-A-360/0.5 denomination was given to the sample 

annealed at 360 °C for 0.5 h. 

 

2.3. Synthesis of LDH-C nanocomposites  

The viability of obtaining LDH-C from LDO-C nanocomposites were evaluated by 

reconstruction essay in water. LDO-C were suspending in deionized water (LDO-C:H2O mass 

ratio of ≈ 1:1000) in sealed vials followed by stirring in a vortex equipment for 10 s. Then, the 

samples were taken under a low-power ultrasonic bath (Limp Sonic LS-3D ultrasonic 

equipment; 70 W and 40 kHz) for 5 min and stirred once again for more 5 min. Next, the 

samples were kept standing for 7 days in a room atmosphere and temperature. After that, the 

solid phases were isolated by centrifugation, and washed once with water and once with ethanol. 

Finally, the materials were dried under reduced pressure in a desiccator containing silica gel for 
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3 days and kept inside that until characterization. The LDH-C materials were encoded as 

MR
2+Al-A–Xr, where “r” indicates that the materials were submitted to the reconstruction essay. 

 

2.4. Hydrothermal Carbonization 

The hydrothermal carbonization procedure, aiming to obtain of LDH/C-dots 

nanocomposites from LDH-FA, was performed based on works previously reported in the 

literature (Song et al., 2015; Liu et al., 2017) with some modifications. Initially, 0.136 g of LDH 

was suspended in 4 mL of water, inside a Teflon cup (25 mL volume) and under ultrasound for 

5 min. The cup was transferred to stainless steel reactor, placed inside an oven, and heated at 

ca. 4 °C∙min-1 (Figure S1). The experimental time (1-10 h) were considered after the oven 

reached the desired temperature (150 °C or 180°C). After that, the systems were cooled 

naturally to room temperature. The samples were isolated and washed with water twice by 

centrifugation (20 000 rpm for 10 min at 25 °C) and dried by lyophilization. The materials were 

named as MR
2+Al-A–HTX/h, where HT indicates hydrothermal carbonization, X is the 

temperature value, and h is the time in hours.  

 

2.5. Characterization of materials  

X-ray diffraction (XRD) patterns of powdered samples were recorded ex-situ in a Bruker 

D8 DISCOVER diffractometer equipped with Nickel filtered CuKα radiation ( = 0.15418 nm) 

source and operating at 40 kV and 30 mA. The diffractograms were collected in the 3–70° (2θ) 

range, with steps of 0.05°/2θ and a scan speed of 0.05°/0.5s. In-situ XRD obtained under heating 

(HT-XRD) were acquired on the X’Pert-pro diffractometer equipped with the high-temperature 

chamber (Anton Paar HTK-16). The measurements were conducted after purging the furnace 

with N2 for 2 h and heating in the 25-800 °C range, under the heating rate of 10 °C min-1 and 
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dynamic nitrogen atmosphere (24 mL min-1). The diffractograms were recorded in a range using 

a step size of 0.0167° (2θ) and a counting time of 100 s/step. 

Fourier transform infrared (FTIR) spectra of powdered samples were recorded on a 

Bruker Alpha spectrometer (DTGS detector and KBr optics) in the attenuated total diffuse 

reflectance (ATR) mode with a diamond crystal, in the 4000–400 cm-1 spectral range, 4 cm-1 of 

resolution and accumulating 512 scans. Raman spectra of nanocomposites were recorded in a 

Renishaw inVia Reflex instrument coupled to a confocal Leica microscope (50x lenses) and a 

CCD detector (600 x 400 pixels), using excitation radiation of 532 nm (Nd:YAG laser; power 

≤ 3 mV) or 633 nm (HeNe laser; power of 8 mW), in the 3200–400 cm-1 range.  

Electronic UV-VIS spectra were registered in Shimadzu spectrophotometer, UV-2401PC 

model, equipped with an integration sphere. For analysis, dispersions of 0.2 g∙L-1 of carbon-

based nanocomposites obtained by pirolisis/reconstruction or hydrothermal carbonization were 

prepared under ultrasonication until obtaining visually a well-dispersed sample. 

Photoluminescence analyses were conducted in Shimadzu spectrofluorophotometer, RF-

5301PC model, after diluting 50 L of the suspensions in 2 mL of water. Both optical 

measurements were carried out using a quartz cuvette with a path length of 1 cm and shaking 

the cuvette manually before each measurement to overcome the aggregation. 

Scanning electron microscopy (SEM) images were registered in a Quanta 650 FEG 

microscope equipped with an EDT detector. Samples were suspended in isopropyl alcohol, 

dropped onto a silicon wafer, dried at room atmosphere, and covered with a Pt nanolayer. 

Energy Dispersive Spectroscopy (EDS) analysis were conducted in the same equipment. 

Transmission Electron Microscopy (TEM) image was acquired on a Hitachi H-7650 

microscope operating with an accelerating voltage of 80 kV. The sample was prepared by 

suspending the material in ethanol (1 mg mL-1) under ultrasound for 0.5 h. Then, the suspension 

was dropped onto a copper grid (150 mesh) coated with Formvar/carbon film.  
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3. Results and Discussion  

3.1. Characterization of LDH-FA precursors  

The detailed characterization of LDH-FA precursors is presented in Section 2 (SI). The 

displacement of peaks attributed to 00l family planes to lower 2 angles, compared to the XRD 

results of the LDH-Cl counterparts (Figure S3), confirmed the successful intercalation of folate 

anions into the LDH structure. The d00l values increased from around 0.77 nm (LDH-Cl) to 2.56 

nm, 1.66 nm and 1.61 nm for Zn2Al-HFol, Zn2Al-Fol and Mg2Al-Fol materials (Table S1-2), 

respectively. The level of protonation of the anionic species intercalated was dependent on pH 

value used in the synthesis (Figure S2 and section 1.2), as confirmed by FTIR-ATR and FT-

Raman spectroscopies (Figure S6 and Table S2) as well as chemical elemental analysis (Table 

S4-5). Accordingly, the proposed chemical formulas for the materials were: 

(i) Zn2Al-HFol: [Zn1.74Al(OH)5.48](C19H17O6N7
2-)0.47(C19H16O6N7

3-)0.02·2.47 H2O 

(ii) Zn2Al-Fol: [Zn1.90Al(OH)5.80](C19H16O6N7
3-)0.27(C19H17O6N7

2-)0.05Cl-
0.09·2.32H2O 

(iii) Mg2Al-Fol: [Mg2.21Al(OH)6.42](C19H16O6N7
3-)0.30Cl-

0.10·2.70H2O 

 

3.2. Thermal Behaviour of LDH-FA  

The thermal behaviour of LDH-FA precursors was initially investigated to determine the 

best temperature range for obtaining carbon-based nanocomposites, to evaluate the influence 

of the layer composition (Mg2+/Al3+ or Zn2+/Al3+), and the valence of the organic anion (HFol2- 

or Fol3-) in the pyrolysis mechanism of the hybrid materials. The TGA/DSC curves of Zn2Al-

HFol, Zn2Al-Fol and Mg2Al-Fol were depicted in Figure 2a. Figure 2b presented DTG-MS 

curves and the derivative curves extract from coupled IR analysis (3D FTIR and counter map 

in Figure 3 and Figure S5). The percentage of mass loss, the temperature range, the peak 

temperature (Tp) of the event in DTG cuvers and the gaseous/volatile species released during 

the analysis were summarized in Table S6.   
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Figure 2. TGA/DSC (a) and DTG-MS-IR (b) curves for Zn2Al-HFol (blue), Zn2Al-Fol (red) 

and Mg2Al-Fol (green). 
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Figure 3. 3D plot of TGA-FTIR data (a,b) and contour map (superior; yellow and blue colours 

are defined as intensity increasing and decreasing, respectively) and FTIR spectra (inferior; at 

selected temperature ranges) (c,d) for Mg2Al-Fol (a,c) and Zn2Al-HFol (b,d).  

 



 

 

162 
 

The first endothermic event of mass loss around 30-200 °C (Figure 2b), marked by the 

release of m/z 18 fragment (H2O), was typically assigned to the dehydration of materials (Magri 

et al., 2019). One of the main differences between the thermal behaviour of LDH materials 

composed by Mg2+/Al3+ and Zn2+/Al3+ consist in the higher thermal stability of the former 

against the dehydroxylation reaction (Rocha et al., 2016; Magri et al., 2019). For Mg2Al-Fol, 

the dehydroxylation was observed at 250-450 °C, whereas for Zn2Al-HFol and Zn2Al-Fol, it 

occurred at around 160-270 °C, as can be verified from the release of water (m/z 18 fragment; 

Figure 2b). Such features are intrinsic of layer chemical composition (Rocha et al., 2016; 

Hobbs et al., 2018; Magri et al., 2019) and were independent of the intercalated anion (Figure 

S6 and Scheme S1) or the atmosphere (Figure S7). Additionally, the Zn2Al-LDH materials 

intercalated with organic anions can undergo to carbothermic reaction under an inert 

atmosphere above 800 °C (Magri et al., 2019). For this reason, the thermal analyses of Zn2Al-

LDH hybrid materials were not carried out up to 1000 °C. As shown in Figure S8 (section 

S2.1.5), above 800 °C, the ZnO derived from LDH decomposition reacts with graphitic carbon 

formed by the carbonization of organic species, leading to the loss of Zn0 vapor and generates 

-Al2O3 at 1000 °C.  

Considering the beginning of CO2 release (Figure 2b), the decomposition of folate anions 

initiated at 270 °C for Mg2Al-Fol, a temperature value slightly lower than the 300 °C observed 

for Zn2Al-Fol and Zn2Al-HFol. It can be explained by the grafting of the carboxylate groups to 

the inorganic phase after the dehydroxylation of Zn2Al-LDH materials (Rocha et al., 2016), 

which can initially improve the stability of the organic anion. The pyrolysis of folate anions 

progressed in a set of overlapped events through deoxygenation (CO2 and CO release) and 

denitrogenation reactions (formation of NH3 and HCN), as summarized in Table S6 and noticed 

in Figures 2, 3 and S5. It was also observed the release of aniline (Figures 2b and 3) and C3H5 
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allyl radical (m/z 41 fragment; Figures 2b) that are characteristic of FA and folate anions 

decomposition (Chapter 4).  

Although it was not observed significant differences in terms of the nature of released 

species detected by EGA, comparing the LDH-FA materials, it could be stated that: (i) the 

release of aniline and NH3 decreased overall and H2O increased above 500 °C for Zn2Al-Fol 

(Figures 2b and S5); (ii) the production of CO2, NH3 and aniline were increased for Mg2Al-

Fol and the release of the allyl radical were delayed (Figure 2b); and (iii) the CO production 

was higher and the formation of HNCO was not detected for both Zn2Al-LDH (Figure 2b, 3 

and S5). Thermal analysis and EGA results indicated that both charges of anion and LDH 

composition influence the pyrolysis mechanism of intercalated folate anions. Nonetheless, 

Zn2Al-LDH materials presented very similar profile of TGA/DSC, TGA-FTIR and TGA-MS 

curves (Figure 2), indicating that the pyrolysis mechanism of folate anions was more influenced 

by the layer composition than the electric charge of anionic species.  

On the other hand, comparing with data reported in our previous work (Chapter 4) 

regarding the pyrolysis of sodium folate salts (Na2HFol and Na3Fol), it was observed that the 

pyrolysis mechanisms of HFol2- and Fol3- were altered by their intercalation into the LDH 

structure. The formation of 2-pyrrolidone and NO was wholly suppressed and the HNCO 

formation decreased significantly after intercalation. The release of CO2 decreased as well, 

mainly when compared with respective sodium salts. Additionally, the release of aniline and 

NH3 was delayed, and the allyl radical (m/z 41) formation increased. The difference marker 

from folate salts was the formation of CH4, which was observed mainly for Mg2Al-Fol and 

Zn2Al-HFol (Figure 3) and can indicate the hydrodealkylation of alkylated benzenes formed in 

the pyrolysis (Zheng et al., 2017). Compared to FA and related sodium salts (Chapter 4), the 

thermal stability follows the order: Zn2Al-Fol (300 °C) = Zn2Al-HFol (300 °C) = Na3Fol (300 

°C) > Mg2Al-Fol (270 °C) = Na2HFol (270 ºC) > FA (200 °C).  
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3.3. Synthesis of LDO-C nanocomposites  

Based on TGA/DTG-DSC and EGA results, the Mg2Al-Fol and Zn2Al-HFol materials 

were selected for obtaining LDO-C by pyrolysis in the furnace because of the singularities of 

their thermal behaviour. Accordingly, the heating temperatures were chosen as follows (Table 

S6): (i) at 360 °C, slightly above the beginning of folate anions decomposition but below the 

Tp of the first decomposition step. The influence of annealing time was also evaluated 

pyrolyzing the samples in isothermal conditions for 0.5 h; (ii) at 410 °C and 430 °C, near the 

Tp of the first decomposition step of folate anions in Mg2Al-Fol and Zn2Al-HFol samples, 

respectively; (iii) temperature values near the end of second decomposition step, at 450 ° and 

500 °C, respectively; (iv) and at 600 and 800 °C for both materials and additionally at 1000 °C 

for Mg2Al-Fol. The materials were characterized by FTIR and Raman spectroscopies as well 

as XRD analysis.  

Figure 4a presents the images of as prepared LDO-C nanocomposites obtained from the 

pyrolysis of Mg2Al-Fol and Zn2Al-HFol. The colour change, initially from yellow to brown 

and, posteriorly, to black, indirectly indicated the carbonization of folate anions as far as the 

temperature increases. FTIR spectra of LDO-C composites are presented in Figures 4b,c. 

Vibrational bands attributed to hydroxyl stretching (OH) of H2O and Mx+-OH in the layers 

(Kloprogge et al., 2004) in the 3346 cm-1 region, decreased with the increase of temperature, 

which was attributed to the dehydroxylation of LDH layers. Such decrease was more 

accentuated for Zn2Al-Fol-360 than Mg2Al-Fol-360 sample, in line with the lower thermal 

stability of the former against the dehydroxylation reaction, as observed by TGA/DSC and 

DTG-MS curves (Figure 2). The broadband that was still observed in 3600-3200 cm-1 region 

for LDO-C nanocomposites could be attributed to OH from C-OH groups and/or physisorbed 

H2O (Hammer et al., 2000; Acik et al., 2011; Kato et al., 2021).  

 



 

 

165 
 

 

Figure 4. Images (a), FTIR-ATR (b,c) and Raman (d,e) spectra of as prepared LDO-C 

nanocomposites from pyrolysis of Zn2Al-HFol (b,d) and Mg2Al-Fol (c,e) materials.  

 

The increase in the temperature led to the vanishing of vibrational bands (Figure 4b,c) 

attributed to folate anions (a tentative attribution was given in Table S3). The temperature effect 

was more perceptive for Zn2Al-HFol-X than for Mg2Al-Fol-X series and one of the main 

differences was related to vibrations attributed to the GLU moiety. For instance, the bands at 

1640 (C11=O), 1545 (C11–N12/N12–H), 1330 (C–H of alkyl chain) and 1300 cm-1 

(C11–N12/N12–H + C–H of alkyl chain) decreased in the spectra of Zn2Al-HFol-360 in 
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relation to pristine Zn2Al-HFol. In contrast, indications of such bands were still observed in the 

Mg2Al-Fol-450 sample (Figure 4c). These results suggested the higher stability of GLU moiety 

in Mg2Al-Fol samples, in line with EGA (Figures 2b and 3) that showed the delay of allyl 

radical (m/z 41) formation as well as the release of HNCO (from the amide group) above 450 

°C. Additionally, the disappearance of C4=O vibrational band (1693 cm-1) was readily 

observed for Zn2Al-HFol-360 when compared with its precursor. The bands attributed to 

stretching vibrations of carboxylate groups 1500 cm-1 (asCOO-; and C4–O- from PT for Mg2Al-

Fol) and 1400 cm-1 (sCOO-) regions were observed to decrease for both LDH-FA series, in 

line with the hight CO2 release in the 300-500 °C range (Figure 2b). For Zn2Al-HFol-360 

specifically, the band shifted from 1510 to  1520 cm-1 (in relation to the precursor), endorsing 

the grafting of COO- groups in Zn-LDO phase after the dehydroxylation of layers. It enhanced 

the initial stability of carboxylate but seemed to favour the degradation of GLU moiety, as 

noticed by the high alkyl radical (m/z 41) release at 430 °C (Figure 2b).  

The decrease of bands attributed to p-ABA moiety (C=C; 1604 cm-1) and amine group 

vibration (NH2 from PT at1547 cm-1) was observed in the temperature range of 360-500 °C 

for both precursors. However, it was more accentuated for Mg2Al-Fol series, in agreement with 

its highest release of aniline and NH3 compared to the Zn2Al-HFol (Figures 2b). On the other 

hand, the higher stability of PT group in relation to p-ABA group was evidenced for both LDH-

FA series, as can be noticed by the presence of bands attributed to PT rings (C=C/C=N at 

1580, 1510 and 1440 cm-1 regions) in the spectra of Zn2Al-HFol-500 and Mg2Al-Fol-450 

samples. These data are consistent with those previously observed for FA and its sodium salts 

(Chapter 4), indicating that PT was the main building block of carbonaceous material. 

The spectral profile of Zn2Al-HFol-430/0.5 and Mg2Al-Fol-360/0.5 samples (360 °C for 

0.5 h) indicated that the pyrolysis in isothermal conditions was also an important parameter for 

the synthesis of LDO-C nanocomposites because the tendency of their spectral profile 
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progressed closer to the ones observed for Zn2Al-HFol-430 and Mg2Al-Fol-410 (Figure 4b,c). 

It is consistent with the darker colouring of samples compared to their Zn2Al-HFol-360 and 

Mg2Al-Fol-360 counterparts (Figure 4a).  

Above 500-600 °C, the bands attributed to functional groups from folate anion (e.g., 

COO-, NH, C=O) significantly decrease. Additionally, the broad bands observed in the region 

of 1600-1000 cm-1 could be attributed to C=C/C=N (1250-1600 cm-1) of carbonaceous 

material presenting sp2-hybridized structure (Hammer et al., 2000; Ferrari et al., 2003), with 

contributions of C–N (Hammer et al., 2000) and C–O/C–O–C vibrations (Acik et al., 2011) in 

the range of 1300-1000 cm-1. It was an essential information because oxygenated and 

nitrogenated functional groups could play a role in the optical properties of C-dots (Gan et al., 

2016; Liu et al., 2019). 

Raman spectra (excitation radiation in the visible region) of samples pyrolyzed above 

450-500 °C are depicted in Figure 4d,e. The characteristic D (A1g breathing mode; near 1360 

cm-1) and G (E2g stretching mode; near 1580 cm-1) bands of graphitic carbon (Ferrari and 

Robertson, 2000; Ayiania et al., 2020) were detected for Zn2Al-Fol-500, Mg2Al-Fol-600 and 

nanocomposites prepared in higher temperatures. However, the D and G bands could not be 

accessed for LDO-C materials prepared in lower temperatures because the laser excitation 

wavelengths triggering the fluorescence of the sample and C-dots (Mocci et al., 2022), as 

noticed for Mg2Al-Fol-450 and Zn2Al-Fol-500 samples. The blue shift of G band and the 

increase in the intensity ratio of D/G bands (ID/IG; Figure 4d,e) indicated the tendency to form 

nanocrystalline domains of graphitic carbon as far as the temperature increases (Ferrari and 

Robertson, 2000).  

Nonetheless, the formation of graphitic carbon structure occurred in temperatures much 

higher than what was previously reported for FA and its sodium salts (Chapter 4), for instance: 

at 350 °C (FA) and 430 °C (sodium folate salts), readily after the first step of thermal 
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decomposition. The hindrance of graphitization of organic species after intercalation can be 

attributed to: (i) the ordered distribution of organic anions between the layer hindered their 

collision under heating, controlling the rate of condensation and graphitization reactions 

(confinement effect) (Song et al., 2016; Liu et al., 2017); and/or (ii) LDH phase could be 

absorbing the heat in the expense of dehydration and dehydroxylation of the layered structure, 

reducing the thermic energy available for the carbonization (Liu et al., 2018). In fact, the darker 

colouring of Zn2Al-HFol-360 sample in comparison with Mg2Al-HFol-360 indirectly evidence 

such effect (Figure 4a). Besides, for Zn2Al-HFol series, the FTIR and Raman indicated that 

folate functional groups were almost totally decomposed, and graphitization was observed to 

be initiated at 500 °C (near the end of the second decomposition step). However, it cannot be 

neglected that the amount of folate anions in Mg2Al-Fol was lower than in Zn2Al-HFol (Table 

S4) because a lower amount of Fol3- was necessary to neutralize the charges of the LDH layers. 

Consequently, the intercalated Fol3- anions were more distant of each other inside the interlayer 

space of Mg2Al-Fol, which would contribute to hinder the collision of Fol3- under heating 

(steric blockage) when compared with HFol2- inside the Zn2Al-HFol (de Matos et al., 2019). 

 The ex-situ XRD and in-situ HT-XRD results are depicted in Figures 5 and S9-S10, 

respectively. The shift of (003) peak from 5.46°/2 (d00l = 1.62 nm) to 6.87°/2 (d00l = 1.29 nm) 

and the shift of (006) from 7.77°/2  (d00l = 2.27 nm) to 8.84°/2 (d00l = 2.00 nm), observed in 

HT-XRD analysis for Mg2Al-Fol (Figure S9) and Zn2Al-HFol (Figure S10d), respectively, 

could indicate a reorientation (Prevot et al., 1998) or a close packing (Santos et al., 2017) of 

folate anions after dehydration step. Besides, XRD data showed the complete loss of LDH 

structure of Zn2Al-HFol-360, whereas the diffraction peak of the (003) plane was still observed 

for Mg2Al-Fol-410 (Figure 5). These observations are in line with the higher thermal stability 

of Mg2Al-LDH when compared to Zn2Al-LDH materials. 
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Figure 5. Ex-situ XRD of LDO-C nanocomposites materials obtained from Mg2Al-Fol3- (a) 

and Zn2Al-HFol2- (b). 
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Above the temperatures of dehydroxylation (i.e., 272 °C for Zn2Al-HFol and 450 °C for 

Mg2Al-Fol), the formation of an amorphous phase was verified by the absence of diffraction 

peaks (Figures 5 and S9-S10). As the temperature increased to 800 °C, the formation of 

crystalline ZnO (wurtzite; ICSD 26170) and MgO (periclase; ICSD 9863) was observed. No 

separated phases of Al2O3 and spinel spinel-like phase (MgAl2O4 or ZnAl2O4) were observed, 

which could indirectly indicate that Al3+ cations were inserted in the lattice of oxide phases as 

M(Al)O (Millange et al., 2000). Furthermore, the formation of crystalline spinel was completely 

hindered up to 1000 °C, in agreement with our previous findings for LDH counterparts 

intercalated with CMC (Magri et al., 2019). Additionally, the in-situ HT-XRD patterns (Figure 

S10) showed that the formation of crystalline oxides was hindered in LDH-Fol materials 

compared with LDH-Cl counterparts. For instance, Zn2Al-Cl and Mg2Al-Cl presented 

indications of oxides formation at 360 °C and 410 °C in HT-XRD analysis, respectively. 

According to the literature (Zhao et al., 2010; Warringham et al., 2017; Hobbs et al., 

2018), the structural transformation of Mg/Al-LDH upon heating is topotactic: the formation 

of oxide and spinel phases occur in the 00l plane of LDH and the platelet morphology of 

particles is preserved up to 850 °C. On the other hand, the non-topotactic transformation was 

observed for Zn/Al-LDH materials (Zhao et al., 2010). The nucleation of 

ZnO(wurtzite)/ZnAl2O4 spheres occurs concurrently with dehydroxylation of the layers, and the 

loss of layered structure takes place in the 500-800 °C range (Zhao et al., 2010). 

The whole process is accompanied by the migration of cations from the octahedral 

layered-structure to the interlayer region in tetrahedral coordination sites (Bellotto et al., 1996; 

Bokhoven et al., 2001; Radha et al., 2010; Carvalho et al., 2013; Takehira, 2017). The cation 

migration (mainly Al3+) initiates after sample dehydration and the formation of intermediate 

nanostructures of oxides and spinel can occur concomitantly (Bellotto et al., 1996; Bokhoven 

et al., 2001; Radha et al., 2010; Zhao et al., 2010; Carvalho et al., 2013; Santos et al., 2017). 
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The disruption of the layered structure and the crystallization of mixed metal oxide were 

observed above temperature values of dehydroxylation and interlayer anion decomposition 

(Bellotto et al., 1996; Bokhoven et al., 2001; Radha et al., 2010; Zhao et al., 2010; Carvalho et 

al., 2013; Santos et al., 2017). The segregation of the oxide (MgO or ZnO) and spinel (MgAl2O4 

or ZnAl2O4) phases occurs at temperatures above 800 °C and 900°C for Zn2Al-LDH and 

Mg2Al-LDH, respectively (Zhao et al., 2010; Warringham et al., 2017). 

Since the formation of crystalline oxide and spinel phases is in some way dependent on 

the decomposition of the intercalated anion (Bellotto et al., 1996; Bokhoven et al., 2001; Radha 

et al., 2010; Zhao et al., 2010; Carvalho et al., 2013; Santos et al., 2017), it is assumed in this 

work that the material carbonized mainly between the LDH layers could hinder the migration 

of cations to the interlayer space, precluding the growth of oxide nanoparticles. Hence, the 

intercalated anion has an important role in the thermal conversion of LDH into crystalline oxide 

and spinel phases. For instance, in our previous work (Magri et al., 2019), the crystallization of 

the spinel phase was precluded by the presence of graphitic carbon formed during the pyrolysis 

of LDH-CMC materials. The same effect was not observed for Zn2Al-CO3 and Mg2Al-CO3 

counterparts because the complete decomposition of carbonate ion occurred below 800 °C and 

the formation of spinel was observed at 800 and 1000 °C, respectively. However, the presence 

of metal oxides was observed in the XRD patterns of nanocomposites obtained by the pyrolysis 

of LDH-CMC at 500 °C, while the temperature needed to reach 800 °C when using LDH-Fol 

as the precursor. (Figure 5). In the case of LDH-CMC materials, the mass loss related to 

polymer decomposition was higher than for folate anions presented in this work. Taking the 

Zn2Al-LDH as an example (both Zn2Al-CMC and Zn2Al-HFol samples contained around 

20wt.% of carbon), the mass loss between 260-700 °C was around 35% and 22%, respectively. 

Therefore, the hindrance of oxide and spinel crystallization seemed to be dependent on (i) the 
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thermal stability of intercalated anion; and (ii) the mechanism of decomposition that influence 

amount of carbon formed during the process.  

Considering the XRD and Raman data discussed above, it can be stated that LDH-FA 

precursors are suitable sources of carbon-based nanocomposites formed of zinc or magnesium 

metal oxides and graphitic carbon, and with the capacity to be applied as adsorbent, 

heterogenous catalyst, and so on (Takehira, 2017; Wani et al., 2020; Ye et al., 2022). The best 

temperature range to obtain nanocomposites of crystalline metal oxides and ordered graphitic 

carbon was 500-800 °C and 600-1000 °C for Zn2Al-HFol and Mg2Al-Fol, respectively.  

 

3.4. LDH-C nanocomposites 

The hindrance of oxides and spinel crystallization can be profitable to recover the pristine 

LDH structure by reaction with water (Takehira, 2017; Ye et al., 2022) for producing LDH-C 

nanocomposites. To evaluate this aspect, reconstruction experiments with LDO-C were carried 

out in the water. The images of obtained materials are presented in Figure 6a. The colour of 

powders was maintained in comparison with the original LDO-C samples (Figure 4a), 

indirectly suggesting that the carbonaceous material remained in the samples after the 

hydration/reconstruction process. Also, the supernatant of aqueous systems was clean after the 

isolation of LDH-C materials, endorsing that the carbonaceous phase stayed in the sample after 

the reconstruction process. 

The XRD data (Figure 6b,c) showed the successful obtention of LDH-C nanocomposites 

through the restoration of LDH structure, at least partially. Even though, the materials presented 

lower crystallinity compared to the original LDH-FA (Figure 5), no peaks attributed to M2+ 

and Al3+-oxide/hydroxide phases were observed below 800 °C and 600 °C for Mg2Al-Fol and 

Zn2Al-HFol, respectively. In addition, despite the absence of the (003) peak in XRD patterns 

of Zn2Al-HFol-360r and Zn2Al-HFol-430r (where “r” means reconstruction), the appearance of 
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peaks attributed to (012) and (110)/(113) planes indicated the restoration of LDH layers. 

According to Santos et al. (2017), the low intensity of the XRD peaks could indicate that the 

LDH structure was not fully recovered or that reconstructed materials are less organized than 

the original (mainly in the layers stacking direction).  

 

 

Figure 6. Representative images of LDH-C samples prepared by reconstruction of LDO-C (a) 

and results concerning XRD patterns (b, c) of materials related to Mg2Al-Fol (b) and Zn2Al-

HFol (c) precursors.  

 

A change from the original LDH-FA to LDH-CO3 phase (dashed lines in XRD; Figure 

6b,c) was initiated for samples prepared above 410 °C and 430 °C (Tp of first step of folate 

anions decomposition, Figure 2) for Zn2Al-HFol and Mg2Al-Fol, respectively. The LDH-CO3 
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phase was identified in the XRD patterns of Zn2Al-HFol-600r and Mg2Al-Fol-800r. The 

synthesis of LDH-CO3 from the reconstruction method was predicted to be spontaneous 

according to the Gibbs free energy of formation of Mg2Al-CO3 (Gm° = -18.3 kJ mol-1) and 

Zn2Al-CO3 (Gm° = -0.6 kJ mol-1) (Bravo-Suárez et al., 2004). It is worth noting that deionized 

water was used in the reaction, and so the carbonate anions came from atmospheric CO2, as 

also reported elsewhere (Conterosito et al., 2018). 

The formation of Al(OH)3 (gibbsite-like structure; ICSD 6162) was verified for Zn2Al-

HFol-800r, while ZnO was still observed. The XRD of Mg2Al-Fol-1000r presented both 

diffraction peaks attributed to LDH-CO3 and Mg(OH)2 (brucite-like structure; ICSD 34401), 

which can indicate segregation of phase during the pyrolysis (Takehira, 2017). 

FTIR-ATR spectra of LDH-C samples are presented in Figure 7. One of the main 

differences in relation to LDO-C results was associated with the intensity increase of broad 

bands attributed to OH mode (3650-3000 cm-1) of Mx+-OH and H2O (Kloprogge et al., 2004), 

which endorses the restoration of hydroxylated structure of LDH. For Mg2Al-Fol-1000r sample, 

the band at 3693 cm-1 was attributed to OH of brucite (Schroeder, 2002), in agreement with 

XRD analysis. Results also confirm that the restoration procedure applied in this work was 

conducted to LDH-CO3. The bands attributed to intercalated CO3
2- were observed at 3000 cm-

1 (shoulder H2O---CO3
2- bridge) and 1357 cm-1 (CO3

2-) regions (Kloprogge et al., 2004). The 

ratio between the intensity of bands attributed to CO3
2- (1357 cm-1) and carboxylate groups 

(asCOO- at 1505 cm-1 region) of folate anions showed that the formation of LDH-CO3 

increased as far as the COO- (and C4–O- for Mg2Al-Fol) group were decomposed (Figure 7c). 

The results fitted well to sigmoidal-Boltzmann equation, in which the inflection point was the 

Tp temperature of first step of folate anions decomposition (i.e., 410 °C and 430 °C for Zn2Al-

HFol and Mg2Al-Fol, respectively). It is in line with the transition from LDH-FA to LDH-CO3 

phase observed by XRD analysis (Figure 6b,c). 
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Figure 7. FTIR-ATR spectra from LDH-C samples prepared from Mg2Al-Fol (a) and Zn2Al-

HFol (b) from LDO-C. Transmittance ratio of CO3
2- (1357 cm-1) and asCOO- (folate anions; 

1505 cm-1 region) bands fitted with sigmoidal-Boltzmann equation (c). For achieve a better 

fitting, the results of LDH-C from samples prepared by 30 min of annealing (squares in blue) 

were disregarded. 
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 SEM-EDS analyses were performed to characterize the habit of Mg2Al-Folate and 

Zn2Al-HFolate after pyrolysis and reconstitution experiments. The SEM images showed that 

Mg2Al-Fol (Figure 8a) and Zn2Al-HFol (Figure 9a) precursors presented flower-like structure 

formed by the interconnection of layered platelets. The morphology of materials was influenced 

by the intercalated anion. The intercalation of Fol3- led to the formation of larger plateletes 

(around 1m) and disordered agglomerates, as also noticed for Zn2Al-Fol (Figure S11a). On 

the other hand, Zn2Al-HFol presented small platelets (around 20 nm) and aggregates more 

ordered. Additionally, The LDH-FA materials had a distinct morphology compared to the 

LDH-Cl counterparts, which presented disforme-stacked platelets with irregular edges, as 

noticed in Figure S11b,c.  

At 360 °C, both LDH-C nanocomposites conservated the habit of the original material 

(Figures 8b and 9b). Increasing the temperature value to 410 ºC and 430 ºC for Mg2Al-Fol and 

Zn2Al-HFol, respectively, was observed significant changes. A complex texture of nanometric 

particles growing above the large platelets inherited from the precursor was observed for 

Mg2Al-Fol-410r (increment in Figure 8d), in contrast with Zn2Al-HFol-430r image (Figure 

9d). The ordered structure observed for pristine Zn2Al-HFol (Figure 9a) disappeared and 

shapeless particles were observed (Figure 9d). Same feature was observed for Zn2Al-HFol-

360/0.5r sample (Figures 9c), but not for Mg2Al-Fol-360/0.5r (Figures 9c). 
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Figure 8. SEM micrographies of Mg2Al-Fol (a) Mg2Al-Fol-360r (b); Mg2Al-Fol-360/0.5r (c), Mg2Al-Fol-410r (d), Mg2Al-Fol-450r (e), Mg2Al-

Fol-600r (f), Mg2Al-Fol-800r (g) and Mg2Al-Fol-1000r (h).  
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Figure 9. SEM micrographies of Zn2Al-HFol (a) Zn2Al-HFol-360r (b); Zn2Al-HFol-360/0.5r (c), Zn2Al-HFol-430r (d), Zn2Al-HFol-500r (e), 

Zn2Al-HFol-600r (f) and Zn2Al-HFol-800r (g). Magnification: 50k. 
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Significant changes in the morphology of materials occurred after the second step of 

folate anion decomposition (TGA/DSC and EGA analysis; Figure 2b). In Mg2Al-Fol-450r, the 

structure became similar to the characteristic sand-rose habit, typically observed for 

reconstructed Mg/Al-LDH (Gao et al., 2018; Xu et al., 2019). Such structure was conservated 

up to 800°C (Figure 8e-g), increasing the agglomerate particle size as noticed for Mg2Al-Fol-

800r (Figure 8g). Otherwise, the growth of sheets and the formation of aggregates with 

scalelike surfaces and without a defined shape was observed in SEM images of Zn2Al-HFol-

500r (Figure 9e) and Zn2Al-HFol-600r (Figure 9e). At higher temperatures, two different 

particles population were observed for Mg2Al-Fol-1000r (Figure 8h) and Zn2Al-HFol-800r 

(Figure 8g). The former presented the most ordered particles: sand rose-like structure and 

hexagonal structured plates (yellow arrow; Figure 8h). In contrast, small disformed particles 

and hexagonal structured plates (yellow arrow; Figure 9g) was observed for Zn2Al-HFol-800R.  

SEM results indicated different changes in morphology for reconstituted samples 

obtained from pyrolysis of Zn2Al-HFol and Mg2Al-Fol hybrid materials. Gao et al. (2018) 

reported that the mechanism of LDH reconstitution was influenced by the acid-base properties 

of hydroxides. For Mg2Al-Fol, the formation of a sand rose-like structure covering the layered 

structure (Figure 8d-g) could be attributed to the classical dissolution–crystallization 

mechanism. In this process, Mg2+ and Al3+ are dissociated into the solution by a reaction 

between water molecules with the active sites onto LDO surface (Mg2+-O2- and Al3+-O2-) and 

OH- was generated in the process (Gao et al., 2018; Jin et al., 2022). The reactions was followed 

by the formation of Mg(OH)2 and Al(OH)4
- that posteriorly react with each other forming LDH 

structure in the presence of anions, such as CO3
2- and OH- (Gao et al., 2018; Jin et al., 2022). 

Differently, due to the lower Ksp value of Zn(OH)2 in comparison with Mg(OH)2
 (Ksp = 3x10-

17 and 5.61x10-12, respectively; Speight, 2005), the level of Zn2+ dissociation was low and the 

Zn(OH)2 precipitation favoured onto the surfaces of the nanoparticles (Gao et al., 2018). It 
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prevented further cation dissolution and hampered the total conversion of Zn(Al)O into LDH 

(Gao et al., 2018). Hence, the structural regeneration could be characterized by a hydration 

process of the surface of particles as well as, at a lower level, dissolution–crystallization 

mechanism with stacking of LDH over oxide nanoparticles (Gao et al., 2018). The hydration 

process could be characterized in some way by retro-topotactic mechanism (Jin et al., 2022): 

(i) the water molecules interact with the highly active sites of Zn-LDO (Zn2+-O2- and Al3+-O2-

), generating OH- onto the surface of the material; (ii) the access of water into the interlayer 

space opens the structure favouring the diffusion of anions and the formation of LDH phase. 

Santos et al. (2017) reported that the reconstitution of the Zn2Al-LDH phase occurred by an 

aggregative mechanism, in which the limiting step is the dissolution of the ZnO phase, 

described as follows: (i) the nucleation and growth of LDH layers occurred after cation 

dissolution and evolved to their stacking. In our case, it is difficult to propose a mechanism of 

reconstitution for Zn2Al-LDH material. However, the presence of different habits, such as 

stacked structure and opened structure (scalelike morphology), was observed in SEM images 

of Zn2Al-HFol-500r (lower magnification; Figure S12), which can be a clue of a multi-step 

process.   

EDS mapping of Mg2Al-Fol-Xr series indicated the uniform distribution of Mg2+, Al3+ 

and carbon in the particles of nanocomposites obtained up to 800 °C. On the other hand, 

indicatives of well-distributed Zn2+, Al3+, and carbon was only observed up to 600 °C for Zn2Al-

HFol-Xr series. Nonetheless, EDS confirmed phase segregation for Mg2Al-Fol-1000r and 

Zn2Al-Fol-800r. The hexagonal-shaped particles in Mg2Al-Fol-1000r (yellow-arrow; Figure 

8h) were identified as a Mg-rich phase (Figure 10h5) and, based on XRD (Figure 6b) and FTIR 

results (Figure 7a), they can be attributed to brucite phase. In Zn2Al-HFol-800r, the Zn-rich 

phase (Figure 11g5) with hexagonal habit was tentatively attributed to ZnO, based on XRD 

(Figure 6c). Figure S13 showed that both Mg-rich and Zn-rich phases were poor in carbon. 
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The carbonaceous material and LDH phase were intimately mixed in nanocomposites obtained 

at 600 and 800 °C for Zn2Al-HFol and Mg2Al-Fol, respectively. Additionally, the segregation 

of phases occurred in temperatures much lower for Zn2Al-HFol in comparison with Mg2Al-

HFol, for instance, 800 and 1000 °C, respectively, in agreement with XRD analysis (Figure 6 

b,c), as well as TGA/DSC and EGA analysis (section 3.2).  
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Figure 10. EDS mapping of Mg2Al-Fol (a) Mg2Al-Fol-360r (b); Mg2Al-Fol-360/0.5r (c), Mg2Al-Fol-410r (d), Mg2Al-Fol-450r (e), Mg2Al-Fol-

600r (f), Mg2Al-Fol-800r (g), and Mg2Al-Fol-1000r (h). Backscattered electron (BSE) imaging (1; grey); Mg (2; red), Al (3; blue), C (4; orange), 

Mg/Al merge (5; pink) and C/BSE merge (6; orange-gray). Scale bar: 10 m. 
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Figure 11. EDS mapping of Zn2Al-HFol (a) Zn2Al-HFol-360r (b); Zn2Al-HFol-360/0.5r (c), Zn2Al-HFol-430r (d), Zn2Al-HFol-500r (e), Zn2Al-

HFol-600r (f) and Zn2Al-HFol-800r (g). Backscattered electron (BSE) imaging (1; grey); Zn (2; red), Al (3; blue), C (4; orange), Zn/Al merge (5; 

pink) and C/BSE merge (6; orange-gray). Scale bar: 10 m. 
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Evaluation of the molar ratio by the EDS spectra for each studied condition was 

performed to qualify M2+/Al3+ change in the samples during the reconstitution process. For a 

better analysis, samples prepared under isothermal condition at 360 °C for 0.5 h as well as the 

samples that presented phase segregation were excluded. Both LDH-C systems presented 

similar molar ratio over temperature. The molar ratio values of Mg2Al-LDH were well 

described using the peak area of the EDS spectra when compared with Zn2Al-LDH. To 

overcome this issue, it was applied a factor correction based on the respective M2+/Al3+ molar 

ratio of precursors determined by ICP OES (Table S4). Although the variation of M2+/Al3+ 

molar ratio was not high and is statistically constant, two temperatures zones could be proposed 

(Figure 12): (i) tendency of M2+ and (ii) tendency of Al3+ loss, in which the transition zone was 

at the Tp value of first degradation step of folate anions, as observed in FTIR analysis of CO3
2- 

incorporation (Figure 7c). Further evaluation of the amount of metal release and pH values 

during the process is required to understand such differences better.  

 

 

Figure 12. Variation of [M2+]/[Al3+] molar ratio according to the temperature of pyrolysis 

determined by EDS analysis. Correction factors of -0.07 and 0.54, stipulated from metal 

analysis determined by ICP OES of precursors (Table S4), were applied for Mg2Al-Fol and 

Zn2Al-Fol, respectively.  
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TEM micrographs of LDH-C materials from Mg2Al-Fol (Figure 13) presented 

characteristic platelet-like structures of LDH corresponding to the successful reconstitution of 

the hydroxide phase upon rehydration of LDO-C composites. However, increasing the pyrolysis 

temperature to obtain LDO-C, nanoscrolled structures grow up until they reach a length of a 

few hundred nanometres at 800 °C (Figure 13d-g). Wrinkled and scrolled LDH particles were 

observed using organic intercalants (Rocha et al., 2016). Once the increase on nanoscrolls 

length seems to be associated with increasing in LDH platelets, as observed in SEM (Figure 

8), it is hypothesized that they can correspond to the folding of LDH particles. In fact, from 800 

to 1000 °C the decrease in the particles length supports the Mg(OH)2 phase segregation, which 

could affect the particles size of rehydrated phases. For the system herein described, it is not 

discarded that carbonaceous structures can be entrapped into the scrolls assuming the role of a 

template during reconstitution once such structures were observed for Ni/Al-LDH synthesized 

in-situ over reduced graphene oxide sheets (Xu et al., 2014), but not for Mg2Al-LDH 

reconstituted without the presence of carbon (Valente et al., 2010). Regarding the carbonaceous 

phase, there were not observed graphitic domains with stacking of graphene-like layers as 

previously reported by carbon-based nanocomposites obtained from the pyrolysis of Ni2Al-

CMC hybrid material (de Matos et al., 2020). Additionally, TEM images showed that Zn2Al-

HFol (Figure 13i) presented smaller particles with regard to Mg2Al-Fol counterpart (Figure 

13a). For comparison, Zn2Al-HFol-600r samples present structures that do not reassemble 

nanoscrolls (Figure 13j); instead, samples presented agglomerate of particles without defined 

structure, in agreement with SEM analysis (Figure 9).  
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Figure 13. TEM images of Mg2Al-Fol (a) Mg2Al-Fol-360r (b); Mg2Al-Fol-360/0.5r (c), 

Mg2Al-Fol-410r (d), Mg2Al-Fol-450r (e), Mg2Al-Fol-600r (f), Mg2Al-Fol-800r (g) and Mg2Al-

Fol-1000r (h), Zn2Al-HFol (i) and Zn2Al-HFol-600r (b). Scale bars:500 nm (a1, i1 and j1) or 100 

nm (a2, b-h, i2 and j2).  

  

 Pyrolysis of hybrid materials followed by reconstruction can be considered as an 

approach to intercalated organic molecules of interest (Jin et al., 2022) and/or doping the layer 

with active metal (e.g., Ni2+, Co2+, and Cu2+) cations by isomorphic substitution to obtain 

multifunctional carbon-based nanocomposites (Takehira, 2017). 

 

3.3. LDH/C-dots nanocomposites   

The potentiality of obtaining LDH/C-dots nanocomposites was evaluated for samples 

pyrolyzed below 500 oC and restored by reaction with water (LDH-C). The limit temperature 

values for analysis were established at 500 and 600 °C for Zn2Al-HFol-Xr and Mg2Al-Fol-Xr, 
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respectively. It was taken into account the results of FTIR and Raman spectroscopy (Figure 4), 

evaluating the presence of functional groups and the accessing of D and G bands.   

Pyrolized materials did not present fluorescence in the solid state, in contrast which was 

previously reported for LDH/C-dot nanocomposites prepared from LDH-citrate (Song et al., 

2015, 2016; Liu et al., 2017) and LDH-ETDA (Bai et al., 2018), for instance. Because the 

photoemission of C-dots can be environment-dependent (Deng et al., 2014), the optical 

properties (light absorption and emission) were evaluated after dispersing LDH-C in water. The 

results of electronic UV-VIS and fluorescence spectroscopies were presented in Figure 14. 

Folate in precursors presented electronic bands at 280-300 nm and 360 nm region (black lines 

in Figure 14) attributed to – transition from p-ABA and PT moieties and n– transition 

from PT moiety of folate anions (Magri et al., 2022), respectively. As the temperature pyrolysis 

increased, the intensity of bands in the 360 nm decreased significantly in relation to band at 

280-300 nm for Zn2Al-HFol-Xr series (Figure 14b). On the other hand, the opposite was 

observed up to 450 °C for Mg2Al-Fol-Xr (Figure 14b). Generally, the C-dots bands below and 

above 300 nm are attributed to – and n– of sp2-carbon core and C=O/C=N groups (Mocci 

et al., 2022), respectively. Hence, these results are in line with FTIR analysis, which indicated 

the vanishing of C=O groups (Figure 4c) for Zn2Al-HFol-XR, and supported the carbonization 

mechanism was distinct for the different LDH matrices. For Mg2Al-Fol-XR series, the decrease 

of intensity of the band in the 280-300 nm could indicate the loss of p–ABA functional group, 

as shown by FTIR (Figure 4b), in agreement with the release of aniline accessed by EGA 

analysis (Figures 2-3). Besides, the UV-Vis spectra of Zn2Al-HFol-500r (Figure 14b) and 

Zn2Al-HFol-600r (Figure S14) presented broad absorption in the visible region (400-700 nm).  

The samples presented common blue emission under 365 nm radiation from a UV lamp 

(inset Figure 14), as observed for original materials. The photoluminescence (PL) spectra under 

365 nm excitation (blue line; Figure 14) showed emission in 440 nm with a slight shift to 420 
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nm with the increase of the pyrolysis temperature of the precursor LDH-C. The 

photoluminescence excitation (PLE) spectra for emission in 440 nm (red line; Figure 14) 

showed a profile with the maximum at 270-280 nm and 350-360 nm, already observed for 

precursors and assigned to PT moiety (Chapter 4). Hence, the materials presented a molecular 

fluorescence mechanism (Liu et al., 2019) coming from PT derivatives fluorophore species 

attached to the structure of the carbonaceous nanocomposite. A reliable proposal for the 

luminescence mechanism is beyond the scope of this work. The profile of PLE spectrum just 

changed significantly for Mg2Al-Fol-600r (Figure 13a) and Zn2Al-HFol-600r (Figure S15). A 

decrease in PLE band at 270-280 nm in relation to that one at 350-360 nm was observed, 

indicating the conversion of aromatic rings of folate anions into carbonaceous material.  

In the series, the highest PL intensities upon 365 nm radiation excitation were observed 

for Zn2Al-Fol-360r and Mg2Al-Fol-410r (Figure S15). Since the proper carbonization 

contributes to the formation of C-dots with improved PL features in comparison with FA 

precursor (Zhang et al., 2019), these results could indicate that the carbonization degree was 

lower in Mg2Al-LDH than in Zn2Al-LDH matrix. For instance, the sample Mg2Al-Fol-360/0.5r 

presented PL intensity comparable to Mg2Al-Fol-410R, which demonstrated that more time or 

higher temperatures were necessary to increase the carbonization degree in Mg2Al-Fol when 

compared to Zn2Al-Fol (Figure S15). Furthermore, the decrease in PL intensity was noticed 

with the decreasing of functional groups (e.g., COO-, C=O and NH), as determined by FTIR 

(Figure 4b,c) and in consequence of the increasing temperature of pyrolysis (Figure S15). 

These results are in agreement with those ones reported by Krysmann et al. (2012).   
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Figure 14. Optical characterization (absorption, PL and PLE spectra) of LDH-C 

nanocomposites obtained from pyrolysis of Mg2Al-Fol (b) and Zn2Al-HFol (b). Inset: images 

of the samples at daylight (right) and excited by a 365 nm UV lamp.  
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The considerable excitation-dependent PL and large Stokes shifting, characteristic of C-

dots samples containing nanoparticles with distinct chemical composition and size (Gan et al., 

2016), was not observed (Figures S16-17). The opposite was noticed for C-dots obtained from 

pyrolysis of pristine FA (Chapter 4), endorsing the controlled carbonization and homogeneity 

of the carbonaceous phase obtained in the confined interlayer space (Shi et al., 2017; Yao et al., 

2017). According to the results obtained in this work, the temperature values for obtaining 

LDH-C with high PL intensity must be above the decomposition step of folate anions 

(determined by TGA/DSC and EGA) but below the decomposition of functional groups (FTIR).  

 

3.5. Synthesis of LDH/C-dots by Hydrothermal Carbonization  

The synthesis of LDH/C-dots was also investigated by hydrothermal carbonization of 

Mg2Al-Fol, Zn2Al-Fol and Zn2Al-HFol hybrid materials. Figure 15a presents the images of the 

suspensions and the isolated powder after hydrothermal treatment. The samples Zn2Al-LDH-

HTX/h (X is temperature and h is time) were similar in colour, changing from yellow to light 

brown with the increase of time at 150 °C. On the other hand, the colour of Mg2Al-Fol sample 

changed to yellow-grey, which was mainly observed for Mg2Al-Fol-HT180-6h. In comparison, 

the increase of temperature to 180 °C led to the obtention of Zn2Al-HFol samples of dark brown 

colour. Colour changing indicated indirectly the evolution of carbonization of folate anions as 

far as the temperature and time increased. Additionally, under hydrothermal conditions, the 

carbonization was influenced more by the composition of the LDH layer and less by the charge 

of intercalated anion, endorsing the observations from TGA/DSC and EGA analysis (section 

3.2). 
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Figure 15. Representative images of samples submitted to hydrothermal carbonization (a) and 

respective suspensions (0.2 g L-1) under daylight (up) and excited at 365 nm radiation from a 

UV lamp (down) (b). 

 

Mg2Al-Fol-HTX/h materials maintained LDH structure independent of temperature and 

time of hydrothermal treatment (Figure S18a). However, as the process progressed, indicatives 

of the formation of Mg2Al-CO3 phase and traces of Al(OH)3 was noticed in XRD patterns 

(Figure 16a) of Mg2Al-Fol-HT180/6h. The formation of Al(OH)3 was also observed for 
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Mg2Al-Cl-HT150/4h (Figure S19a), which seems to be intrinsic to Mg2Al-LDH materials, 

since it was previously observed in temperatures above 100 °C and 16 h of hydrothermal 

treatment (Xu et al., 2006). The FTIR spectrum confirmed the presence of carbonate in samples, 

as shown in Figure 16b and Figure S20a. It is proposed in this work that the CO2 generated 

during the folate decomposition (GLU decomposition) was converted into CO3
2- because of the 

basic pH of synthesis media (Table S7). Hence, a fraction of folate anions was exchanged by 

CO3
2- and carbonized outside the interlayer space (Figure 16c). Another evidence of an anion-

exchange reaction was the formation of HFol2- from Fol3- protonation in solution (Figure S2), 

as can be noticed by the emergence of vibrational band attributed to C4=O (1680 cm-1) in 

FTIR of samples prepared at 150 °C (Figure S20a). The anion exchange process was intensified 

at 180 °C/6h (final pH value of about 9, Table S7), as can be verified in the XRD (Figure 16a) 

and FTIR (Figure 16b) results as well as the greyish colouring of Mg2Al-Fol-HT180/6h sample 

indirectly indicated the folate anions carbonization (Figure 15a). The effect of pH seemed to 

be intrinsic to Mg2Al-LDH materials, for which was observed a significant increase of the pH 

value during the hydrothermal treatment that was not observed for Zn2Al-LDH counterparts 

(Table S7). In fact, no clearly indicative of CO3
2- was noticed for samples from Zn2Al-Fol and 

Zn2Al-HFol (Figure S20b,c). 
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Figure 16. XRD pattern (a), FTIR spectrum (b), schematic representation of folate anions 

deintercalation during hydrothermal treatment (c), and Optical characterization (absorption, PL 

and PLE spectra) (d) of Mg2Al-Fol-HT180/4h 

 

The structure of Zn2Al-HFol samples was maintained and its crystallinity was improved 

when hydrothermally treated at 150 °C (Figure S18b). Gao et al., (2021) reported the obtention 

of C-dot/ZnO nanocomposite from the hydrothermal treatment of a hybrid material composed 

of Zn2Al-LDH/histidine at 170 °C for 8 h. In this work, the conversion of LDH structure into 

ZnO was observed when the temperature was increased to 180 °C (Figure S18b), as represented 

by Zn2Al-HFol-HT180/3h nanocomposite (Figure 17a). The nanocomposite obtained 

presented mean particle size in the nanometric scale (Figure 17b). Nonetheless, the formation 

of the ZnO phase was observed at 150 °C for Zn2Al-Fol-HT150/4h (Figure S18c) and Zn2Al-

Cl-HT150-4h (Figure S19b). In line with the data obtained for the pyrolyzed materials (section 

3.3), the results obtained in the hydrothermal process also demonstrated the influence of 
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intercalated anion in the structural transformation of the LDH phase upon heating. The 

hindrance of ZnO formation in Zn2Al-HFol-HT150/1-4h (Figure S19b) compared to Zn2Al-

Fol and Zn2Al-Cl counterparts can be related to the higher basal spacing of the pristine 

precursor of Zn2Al-HFol (Figure S3 and Table S1). It was hypnotized in this work that the 

collapse of Zn2Al-HFol layers, and consequently the formation of ZnO, could be precluded 

owing to the detachment of the layers promoted by the packing of HFol2- in the interlayer 

spacing (parallel) in comparison with Fol3- (tilted) in Zn2Al-Fol (Figure S3). Hence, the 

formation of ZnO was only observed for Zn2Al-HFol as far as the anions were decomposed at 

180 °C. The lower hydrothermal stability observed for Zn2Al-LDH compared with Mg2Al-LDH 

at 180 °C was in agreement with the thermal analysis results (section 3.2) and with results from 

the literature (Britto et al., 2007). 

 
Figure 17. XRD pattern (a), TEM image (b), FTIR spectrum (c) and optical characterization 

(absorption, PL and PLE spectra) (d) of Zn2Al-HFol-HT180/4h 
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The FTIR spectra (Figure S20) did not show huge changes in functional groups related 

to folate anions for samples prepared at 150 °C, indicating that the organic structure was almost 

completely preserved at this temperature. The molecular breakdown of folic acid under 

hydrothermal conditions (Abramova et al., 2020), as well as UV exposure (Off et al., 2005), 

occurs by the break of C9–N10 bond linking PT to p-ABA-GLU moiety; PT is posteriorly 

converted into 6-formil pterin (6-FPT). The breakdown of folate anions for Zn2Al-HFol series 

was indicated by the decrease of the absorption band in the region of 310 nm (Figure S21). 

Concomitantly, an increase in vibrational absorption in the region of C11=O of GLU moiety 

(1640 cm-1 region; Figure S20) was also noticed.  

Although the band at 310 nm was in the same region of 6-FPT absorption (Off et al., 

2005; Abramova et al., 2020), it was attributed to p-ABA-GLU moieties because it was 

observed from the original Zn2Al-Fol. Besides, the molar absorptivity of 6-FPT was reported 

to be much lower than p-ABA-GLU (Off et al., 2005). The formation of 6-FTP was observed 

for Mg2Al-Fol-HT150/8h and Mg2Al-Fol-HT150/10h by the increase of absorption at 315 and 

360 nm region of UV-Vis (Figure S21a) (Off et al., 2005; Abramova et al., 2020). The 

appearance of a band at 1736 cm-1 in FTIR (Figure S21a) is attributed to C=O of aldehyde 

(LARKIN, 2011). Another evidence of molecular breakdown was the increase in PL intensity. 

As shown in Figure 15b, samples presented the common blue emission under 365 nm radiation. 

The increase of PL intensity (Figure S22) was observed as far as the time increased, especially 

for Mg2Al-Fol-HT150/4-6h series. According to Abramova et al. (2020), such feature could be 

related to molecular backdowns of folic acid because the bonds rupture ceases the self-

quenching of the excited electron transfer from PT to p-ABA group, improving the radiative 

decay.  

Spectral changes in FTIR were more evident for samples hydrothermally treated at 180 

°C, indicating that the carbonization of species from molecular breakdown was intensified. The 
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main alterations were related to PT ring (bands at 1580 cm-1 and 1300 cm-1 region), C4=O (1680 

cm-1 region), and –COO- (1500 and 1400), as represented in Figure 16b and 17b. The presence 

of aromatic groups originated from p–ABA was noticed over 6 h of treatment at 180 °C, as 

indicated by the band at 1600 cm-1 region (Figure S20). UV-VIS showed the intensity decrease 

of the band at 360 nm, strengthening the proposal of decomposition of amidic C=O groups and 

formation 6-FPT. A broad shoulder at 450-500 nm was observed, but it was more accentuated 

for Zn2Al-HFol hydrothermally treated at 180 °C, as represented in Figure S21. It can be 

attributed to the charge transfer from C-dots to ZnO semiconductor (Yu et al., 2012). Such 

spectral changes were also observed in UV-VIS spectrum of Zn2Al-Fol-HT150/4h (Figure 

S21c). Since the ZnO formation (Figure S18c) was observed for Zn2Al-Fol-HT150/4h and 

Zn2Al-HFol-HT180/3-6h samples, the results endorsed that the high carbonization of folate 

anions are driven by the stability of hydroxylated layer, as discussed before (section 3.3). No 

noticeable change in PL and PLE spectra was observed for samples prepared at 150 °C. 

However, a hypochromic shift from 285 to 275 nm of PLE band was observed for samples 

prepared at 180 °C (Figures S21, 16b and 17b), indicating the partial decomposition of PT and 

p-ABA.  

The hydrothermal treatment at 180 °C led to a significant decrease in PL intensity for 

materials obtained from Mg2Al-Fol (Figure S22b), probably because the deintercalation of 

folate anion that contributed to an uncontrolled carbonization. On the other hand, the highest 

PL intensity in the Zn2Al-HFol series was observed for Zn2Al-HFol-HT180/3h, but it decreased 

again for Zn2Al-Fol-HT180/6h (Figure S22d).  

Hydrothermal carbonization may not be the best approach to obtain LDH/C-dots 

nanocomposite when Mg2Al-Fol was used as a precursor. In this case, pyrolysis/reconstruction 

should be the method considered. However, luminescent nanocomposites based on ZnO could 

be achieved from the hydrothermal treatment of Zn2Al-HFol and Zn2Al-Fol. Such ZnO-
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nanocomposites could be potentially applied as antimicrobial agent (Gao et al., 2021) and 

heterogeneous photocatalyst (Yu et al., 2012).  

 

5. Conclusion  

 LDH-FA materials were suitable precursors for carbon-based nanocomposites 

constituted of LDO or LDH. The carbonization of folate anions was controlled by their 

intercalation into LDH structure. The layer chemical composition was the main factor 

influencing the carbonization of organic species and it was observed to be more intense for 

Zn2Al-LDH materials. It could be attributed to its lower temperature of dehydroxylation in 

comparison with Mg2Al-LDH counterpart. Pyrolysis in isothermal condition at 360 °C 

presented a similar effect of pyrolysis in temperatures value of 410-430 °C and was more 

important for Mg2Al-LDH due to the low rate of carbonization promoted by such material. The 

formation of graphitic carbon was achieved above 500-600 °C. Furthermore, the crystallization 

of oxides (e.g., MgO and ZnO) was precluded, being initially observed at 800 °C, because of 

the carbonaceous material formed during the pyrolysis.  

LDO-C materials were successfully restored into the LDH-C structure. A transition from 

the inherited-precursor structure to the LDH-CO3 phase was observed in the peak temperature 

(DSC curves) values attributed to the first decomposition step of folate anions. Such a 

phenomenon was correlated to the decomposition of anionic groups of organic species (e.g., 

C4–O- and/or -COO-). Nanocomposites based on carbonaceous materials intimately mixed 

within the reconstructed LDH layers were obtained from precursors pyrolyzed up to 600 and 

800 °C, from Zn2Al-HFol and Mg2Al-Fol, respectively. At higher temperatures, phase 

segregation was observed.  

LDH-FA were also potential precursors of LDH/C-dots nanocomposites. Based on the 

PL intensities of the composite materials, the best temperature range was below the peak 
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temperature (DTG curve) of the first decomposition step of folate anion, around 410-430 °C. 

At higher temperatures, the decomposition of the functional organic group of folate was 

observed, making the PL intensity decrease. Hydrothermal carbonization was not appropriate 

for the production of LDH/C-dots from Mg2Al-Fol because of the folate deintercalation during 

the process. However, luminescent nanosized ZnO-carbon nanocomposite was obtained 

through the hydrothermal treatment of Zn2Al-HFol at 180 °C for 3 h. Further experiments 

should evaluate the nanostructure of carbonaceous materials formed inside the layers by acid 

solubilization of the LDH phase. Besides, additional characterization (i.e., XPS, XANES-

EXAFS and 27Al-NMR) of nanocomposites must be carried out to access the degree of LDH 

reconstitution and the possible presence of structural defects promoted by the thermal treatment. 

This work will be helpful to the development of multifunctional nanocomposites based on 

graphite-like materials and LDH or LDO, with the potentiality to be applied in plenty of fields, 

from nanomedicine to environmental protection.  
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Table S1. Interplanar distances dhkl and 2 (CuK) values from X-ray diffraction data of LDH-CO3 and 

LDH-CMC. The indexation of diffraction peaks is based on R-3m space group.  

hkl 
Zn2Al-CO3 Mg2Al-CO3 Zn2Al-CMC Mg2Al-CMC 

2 () d (nm) 2 () d (nm) 2 () d (nm) 2 () d (nm) 

(003) 11.729 0.754 11.570 0.765 3.543 2.492 5.047 1.750 

(006) 23.562 0.378 23.290 0.382 6.156 1.435 10.578 0.836 

(009) 35.809 0.251 -- -- 10.130 0.873 -- -- 

(101) 33.968 0.264 -- -- -- -- -- -- 

(012) 34.675 0.259 34.905 0.257 33.930 0.264 35.270 0.254 

(104) 37.379 0.241 -- -- -- -- -- -- 

(015) 39.300 0.229 39.406 0.229 -- -- -- -- 

(107) 44.078 0.205 -- -- -- -- -- -- 

(018) 46.866 0.194 46.788 0.194 -- -- -- -- 

(0012) 48.145 0.189 -- -- -- -- -- -- 

(1010) 53.090 0.172 52.899 0.173 -- -- -- -- 

(0111) 56.491 0.163 56.242 0.164 -- -- -- -- 

(110) 60.306 0.153 60.853 0.152 60.547 0.153 61.208 0.151 

(113) 61.663 0.150 62.161 0.149 -- -- -- -- 

(1013) 63.823 0.146 63.395 0.147 -- -- -- -- 

(116) 65.645 0.142 66.054 0.141 -- -- -- -- 

(0114) 67.751 0.138 -- -- -- -- -- -- 

d003 (nm) 0.754 0.765 2.492 1.750 

c (nm) * 2.262 2.295 7.476 5.250 

a and b (nm) 0.306 0.304 0.306 0.302 

(*) c parameter was calculated considering c = 3 × d003; (#) a/b parameter was calculated considering a = 2 × d110. 

mailto:vrlconst@iq.usp.br


 

 

207 
 

 

Figure S1. XRD pattern of sodium carboxymethylcellulose (NaCMC). 

FTIR-ATR and Raman Spectra of LDH-CO3 Samples 

The infrared spectra of Zn2Al-CO3 and Mg2Al-CO3 are presented in Figure 4 in the main text. The 

broad band in the region between 3700–3100 cm−1 can be attributed to the stretching vibrations of the 

hydroxyl groups (OH) from inorganic layer and the water molecules hydrogen-bonded. The shoulder 

at 3020 cm−1 region is assigned to OH of H2O molecules interacting with CO32− by hydrogen bonding 

while the band at 1600–1635 cm−1 is related to the in-plane bending vibration of H2O [1–4]. The bands of 

carbonate ions are observed in the region of 1354 cm−1 (antisymmetric stretching, 3), 860 cm−1 (out of 

plane, 2) and 680 cm−1 (in-plane bending, 4) [1,4,5]. In the region below 1000 cm−1, the spectra show 

bands attributed to the lattice vibrations modes of the groups M-O-M and HO-M-OH (M = Zn2+, Mg2+, 

Al3+). The strong band at 760 cm−1 is attributed to antisymmetric bending vibrations of HO-Al-OH 

groups [3,6] while the band at 674 cm−1, only observed in Mg2Al-CO3 spectrum, can be attributed to 

antisymmetric bending of HO-Mg-OH groups.  

FT-Raman spectra of Zn2Al-CO3 and Mg2Al-CO3 are also presented in Figure 4 in the main text. 

The broad band in the 3140 cm−1 region is attributed to the stretching vibrations of the layer hydroxide 

ions (OH) and the H2O molecules. The band at 1060 cm−1 is assigned to symmetric stretching (1) of 

carbonate anion [1,5]. The band at 495 cm−1 is attributed to the antisymmetric stretching lattice of M2+-

O-Al [3] and shown to be dependent of M2+ cation, being more intense to Zn2+ possibly owing to its 

higher polarizability than Mg2+. A tentative attribution of the main vibrational bands is presented in 

Table S2.  
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Table S2. Vibrational data of Zn2Al-CO3 and Mg2Al-CO3 samples. 

Zn2Al-CO3 Mg2Al-CO3 
Tentative Attribution Reference 

FTIR Raman FTIR Raman 

3700–3100 3143 3700–3100 3143 OH (M-OH and H2O) 
[1–4] 

3026 (sh) -- 3026 (sh) -- OH (H2O---CO32−) 

1400(sh) -- 1400(sh) -- 3CO32- 
[1,4,5] 

1351 -- 1358 -- 3CO32- 

1632 -- 1600 -- ipH2O [1–4] 

1058 1060 1058 1059 1CO32- [1,4,5] 

946 (sh) -- 946 (sh) -- Al-O-H [6] 

863 (sh) -- 863 (sh) -- 2CO32− [1,4,5] 

760 -- 760 -- as(HO-Al-OH)l [3,6] 

-- 698 688 (sh) 698 4CO32− [1,4,5] 

-- -- 674 -- as(HO-Mg-OH)l [3] 

630 -- 630 (sh) -- s(HO-Al-OH)l [3] 

556 -- 558 -- as(M2+-O-Al)L [3] 

-- 565 -- 565 s(M2+-O-Al)L [3] 

525 -- -- -- as(HO-Zn2+-OH)l [4] 

 495 -- 483 s(M2+-O-Al)L [3] 

423 -- 440 (sh) -- as(M2+-O-Al)L [3] 

-- 155 -- 151 (-+-) [7] 

 = stretching;  = bending; s: symmetric; as: antisymmetric; ip: in plane; sh: shoulder; L: lattice; l = 

vibrations; M2+ = divalent cation; 1 = symmetric stretching; 3 = antisymmetric stretching ; 2 = bending 

out of plane; 4 = bending in plane. 

 

 

Figure S2. TG-DSC (up) and DTG-MS (down) curves of sodium carboxymethylcellulose (NaCMC) 

under N2 atmosphere. 
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Table S3. Chemical analysis data and proposed formula for LDH-CO3 and LDH-CMC samples. 

Sample Proposed Formula $ %C † %H2O * 

Mg2Al-CO3 [Mg2.00Al(OH)6.00](CO3)0.50∙2.43 H2O 
-- 

(2.39) 

17.40 

(17.40) 

Zn2Al-CO3 [Zn2.14Al(OH)6.28](CO3)0.50∙3.28 H2O 
-- 

(1.66) 

16.30 

(16.30) 

Mg2Al-CMC [Mg2.18Al(OH)6.36](RU)1.15(Cl)0.20∙2.36 H2O 
20.80 

(20.90) 

8.80 

(8.68) 

Zn2Al-CMC [Zn1.84Al(OH)5.68](RU)1.43(Na0.23RU0.33)∙2.88 H2O 
22.80 

(22.80) 

7.56 

(7.56) 
$ M2+/Al3+ metal ratio was calculated from ICP OES; † calculated from carbon elemental analysis; * 

calculated from TG curves; RU: (C6H10O5)(C2H2O2)0.7; () values obtained based on the proposed formula. 

 

 

Figure S3. Raman spectra (exc. = 532 nm) of NaCMC and LDH-CMC samples. 

 

FTIR-ATR Spectra of LDH-CO3 Calcined Samples 

FTIR-ATR spectra of calcined samples (MMO/C nanocomposites) are shown in Figure S4 . LDH-

CO3 samples submitted to the same conditions than LDH-CMC materials were analysed by this 

vibrational technique for comparison. Zn2Al-CO3 sample heated at 500 °C presents two remarkable 

bands at 1532 cm−1 and 1388 cm−1 attributed to the split of 3 vibrational mode of carbonate anion. These 

vibrational bands present  equal to 144 cm−1 and can be assigned to CO32− ion coordinated to the layer 

metal cations [8]. Coordination process also activates the 1 mode of carbonate. The 3 bands are also 

noticed with low intensity in the spectrum of Zn2Al-CO3 calcined at 600 °C but are practically absent in 

FTIR-ATR spectra of samples calcined at 800 and 1000 °C. Hence, carbonate coordination to metal sites 

of LDH layers can explain the thermal profile observed above 500 °C for Zn2Al-CO3 sample (Figure 5 in 

the main text). Mg2Al-CO3 spectra also show bands at 1600–1350 cm−1 region but with different shape 

that can be attributed mainly to absorption of atmospheric carbon dioxide at high basic surface of 
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calcined samples [9,10] (spectra were recorded in ex situ mode). In general, bands observed bellow 900 

cm−1 are assigned to vibrational modes of M-O bonds, as presented in Table S2.  

 

  
(a) (b) 

Figure S4. FTIR-ATR spectra of Zn2Al-CO3 (a) and Mg2Al-CO3 (b) samples calcined at 500, 600, 800 and 

1000 °C under N2 atmosphere. 

 

 

 

(a) (b) 

Figure S5. XRD patterns of M2Al-CMC samples calcined at 1000 °C under synthetic air (a). Pictures of 

M2Al-CMC samples calcined at 1000 °C under synthetic air or nitrogen atmosphere, indicating the 

percentage of residue after each heating process (b).  
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Figure S6. SEM image of Mg2Al-CO3 sample. 

 

Thermodynamic Considerations about Carbothermic Reaction 

Thermodynamic parameters were used to calculate the Gibbs free energy of carbothermic reaction 

(ΔRG°) between graphite carbon and metal oxides (ZnO and MgO). The standard molar thermodynamic 

parameters of each substance at 25 °C are shown in Table S4 and the results are presented in Table S5.  

Table S4. Standard molar thermodynamic parameters of substances at 25 °C. 

Substance State Δf H° kJ mol−1 S° J K-1 mol−1 Δf G° kJ mol−1 Reference 

C(graf.) s 0 5.74(10) 0 [11] 

CO g −110.53(17) 197.660(4) −137.16 [11] 

ZnO s −348.280 43.64 −318.30 [12] 

Zn0 
s 0 41.63(15) 0  

g 130.40(40) 160.990(4) 95.14 [11,12] 

MgO s −601.6 26.95 −569.3 [11,12] 

Mg0 
s 0 32.67(10) 0  

g 147.1(8) 148.648(3) 113.10 [11] 

Table S5. Standard molar thermodynamic values for the carbothermic reaction between graphitic carbon 

and zinc or magnesium oxides at 25 °C. Values calculates from data presented in Table S4. 

Chemical Equation of Reaction 
ΔR H°  

kJ mol−1 

ΔR S°  

J K-1 mol−1 

ΔR G°  

kJ mol−1 
TRS (°C) Texp * (°C) 

ZnO(s) + C(s) → Zn0(v) + CO (g) 368.15 309.26 276.29 917 >880 

MgO(s) + C(s) → Mg0(v) + CO (g) 638.28 313.62 545.24 1762 -- 

TRS = temperature of reaction spontaneity; * taken from the thermal analysis result (Figure 5). 

 

Carbothermic reactions are obviously not spontaneous at 25 °C but the entropy (ΔRS°) is positive 

and the reactions tend to become spontaneous with increasing of the temperature. The value of 

temperature to promote a spontaneous carbothermic reaction (TRS) was estimated considering that ΔRH° 

and ΔRS° do not change significantly and the equilibrium conditions. The calculated TRS value suggests 

that carbothermic reaction for ZnO reduction tends to become spontaneous above 917 °C, a value very 

close to that one observed in this work (880 °C). For MgO, the TRS value is much higher (1762 °C) than 

for ZnO. The results of calculations agree with the processes experimentally observed. 
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Figure S7. EDS spectra of Zn2Al-CMC sample pyrolyzed at 800 °C. 

 

Figure S8. EDS spectra of Zn2Al-CMC sample pyrolyzed at 1000 °C. 
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1. Reviewing pterin tautomerism and mesomerism 

Pterin (PT) comprises of two fused heterocyclic 6-membered rings (pyrimidine and 

pyrazine). The neutral PT group (in folic acid, FA, and HFol2-) can exist in different tautomeric 

forms while the anionic PT (in Fol3-), in different mesomeric forms (Figure A.1).  

 

 

Figure A.1. a) Molecular structure of FA; b) Tautomeric equilibrium of neutral PT moiety (in 

FA and HFol2-): lactim (enol), 1-lactam (keto) and 3-lactam (keto) tautomers; and c) mesomer 

resonance structures of anionic PT (in Fol3-): amidate and enolate mesomers. Highlighted in 

green are the most stable tautomeric and mesomeric forms of neutral and anionic PT moiety, 

respectively.  
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FA (Figure A.1a) are usually represented in literature both as 1- or 3-lactam (keto) [1–4] 

and lactim (enol) [3,5–7] tautomeric forms. As represented in Figure A.1b, neutral PT may 

exhibit a keto-enol equilibrium between C(4)=O and N(3)-H groups, and further, the keto form 

can present two different tautomeric species, comprising the proton bonded to N(3) or N(1) 

atom. To the best of our knowledge, no data were recorded for tautomeric equilibrium constants 

of FA or PT. However, different DFT studies of pyrimidinone derivatives (including HFol2- 

and 6-methyl-pterin in the simulated aqueous environment) showed that the thermodynamic 

stability of tautomers in water follows the order: 3-Lactam > 1-Lactam > Lactim [4,8–10]. In 

addition, theoretical calculations of pyrimidinone derivatives, as guanine and inosine, predicted 

that the content of 3-Lactam tautomer in water corresponds to almost 100% of the species 

[9,11].  

According to Gocheva et al. [4], by means of theoretical (applying DFT and PCM) and 

experimental 13C-NMR results for HFol2-, the 3-Lactam and 1-Lactam forms could be present 

in water in a dynamic equilibrium, but the former is theoretically predicted to be the 

predominant and the most stable tautomer species independent of the conformer. No 

experimental evidence of the enol form presence was observed, as also noticed in previous 

works about 4-pyrimidinone (vibrational IR spectral analysis) [12] and iosine (IR and Raman 

analysis) [11]. In the case of anionic PT moiety, DFT calculations by the water solvation model 

indicated that the enolate ion (Figure A.1c) is the most stable mesomeric form [10,13]. 

Furthermore, the deprotonation of PT group can lead to an increase in the pyrimidine ring 

aromaticity [10].  

In the solid state, the tautomeric predominance of pyrimidinone derivatives is also 

experimentally observed to be the 3-Lactam form [8]. In fact, crystallographic data of FA 

dihydrate crystal establish the molecule being in the 3-Lactam form [14–16]. Furthermore, 

crystallographic data of anionic PT coordinated to rhenium(I) support the presence of enolate 
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anion species complexed to the metal [17]. Taken in account chemical concepts and the 

literature data [4,8,10–18], the interpretation of the results in this work considered the 3-Lactam 

as the most representative tautomer for FA and Na2HFol, and the enolate anion as the 

mesomeric form for Na3Fol.  

.  
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2. Crystal structure of FA dihydrate 

 
Figure A.2. Crystal structure of FA dihydrate viewed from the b-axis (top) and a-axis (middle); and its 

molecular conformation (down). Color of the atoms: carbon in grey; hydrogen in white; oxygen in red; 

and nitrogen in blue. The figure was drawn by using VESTA[19] software and the CIF obtained from 

the Cambridge Crystallographic Data Centre (CCDC N 1489544) provided by reference [15].  
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3. FA self-assembly  

To the best of our knowledge, the crystal structures of Na2HFol and Na3Fol are not 

reported in the literature. On the other hand, the structure of FA and derivatives are studied in 

solution, and they can form supramolecular structures afforded by H-bonds and π–π interaction 

[20–24]. The molecular arrangement can be tuned on different structures as ribbon- and disk-

like, according to the supramolecular agent concentration, the solvent, and pH value of the 

media [20–24]. In water, the most expected supramolecular structure for dianionic  folate 

(HFol2-) is the disk-type arrays of folate tetramers [20–22], as represented in Figure A.3.  

 

 

Figure A.3. Scheme of self-assembly of dianionic folate ions in water leading to the formation of disk-

like tetramers (left) and π–π stacking of discotic tetramers forming columns (right). Adapted from works 

of Spada and co-workers [20–22]. 
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According to Spada and co-workers [20–22], the self-assembly into disk-like tetramers 

occurs through intermolecular hydrogen bonds involving N(3)-H···O=C(4) and N(2a)-

H···N(5) groups of PT moiety, and the discoid tetramers pile up by π–π stacking forming 

columns [20–22]. The distance between the disks in the column is in the range of 0.33-0.35 nm 

[20–22,25], and thus, it is reasonable to attribute the diffraction peak at 27.10° (ca. 0.33 nm) in 

the XRD of Na2HFol sample (see the main text; Figure 2) to the distance between the disk-like 

tetramers.  
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4. Electronic UV-VIS spectra of FA revisited 

Aiming to evaluate the electronic absorption spectra of monomeric anionic species of 

deprotonated FA in water, a titration in the pH values from 4.32 to 9.96 was performed, and the 

solution was analyzed by UV-VIS spectroscopy (Figure A.4).  

 

Figure A. 4. Experimental electronic UV-VIS spectra of FA titrated with sodium hydroxide (0.1 mol L-

1) in aqueous media. pH value was ranged from 4.32 to 9.96, and pHi indicates the initial value after the 
dissolution of FA. On the bottom, the titration results are compared with the wavelength of maximum 

absorption (abs) of some anions of FA moieties. 1 and 2: abs values of neutral and anionic PT (in black) 

according to Wolcan [26]; and empirically estimated abs values for monovalent and divalent p-
methylaminobenzoyl-L-glutamic acid (in red), based on experimental results from Off et al. [27] and 

Szakács and Noszál [28] for p-ABA-Glu; 3 for comparison purposes: the abs values of methotrexate 
(MTX, in blue), according to Ayyappan et al. [29].  
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According to FA speciation (Figure 1 in the main text), the species varied mainly from 

H2Fol1- (pHi = 4.32) to HFol2- (pH = 6.03-7.22) and Fol3- (pH = 8.61-9.96).  The electronic 

spectra of H2Fol1- and HFol2- present almost the same profile with main bands centered at about 

280 nm and 346 nm. Moreover, the UV-VIS spectra of such species are closely similar to that 

of FA in DMSO recorded in the literature [30].  Glu moiety presents no absorption in the 

analyzed UV-VIS region [31], and its deprotonation does not influence in the electronic 

absorption profile. Therefore, it is difficult to differentiate H2Fol1- and HFol2- species in water 

by ordinary UV-VIS analysis. Alternately, the electronic spectrum of Fol3- presents a different 

profile with bands centered at 256 nm, 284 nm, and 365 nm.  

The spectra of anions from FA are similar to the sum of the spectra of p-ABA-Glu [27,28] 

and PT [26] recorded in the literature (Figure A.4). The UV-VIS electronic spectrum of p-

ABA-Glu presents a band in the region of 275 nm regardless if the species is neutral, 

monoanionic or dianionic [27,28]. Consequently, it is not expected a huge change of related 

electronic transition bands with the increasing of the pH values. Besides, applying empirical 

rules considering the -NH(CH3) group instead of -NH2 in the para position, such band is 

estimated to be located in the 290 nm region [32]. On the other hand, the UV-VIS electronic 

spectrum of PT changes according to the pH value of the media. The neutral form presents 

absorption bands at 270 nm and 340 nm whereas, for the deprotonated PT, the higher-energy 

band is blue shifted to 252 nm and the lower-energy band is redshifted to 358 nm [26]. 

Considering such information, the electronic transition bands were attributed (Figure A.4):  

(I) H2Fol1- and HFol2-: the band at 280 nm is attributed to the π–π* electronic transition 

of both p-ABA-Glu [33–35] and PT moieties[26,36]. The band at 346 nm is assigned 

to π–π* and n–π* electronic transition of PT group [26,36].  

(II) Fol3-: the band at 256 nm is attributed to the π–π* of deprotonated PT group in Fol3- 

species [26,35–37]. The band at 280 nm is slightly redshifted to 284 nm and is 
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attributed to the π–π* electronic transition of p-ABA-Glu [33–35], while the band 

at 365 nm is attributed to π–π* and n–π* of PT group [26,36,37]. In addition, the 

UV-VIS spectrum of Fol3- is similar to that of antifolate methotrexate (MTX) [29]. 

Such electronic behavior may be attributed to the naphthalenoid structure, which 

agrees with the enolate mesomer form as the most stable for Fol3- (see Figure A.1).  
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5. Thermal Analysis (TG/DTG-DSC) coupled to mass spectrometry (MS) under N2 

atmosphere 

According to Vora et al. [38], FA does not present an apparent temperature of melting point 

because the sample seems to melt and decompose in three overlapped steps around 250°C. On 

the other hand, the supplier indicates that the melting of FA occurs above 250 °C and the 

literature states that FA decomposes (darkens followed by charring) at this temperature [39,40].  

The decomposition temperature of FA, Na2HFol and Na3Fol in N2 atmosphere were 

respectively estimated at 200 ºC, 270 ºC and 300 ºC, when considering the beginning of 

releasing of fragment m/z = 44 assigned to CO2 (MS curve; Figure A.5a). The events coincide 

with endothermic peaks in DSC curves centered respectively at 210 ºC, 296 ºC and 338 ºC that 

could indicate a phase transition. However, analyzing the samples in a melting point apparatus, 

instead of melt, it was only visually the darkening of samples (see pictures in Figure A.5b) 

starting around 210 °C, 280°C and 300°C, respectively. In addition, the sample becomes soaked 

after such change of color, which can indicate the formation of volatile products during the 

decomposition, in consonance with the endothermic peaks in the DSC curve (Figure A.5b). 

Based on the literature, it is proposed that some of such volatile products are 2-pyrrolidone  and 

aniline from the decomposition of Glu [41] and p-ABA [42] moieties, respectively. With the 

temperature increasing, samples became black, indicating a charring. 
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Figure A.5. a) DSC-TG-MS curves of FA and folate sodium salts in N2 atmosphere. Dashed lines 

indicate the DSC temperature values; b) pictures of transformations visualized when submitting FA and 

its salts to heating under ambient atmosphere and pressure in the heating block of the melting point 

apparatus.  
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6. Thermal Analysis (TG/DTG-DSC) coupled to mass spectrometry (MS) under air 

atmosphere 

Carbonized matter can be generated in the process of thermal oxidation of organic 

molecules and sodium salts [42,43]. The exothermic peak around 720 °C on the DSC curve of 

FA sample (see Figure 4a in the main text) can indicate the oxidation of carbonaceous residue 

(exp. 2.1%). The small weight loss events around 530-740 °C, observed in the analysis of salts, 

are associated with the release of different gaseous products (detected by MS, Figure 4b in the 

main text). For Na2HFol, only the release of CO2 could be observed in the event occurring in 

the 528-700 °C range. On the other hand, for Na3Fol, the event around 547-740 °C releases NO, 

NO2 and CO2. 

The thermal oxidation of glutamate moiety in both salts sample can initially conduct to 

the formation of Na2C2O4 and/or Na2CO3, followed by the conversion of Na2C2O4 to Na2CO3 

at around 500 °C, as observed for alkali metal formates [44]. Sodium cyanate can be also 

generated either by a reaction between Na2CO3 and an amidic group (as exemplified in 

Equation 1 [45]) or by the decomposition of anionic PT having sodium as the counter ion. 

 heat   

Na2CO3 + 2 OC(NH2)2  2 NaNCO + CO2 + 2 NH3 + H2O (1) 

                       (urea) (dry)   

 

The proposal of NaNCO formation is supported by the presence of endothermic peak at 

538 °C followed by an exothermic event around 670 °C in DSC curves (Figure 4 of the main 

text) that are attributed to the melting point and decomposition of NaNCO, respectively. The 

interpretation was made in light of the work of Dong et al. [46]. The authors reported that for 

pure NaNCO, the melting process occurs at 537/563°C and the decomposition into Na2CO3 is 

observed in the range of 550-750 °C (Tonset on TG at 627°C) with an exothermic peak at 683°C. 

Residual mass at 800 °C is consistent with Na2CO3 (melting point 851 °C, endothermic peak in 

DSC curve, Figure 4a in the main text), which is decomposed into Na2O above 860°C 

(incomplete at 1000 °C) [46].  
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Table A.1  
Thermal analysis data of FA, Na2HFol and Na3Fol samples under air atmosphere. 

Samplea eventb step 
Temp. range 

(°C)c 
Tp (°C)d# %wt. losse 

C19H19N7O6‧2.1H2O dhyd. 1st 30-172 121 7.9 (7.5) 

Folic acid (I) 2nd 198-292 252 12.5 

 (II) 3rd 292-391 362 15.0 

 (III) 4th; 5th; 6th 391-528 421; 466; 532(sh) 25.6 

 (IV) 7th; 8th;  528-707 567; 656sh;  38.6 

 (V) 9th 707-740 704(sh); (718) 2.1 

Na2C19H17N7O6‧2.3H2O dhyd. 1st 30-200 85 7.6 (8.5) 

Na2HFol (I) 2nd 267-323 315 7.8 (7.7) 

 (II) 3rd 323-383 350 15.8 

 (III) 4th; 5th 383-528 402(sh); 447 43.0 

 (IV) 6th 528-700 636;(538; ~ 670) 3.5 

Na3C19H16N7O6‧2.8H2O dhyd. 1st 30-205 86 9.0 (9.6) 
Na3Fol (I) 2nd 300-394 358 20.8 

 (II) 3rd 394-547 463; (~ 538) 36.6 

 (III) 4th 547-752 651; (670) 3.2 
aFormula proposed from thermal analysis results; bdhyd.: dehydration step; I-IV: events regarding the organic 

matter decomposition; 
cValues from TG/DTG-MS data; dValues from DTG and DSC curves; eValues in 

parenthesis are the expected percentage of water considering the proposed formulas. #Tp: temperature of DTG 

peak; (sh): shoulder 
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7. Structural simulation of FA, Na2Fol and Na3Fol by DFT 

 

 
 

Table A.2 

Bond Lengths (Å) and Bond Angles (deg) for the Most Stable Conformations of FA, Na2HFol 

and Na3Fol calculated at the B3LYP/6-311++G(d,p) Level of Theory. 

Parameter* 
Folic Acid  Na2HFol  Na3Fol 

Calculated Exp.a  Calculated  Calculated Exp.b 

Bond lengths (Å)  

C'-O' 1.206 1.243  1.271  1.271  

C'-O(H)' 1.358 1.346  1.270  1.270  

C-C' 1.509 1.461  1.525  1.525  

C'-O' 1.207 1.224  1.272  1.272  

C'-O(H)' 1.351 1.299  1.264  1.264  

C-C' 1.519 1.519  1.534  1.534  

C-N12 1.450 1.478  1.457  1.457  

C11-N12 1.372 1.345  1.360  1.362  

C11-O11 1.229 1.229  1.230  1.231  

C1’-C11 1.490 1.526  1.501  1.499  

C4’-N10 1.373 1.419  1.381  1.377  

C9-N10 1.438 1.458  1.438  1.440  

C4-O4 1.211 1.208  1.211  1.258 1.284 

C4-N3 1.408 1.391  1.409  1.367 1.327 

C2-N3 1.377 1.393  1.376  1.357 1.368 

C2-N2a 1.367 1.385  1.369  1.380 1.328 

C4-C4a 1.475 1.459  1.475  1.465 1.436 

C4a-C8a 1.414 1.412  1.414  1.418 1.404 

N1-C2 1.299 1.324  1.298  1.320 1.335 

N1-C8a 1.370 1.345  1.371  1.355 1.349 

Na···O'    2.203  2.202  

Na···O(H)'    2.198  2.197  

Na···O'    2.214  2.213  

Na···O(H)'    2.209  2.207  

Na···O(4)      2.187  

Na···N(3)      2.305  

O(4)---Re(I)       2.162  
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Table A.2  

Continued… 

Parameter* 
Folic Acid  Na2HFol  Na3Fol 

Calculated Exp.a  Calculated  Calculated Exp.b 

Bond Angles (°) 

O'-C'-O(H)' 122.26 122.65  122.97  122.95  

C-C'-O' 126.44 123.53  119.08  119.14  

C-C'-O(H)' 111.29 113.95  117.94  117.91  

O'-C'-O(H)' 122.56 122.45  123.41  123.36  

C-C'-O' 125.15 119.16  118.40  118.48  

C-C'-O(H)' 112.28 117.35  118.18  118.14  

C-C-C' 112.64 112.24  114.04  114.10  

C-C-C 114.03 116.35  114.30  114.32  

C'-C-C 112.06 106.24  111.41  111.46  

N12-C-C 111.63 110.15  111.18  111.18  

N12-C-C' 107.62 115.15  108.40  108.55  

C11-N12-C 120.35 118.04  122.65  122.48  

O11-C11-N12 116.99 122.94  122.27  122.09  

C1’-C11-N12 120.67 115.44  116.41  116.45  

C1’-C11-O11 122.34 121.64  121.31  121.47  

C2’-C1’-C11 124.34 124.80  124.26  124.24  

C6’-C1’-C11 117.81 115.19  117.94  118.04  

C9-N10-C4’ 124.21 121.74  123.20  123.70  

C6-C9-N10 110.78 111.74  110.98  110.54  

C7-C6-C9 120.98 120.54  120.87  120.93  

N5-C6-C9 118.88 117.84  119.02  118.81  

N3-C4-C4a 111.79 112.75  111.80  117.16 120.14 

N3-C4-O4 120.66 121.55  120.56  119.78 
 

O4-C4-C4a 127.55 125.74  127.63  123.06 

C2-N3-C4 124.36 123.44  124.37  118.81 116.64 

C4-C4a-C8a 119.42 119.52  119.38  117.74 118.54 

C4-C4a-N5 118.34 117.28  118.34  120.07 118.74 

N5-C4a-C8a 122.24 123.20  122.28  122.19 122.84 

N1-C2-N3 123.81 123.74  123.82  127.97 127.44 

N2a-C2-N3 116.45 114.84  116.39  115.63 115.74 

N2a-C2-N1 119.71 121.54  119.75  116.37 116.94 

*The hydrogen atoms in parentheses are just specifying the related oxygen atom; a data from 

reference [15]; bdata from reference regarding to a Re(I) complex [17].   
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8. IR and Raman vibrational spectroscopies 

 

 

Figure A.6. Experimental infrared (top) and Raman (bottom) spectra of commercial dihydrate 

FA. 
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Figure A.7. Experimental infrared (top) and Raman (bottom) spectra of Na2HFol. 

 

Figure A.8. Experimental infrared (top) and Raman (bottom) spectra of Na3Fol. 
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Figure A.9. Experimental (exp) and DFT calculated (calc) infrared (IR) and Raman spectra of 

FA. The DFT spectra are shown applying a 0.975 correction factor (in grey color) and 

unscaled (in green color). 
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Figure A.10. Experimental (exp) and DFT calculated (calc) infrared (IR) and Raman spectra 

of Na2HFol. The DFT spectra are shown applying a 0.975 correction factor (in grey color) and 

unscaled (in green color). 
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Figure A.11. Experimental (exp) and DFT calculated (calc) infrared (IR) and Raman spectra 

of Na3Fol. The DFT spectra are shown applying a 0.975 correction factor (in grey color) and 

unscaled (in green color). 

 

 

The assignments of the main bands were displayed in the main text (Table 2). Following, 

some other relevant bands are discussed by regions: 

1520-1460 cm-1 range. The bands in the range of 1540-1510 cm-1 and around 1480 cm-1 

region have the contribution of C11–N12 stretching () coupled to N12–H bending () (Amide 

II) and (C4’–N10)/(N10–H). Such observations agree with literature reported for peptide 

bonds [47,48] and secondary amines linked to benzene ring [49], respectively. In the 1520-1510 

cm-1 spectral range, bands are also predict to have contribution of C-C stretching of phenylene 
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ring (see the main text; Table 2), as it was already observed for p-ABA alkaline salts [50] and 

tyrosine/tyrosinase [51]. Regarding the vibration of CH2 groups, the DFT calculation revels a 

tendency of the frequency values of C9H2, CH2, CH2 groups deformations: scissoring (ca. 

1480-1400 cm-1) > wagging (about 1400-1300 cm-1) > twisting (ca. 1300-1050 cm-1) > rocking 

(below 1050 cm-1).  

1400-1240 cm-1 region. The in-plane (OH) vibrational modes are predicted in 1400-1340 

cm-1 and 1300-1230 cm-1 regions. The bands assigned to C–NH2 stretching mode are shown at 

about 1300 cm-1 for FA and Na2HFol (Table 2). The deprotonation of PT ring in the trisodium 

salt shifts this bands to higher energy region (about 1440-1350 cm-1) even though the 

calculation predicts that the C–NH2 bond is weaker (bond length gets longer) in Na3Fol (Table 

A.1). Such vibration seems to be coupled to PT ring stretching as it is shown by the vectors 

related to theoretical band at 1423 cm-1 (Figure A.16). The vibration is like the antisymmetric 

stretching of a guanidyl group (C linked to three N).  

1270-1110 cm-1 range. The C1’-C11 stretching are expected to occur in the 1270-1230 

cm-1 region for FA with a contribution to Amide III mode [52]. These vibrations occur at lower 

energy for the folates (1220-1215 cm-1), in line with the calculated increasing of this length 

bond (weakener force) from the protonated FA to its deprotonated form. FA spectrum displays 

bands of medium intensity around 1230-1180 cm-1 spectral region. The band at 1227 cm-1 is 

attributed to vibration modes of glutamic acid (Glu) and p-ABA units related to OH, CH and 

CH2 deformations, in addition to the in-phase combination of the N12H bending and the 

C11N12 stretching (Amide III) [52], also predicted to occur in the region of 1300 cm-1 and 1270 

cm-1. On the other hand, the folates show low intensity bands in the 1230 cm-1 region probably 

because the FA deprotonation. The C9–N10 stretching is observed in the 1200-1100 cm-1 

region. The band around 1190 cm-1 region can be attributed to (C9–N10) coupled to C–H 

bending (9a) of phenylene, in agreement with the literature [49,51]. The band at 1179 cm-1 can 
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be attributed to p-ABA and PT groups vibrations modes. According to DFT calculations for 

FA, bands in the region of 1140-1130 cm-1 are assigned to vibrations from all the three moieties 

of molecule, as: (i) (PT rings) + (NH2) + (N3H) +  (C7H), from PT moiety (ii) (C9N10) 

+ [18b]/D27 + (C11N12C), from p-ABA moiety; and (iii) (C–O)OH (also predicted in 

1180-1090 cm-1 region), from Glu moiety. From FA to salts, changes observed in above-

mentioned spectral range are associated to deprotonation of carboxylic groups, and from FA to 

Na3Fol, the changes are associated to PT deprotonation.  

Bellow 1110 cm-1 range. Regarding the C-C stretching of Glu moiety, bands are predicted 

bellow 1100 cm-1 region. Specifically for the C-C stretching of all Glu chain, (Glu)ch, bands 

are predicted in 1090-1050 cm-1, 950-930 cm-1 and 890-830 cm-1 regions by DFT calculations. 

Vibrations related to out-of-plane (COOH) group are envisaged in 1160-1050 cm-1 and 920-

870 cm-1 spectral region. In salts, out-of-plane (COO-) and (C-C) vibrational modes are 

foreseen to be slightly redshifted. Bands in the region of 1090-1080 cm-1 are attributed to NH2 

rocking () and (PT rings). NH2 is also predicted to contribute with bands in 1140-1100 cm-

1, 1000-970 cm-1 and 870 cm-1 spectral regions. 
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Figure A.12. Correlation between experimental and calculated (DFT method) wavenumber 

from IR and Raman spectra of FA, Na2HFol and Na3Fol, excluding the bands above 1610 cm-

1.  
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Figure A.13. Some vibrational modes for FA and Na2HFol obtained by DFT calculations. 

 

 

Figure A.14. Some vibrational modes for FA and Na3Fol obtained by DFT calculations. 
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Figure A.15. Some vibrational modes for FA and Na3Fol obtained by DFT calculations. 
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Figure A.16. Some vibrational modes for FA and Na3Fol obtained by DFT calculations. 
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Figure A.17. Some vibrational modes for FA and Na3Fol obtained by DFT calculations. 
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Figure A.18. Some vibrational modes for FA and Na3Fol obtained by DFT calculations. 
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9. Solid state 13C-NMR spectroscopy 

 

 

Figure A.19. Experimental and DFT calculated solid-state 13C NMR spectra of FA, Na2HFolate 

and Na3Folate. 
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Figure A.20. Experimental versus calculated (DFT) 13C chemical shifts for: a) FA; b) 

Na2HFolate and c) Na3Folate. 

  

a) 

b) 

c) 
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1. Supplementary experimental  

  

1.1. Chemicals  

Folic acid di-hydrated (C19H19N7O6∙2H2O; ≥ 97%) was purchased from Sigma-Aldrich 

and used as received. The folate sodium salts Na2C19H17N7O6‧2.5H2O (Na2HFol) and 

Na3C19H16N7O6‧3.0H2O (Na3Fol) were prepared by the stoichiometric reaction between FA and 

NaOH aqueous solution, and the chemical formula was determined by simultaneous 

thermogravimetric analysis and differential scanning calorimetry coupled to mass spectrometry 

(TGA/DSC-MS) in air atmosphere, as reported in previous work [1]. Dimethyl sulfoxide 

(DMSO) was also supplied by Sigma-Aldrich. 

 

1.2. Patterns used for the interpretation of TGA-FTIR data 

 

Figure S1. Infrared spectra of gaseous molecules taken from NIST [2] and HITRAN [3] 

database and compared with the spectra of gaseous/volatile products released during the 

pyrolysis of samples.  
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1.3. Purification of C-dots extracted in NaOH aqueous solution  

 

 
Figure S2. Water samples from dialyzes (purification step) of the C-dots obtained from FA 

pyrolyzed at 350 °C and extracted with aqueous NaOH solution (0.1 mol L-1).  
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2. Supplementary Results  

2.1. TGA-FTIR and TGA-MS data of FA and folate salts 

Table S1. Data from TGA-MS and TGA-FTIR curves for folic acid and sodium folate salts 

samples. 

 

Folic Acid (C19H19N7O6∙2H2O) 

event# Temp. (°C) %Mass EGA (TG-MS and TG-FTIR) 

dehy 30-175 6.9 H2O 

I 200-350 22.4 H2O, CO2, NH3; aniline; 2-pyrrolidone 

II 350-570 25.9 
H2O, CO2, NH3; CO; NO; N2O; HCN; HNCO; aniline; 

2-pyrrolidone; C3H5
 (m/z 41) 

III 570-800 14.5 H2O, CO2, NH3; CO; NO; N2O; HCN; HNCO 

IV 800-1000 6.3 CO2, CO; NO; HCN; HNCO 

Na2HFol (Na2C19H17N7O6‧2.5H2O) 

event# Temp. (°C) %Mass EGA (TG-MS and TG-FTIR) 

dehy 30-190 4.9 H2O 

I 260-320 5.1 H2O, CO2, NH3; aniline; HNCO 

II 320-430 26.0 
H2O, CO2, NH3; CO; NO; N2O; HNCO; aniline; 2-

pyrrolidone; C3H5
 (m/z 41) 

III 430-570 8.8 
H2O, CO2, NH3; CO; NO; N2O; HCN; HNCO; aniline; 

C3H5
 (m/z 41) 

IV 570-725 12.3 H2O, CO2, NH3; CO; NO; N2O; HCN; HNCO  

V 725-1000 38.1 H2O, CO2, NH3; CO; NO; HCN; HNCO  

Na3Fol (Na3C19H16N7O6‧3.0H2O) 

event# Temp. (°C) %Mass EGA (TG-MS and TG-FTIR) 

dehy 30-220 7.9 H2O 

I 300-430 25.0 
H2O, CO2, NH3; CO; NO; N2O; HNCO; aniline; 2-

pyrrolidone; C3H5
 (m/z 41) 

II 430-600 16.6 H2O, CO2, NO; CO; NH3; HNCO 

III 600-800 18.6 H2O, CO2, NO; CO; NH3; HNCO 

IV 800-1000 24.0 H2O, CO2, NO; NO+ 
#dehy: dehydration; Roman numbers indicates the degradation steps; *EGA: Evolved gas 

analysis carried out by TG-MS and TG-FTIR. 
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Figure S3. (a,d) 3D plot of TGA-FTIR data, (b,e) contour map (yellow and blue colours are 

defined as intensity increasing and decreasing, respectively), and (c,f) FTIR spectra of 

gases/volatiles identified (at selected temperature ranges) for (a-c) Na2HFol and (d-f) Na3Fol 

samples.   
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Figure S4. Integrated absorbance of TGA-FTIR curves for FA, Na2HFol and Na3Fol: (a) CO2 

(2360 cm-1), (b) NH3 (966 cm-1), (c) CO (2114 cm-1), and (d) 2-pyrrolidone (1760 cm-1) and 

aniline (1622 cm-1). The intensities were normalized taking into account the mols number of 

FA and salts used in TGA/DSC analysis.  

 

 
Figure S5. TGA-MS curves of FA, Na2HFol and Na3Fol: (a) m/z = 18 (H2O), (b) m/z = 30 

(NO), (c) m/z = 41(allyl radical -C3H5), and (d) m/z = 43 (HNCO). The intensities were 

normalized takin into account the mols number of FA and salts used in TGA/DSC analysis.   
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FA presented a higher dehydration temperature in comparison to its sodium salts, as 

observed in Fig. 2 (main text) and Fig. S5a, possibly due to entrapment of water into crystalline 

lattice. In folic acid dihydrate, the water molecules are hydrogen bonded to oxygen and nitrogen 

atoms of FA molecule and belong to the structure. Therefore, it is crystalline water, and its 

release is observed at a fixed temperature often slightly higher than 100°C while the release of 

physiosorbed water starts at 50°C. 
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2.2. XRD, SEM, FTIR, Raman and XPS data of chars 

2.2.1. In-situ XRD of FA 

 

Figure S6. In-situ XRD of FA during heating in the range from 30 to 175 °C (runs 1-15) and 

after colling and chamber opening (runs 16-20; rehydration) with analysis after 5 minutes (right 

column) and 60 minutes (left column). The structural change caused by dehydration starts to 

occur above 85 °C. 
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Figure S7. Dehydration kinetic essay of FA heated at 85 °C. Peak A is attributed to di-hydrated 

FA (orthorhombic crystal system and P212121 space group) and Peak B is assigned to 

dehydrated sample (monoclinic crystal system and P21 space group), according to Braga et al. 

[4]. 

 

 

 

Figure S8. In-situ XRD analysis collected during FA pyrolysis up to 800 °C after cycles of 

heating and cooling.  
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2.2.2. SEM data of pyrolyzed FA 

 

 

Figure S9. SEM micrographs of FA pyrolyzed at (a) 350 °C, (b) 570 °C, (c) 800 °C, and (d) 

1000 °C. First line: scale bar = 4 m; second line: scale bar = 1 m; and third line: scale bar = 

500 nm. 
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2.2.3. In-situ and ex-situ XRD of sodium folate salts 

 

Figure S10. Ex-situ XRD pattern of char samples of Na2HFol and Na3Fol pyrolyzed at 430 and 

570 °C. Insets show the photos of samples before (yellow-orange powders) and after (black 

foam-like materials) the pyrolysis process. 
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Figure S11. In-situ XRD analysis during pyrolysis of Na2HFol and Na3Fol up to 570 °C 

registered after cycles of heating and cooling. Na2HFol and Na3Fol precursors are amorphous 

compounds as it was previously reported [1]. However, Na2HFol presents a supramolecular 

structure composed by -stacked tetramers [1], as indicated by diffraction peak near 27° (2).  
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Figure S12. In-situ XRD collected during the heating of Na2HFol in the range from 30 to 570 

°C. The peak attributed to -stacked structure near 27°(2) are maintained after dehydration 

temperature (210 °C) and its still observed up to 250 °C, before the beginning of decomposition 

(above 270 °C).  
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2.2.4. FTIR data of pyrolyzed sodium folate salts 
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Figure S13. FTIR-ATR spectra of (a) Na2HFol and (b) Na3Fol and its pyrolyzed samples;  = 

stretching,  = bending,  = aromatic ring, PT = pterin ring. 

 

 

Figure S14. FTIR spectra of Na2CO3 and NaNCO inorganic salts. The NaNCO spectra was 

found on NIST database [2].  

 

Fig. S13 presents the FTIR-ATR spectra of folate sodium salts and their pyrolyzed 

samples. At 430 °C, in the end of the first pyrolysis stage, the results suggested the consumption 

of functional groups such as benzene ring of p-ABA moiety (1600 cm-1 region; C=C) and 

carboxylate groups of glutamate moiety (1500 cm-1 and 1400 cm-1; respectively asCOO- and 

sCOO-). The bands attributed to amide groups at 3300 cm-1 region (N-H), 1680-1630 cm-1 

(C=O) and 1480/1310/1240 cm-1 (C-N/N-H coupled to C-H) [1,5,6] were also observed to 
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decrease significantly. Such results are in line with the release of gaseous/volatiles species 

determined by EGA experiments (Figs. S3-5). The presence of hydroxyl groups and 

physiosorbed H2O is indicated by the broad bands in the 3500-3000 cm-1 (OH) [5,7–9] and 

1650 cm-1 (H2O bending) regions [10]. Vibrational bands of sp3 C-H2,3 stretching at 3100-2700 

cm-1 and bending at 1480, 1370, 1310 and 1240 cm-1 were observed [6,7,11]. The sharp bands 

at 1580 and 1180 cm-1 suggest the presence of N-heteroaromatic rings derived from PT groups 

[12,13], indicated as (“PT”) in Figure S13. The bands at 900-650 cm-1 can be attributed to 

out-of-plane bending of aromatic C-H [6,7,11]. At 570 °C, the intensity of IR bands increased 

in the region related to the stretching modes of C-N (1300-1000 cm-1) [10,14] and C-O/C-O-C 

(1200-1000 cm-1) [6,8,9]. However, such modifications occurred in a minor extension for 

Na3Fol, which corroborate with the high release of CO2 and NO gases during the pyrolysis 

(Figs. S3-S5). In addition, the presence of bands attributed to Na2CO3 and NaNCO inorganic 

compounds (Fig. S13-14) were noticed for both salts, confirming the XRD results (see Fig. 

S10). 
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2.2.5. Raman spectroscopic data of pyrolyzed FA and sodium folate salts 

 

 

Figure S15. Normalized and baseline corrected Raman of FA pyrolyzed from 430 to 1000°C. 

The G band is attributed to in-plane bond-stretching motion (E2g symmetry) of C=C groups, 

both in aromatic rings and chains [6,14–21]. The D band is attributed to the aromatic ring 

breathing mode (A1g symmetry) and, differently of G band, its intensity raise is dependent of 

the presence of clusters containing at least sixfold fused rings [6,14–21]. It is also related with 

defects and disorder in carbonic structure, such as turbostratic stacking, edges in 

micro/nanocrystalline domains, doping and vacancies in the layer [6,14–21]. 
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Table S2. Values of D and G band position and FWHM (cm-1), I(D)/I(G) and A(D)/A(G) ratios 

taken from Raman analysis of pyrolyzed materials.  

 

Sample 
Pyrolysis 

temperature (°C) 

G band D band 
I(D)/I(G) A(D)/A(G)   

(cm-1) 
FWHM 
(cm-1) 

  

(cm-1) 
FWHM 
(cm-1) 

FA 350 1558 166 1318 242 0.64 0.91 

 430 1568 137 1360 296 1.14 2.48 

 570 1570 135 1364 292 1.14 2.46 

 800 1579 123 1364 308 1.19 3.00 

 100 1584 111 1369 301 1.13 3.09 
Na2HFol 430 1551 144 1352 241 1.03 1.72 

 570 1555 142 1355 260 1.37 2.53 

Na3Fol 430 1538 144 1341 244 0.88 1.48 

 570 1532 138 1352 246 1.38 2.48 

FWHM = full width at half maximum; I = band intensity; A = band area 
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Figure S16. (a) Variation of G and D band position and I(D)/I(G) ratio with the temperature of 

pyrolysis and (b) FWHM of G band as a function of A(D)/A(G) ratio.  

  



 
 

272 
 

2.2.6. XPS data of pyrolyzed FA 

 

Follow a discussion about XPS spectra shown in Fig. 8 (main text). In the C1s spectra of 

FA pyrolyzed samples were identified peaks attributed to groups of C–C(five membered 

rings)/C–H (283.3-284.0 eV), C=C/C≡N (284.3-284.7 eV), C–C(rings with more than 7 

atoms)/C=N(pyridinic)/C–N(Pyrrolic) (285.1-285.5 eV), C–O/Csp3–N/C–N=O (285.9-286.4 

eV), C=O (286.9-287.5 eV), COO/CN3/CON2 (288.4-288.9 eV) and satellite –* (about 291.0 

eV) [6,22]. The presence of oxygenated and hydrogenated groups challenge the accurate 

interpretation of N1s XPS spectra [23]. Hence, the peak deconvolution/attribution was made in 

a simplified manner as follow: -C≡N (about 397.6 eV), N-pyridine (397.8-398.8 eV), NH/NH2 

(398.7-399.9 eV), N-amide/NR3 (399.6-399.9 eV), N-pyrrole (399.9-400.7 eV), N-graphitic 

(400.8-401.8 eV) and N-oxide (> 402.2 eV) [6,22]. O1s peaks were attributed as C=O (530.7-

531.6 eV), C–O (ether or C–OH bonded to aliphatic group/C–O linked to C–N in hexagonal 

ring; 532.0-532.9 eV), C–O (ether or C–OH bonded to aromatic group/in penta and hexa rings; 

532.9-533.4 eV), N-oxide (534.0-534.8 eV) and physiosorbed H2O (534.8-535.2 eV) [6,22,24].  
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Table S3. Peak positions (eV), full width half maximum (FWHM) and peak composition (integrated area in percentage) after XPS data 

deconvolution of pyrolyzed FA samples from 350 °C to 1000 °C. 

 

*According to references [6,22,24]; C-Clow: five membered rings; C-Chigh: seven or more membered ring. 

Assignment* 

350 °C 570 °C 800 °C 1000 °C 

Peak 

centre 
FWHM 

Area 

(%) 

Peak 

centre 
FWHM 

Area 

(%) 

Peak 

centre 
FWHM 

Area 

(%) 

Peak 

centre 
FWHM 

Area 

(%) 

C1s             

C-Clow/C-H 283.8 1.5 11.4 283.3 1.7 6.4 283.3 1.6 18.0 283.3 1.6 4.0 

C=C/Nitrile 284.6 1.4 34.4 284.7 1.3 44.6 284.5 1.7 52.9 284.7 1.3 59.2 

C-Chigh/C=N/C-N 285.5 1.5 27.7 285.5 1.2 21.7 285.6 1.3 9.8 285.7 1.3 10.9 

C-O/C-N=O/Csp3-N 286.6 1.3 9.4 286.4 1.3 12.8 286.4 1.5 8.9 286.3 1.5 12.3 

C=O 287.8 1.5 7.5 287.4 1.6 6.9 287.4 1.6 5.7 287.5 1.5 5.7 

COO 288.9 1.6 8.4 288.8 1.6 5.3 288.8 1.5 3.1 288.8 1.6 4.7 

-* 290.7 1.7 1.1 291.0 2.5 2.4 290.7 2.5 1.6 291.1 3.0 3.2 

N1s 

Nitrile 397.5 1.4 5.5 397.6 1.2 4.1 397.5 1.6 17.1 397.6 1.2 5.7 

Pyridinic 398.5 1.6 40.7 398.4 1.4 31.0 398.4 1.4 29.4 398.3 1.3 23.6 

Amidic/NR3 399.3 1.4 14.3 399.1 1.2 13.4 399.2 1.2 12.5 399.1 1.2 8.9 

NH/NH2 399.8 1.4 23.7 399.7 1.3 2.5 399.8 1.4 5.2 399.7 1.2 5.1 

Pyrrolic 400.4 1.3 8.8 400.4 1.4 13.0 400.1 1.4 13.5 400.3 1.2 6.9 

Graphitic 400.9 1.3 5.7 401.2 1.6 26.2 400.9 1.7 16.6 401.1 1.5 37.9 

N-oxide 
402.2 1.8 1.3 403.1 1.8 4.9 402.7 1.7 4.2 402.7 1.4 9.1 

-- -- -- 404.9 1.4 4.9 404.4 1.7 1.6 404.1 1.3 2.8 

O1s             

C=O 531.5 2.2 35.7 530.9 2.2 25.6 530.8 2.0 32.3 531.2 2.3 34.0 

C-O (aromatic) 532.2 2.0 29.9 532.0 1.3 38.1 532.0 1.6 39.6 532.1 1.2 29.3 

C-O (aliphatic) 533.5 1.9 32.4 532.9 1.4 25.6 532.9 1.6 19.2 533.1 1.6 28.9 

N-oxide 534.4 1.2 0.7 534.0 1.2 9.3 534.0 1.7 8.9 534.0 1.6 7.9 

H2O 535.2 1.3 1.3 535.2 1.2 1.5 -- -- -- -- -- -- 
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Figure S17. Relative amount of C-, N- and O-containing groups in relation to FA pyrolysis 

temperature according to XPS data.  
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2.3. FA pyrolytic mechanism 

Table S4. Common gaseous product released during pyrolysis of organic species and mainly 

functional group or molecule of origin.  

 

Gaseous Product Related functional group or molecule  Ref.  

H2O H2O (hydration); C–OH; COOH; R-O; R-H [25] 

CO C=O; C–O–C [25] 

CO2 C=O; COOH/COO-; C–O–C; C–O–C=O [25] 

CxHy  Alkyl structures  [25] 

NO HNCO [25] 

NH3 –NH2; pyridinic–N [25] 

HCN pyridinic–N; –C≡N  [25,26] 

HNCO H–N–C=O (amide group) [25] 

2-pyrrolidone Glutamic acid [27,28] 

aniline p-aminobenzoic acid [29] 

 

 

Scheme S1. Simplified representation of the mechanism related to the formation of pyrrole 

from 2-pyrrolidone, based on Kibet et al. [27]. Only the main products are indicated. 

 
 

 

Scheme S2. Simplified representation of the mechanism related to the reforming of NH3 and 

possible species formed with the temperature increase, based on the works of Chen et al. [30] 

and Tian et al. [31]. Only the main products are indicated.  
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2.4. Sodium folate salts pyrolytic mechanism 

Thermal analysis coupled to FTIR and MS as well as the char analysis (FTIR and Raman) 

showed that the pyrolysis mechanism of sodium folate salts (Na2HFol and Na3Fol) was 

significantly modified in relation to FA counterpart, implying that the level of protonation of 

folate and the presence of a metal cation exert an important role during carbonization process. 

According to literature [32–37], alkaline-metal ions can catalyse the ring-opening and 

depolymerization reactions, favouring the production of low-weight volatile molecules. Alkali-

metal seems to promote dehydration, deoxygenation and denitrogenating reactions [32–37]. 

Theoretical calculations suggest that Na+ can weakened the strength of the C-O, C-C and C-N 

bonds by direct or indirect interaction (adjacent bond interaction) with them, what can enhance 

the reactivity of such groups and/ or the cracking of char [32,35,38]. In comparison with FA, it 

was observed the increase in the release of H2O, aniline, 2-pyrrolidone and aliphatic molecules 

up to 430 °C (Figs. S4-S5) and in the hindrance of organized graphitic-like structure formation 

(Raman and FTIR results). In addition, the enhancement of deoxygenation/dehydrogenation 

reaction using Na2HFol as precursor occurred mainly by the release of CO and NH3 whereas 

Na3Fol pyrolysis favoured CO2 and NO production. Such results imply that either the level of 

the organic anion protonation and/or the Na+ amount can change the reaction pathway.  

The residual mass of folate sodium salts at 1000 °C was much lower (Fig. 2) than what 

one expected considering the sodium percentage in Na2HFol (8.67 wt.%) and Na3Fol (12.29 

wt.%). Besides, the residual mass is much lower than FA residue even though the XRD results 

showed that during the pyrolysis of folate sodium salts occurred the formation of inorganic 

compounds, such as Na2CO3 and NaNCO, for instance. Thus, elemental sodium as well as 

carbonaceous material can be lost during the pyrolysis of folate sodium salts. Three possibilities 

of mass loss can be proposed: (i) Na+ can be volatilized attached to oxygenated groups (i.e.; –

COO-Na+), as reported by Quyn et al. [39]; (ii) redox reaction converting graphitic carbon in 
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gaseous CO (spontaneous reaction according to the Ellingham diagram [40]above 800 °C), as 

represented in equation 1 [41,42], or (ii) carbothermic reaction (above 850 °C) leading to the 

volatilization of metallic sodium, as represented in equations 2-4 [41,42].  

 

𝐶𝑂2(𝑔) +  𝐶(𝑔𝑟)    →     2𝐶𝑂(𝑔)                                                                                                              (1) 

𝑁𝑎2𝐶𝑂3(𝑙)  +  𝐶(𝑔𝑟) →    𝑁𝑎2𝑂(𝑠) +  2𝐶𝑂(𝑠)                                                                                    (2)  

𝑁𝑎2𝑂(𝑠) + 𝐶(𝑔𝑟)    →     2𝑁𝑎(𝑔)
0 + 𝐶𝑂(𝑔)                                                                                           (3) 

𝑁𝑎2𝐶𝑂3(𝑙) + 2𝐶(𝑔𝑟)   →    2𝑁𝑎(𝑔)
0 + 3𝐶𝑂(𝑔)                                                                                   (4) 
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2.5 Analysis of C-dots extracted from pyrolyzed FA and folate sodium salts 

 

 

 

Figure S18. Photographs of (a) C-dots suspension after extraction and (b) diluted suspensions 

under daylight (right), Tyndall effect (middle) and under 365 nm UV lamp (left) obtained from 

pyrolysis of FA and its sodium salts at 350°C and 430°C.  

b) 

a) 
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Figure S19. (a,b) TEM image of C-dots obtained from FA (350 °C) and extracted in DMSO; 

(c) fast-Fourier-transform (FFT)  pattern of corresponding C-dots depicted in (b) showing the 

spots related to (002) and (100) planes; (d) Inverse FFT filtering from (002) and (100) 

reflections producing their correspondent false dark field images. 

 

 

Table S5. Zeta Potential vales of C-dots particles extracted with H2O. 

Precursor 
 Pyrolysis 

temperature (°C) 
Zeta potential (mV) 

FA 
 350 -20±4 

 430 -15±7 

Na2HFol  430 -20±1 

Na3Fol  430 -30±2 
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Figure S20. Electronic UV-VIS spectra of C-dots particles extracted with water, NaOH 

solution or DMSO as indicated.  
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Figure S21. (a-e) Electronic UV-VIS, PL excitation (PL) and PL emission (PLE) spectra; (f-j) 

PL emission spectra of C-dots dispersions varying the excitation wavelength: (a,f) FA (350 

°C)/H2O; (b,g) FA (350 °C)/NaOH; (c,h) FA (430 °C)/NaOH; (d,i) Na2HFol (430 °C)/H2O; 

and (e,j) Na3Fol (430 °C)/H2O. 
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Figure S22. Wavelength dependence of the maximum of PL emission as a function of the 

excitation wavelength. 
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Figure S23. (a) UV-VIS absorption, (b) Photoluminescence excitation (PLE) and (c) 

Photoluminescence emission spectra of FA in buffer solutions with different pH values. The 

FA saturated solution of 0.1068 mmol L-1 was diluted (53.4 mol L-1 or 5.34 nmol L-1) in buffer 

solutions with pH values of 1.2, 4.0, 7.0 and 10.0. The optical properties of FA change with the  

variation of pH value of solution that leads to PT moiety protonation (cationic in buffer solution 

of pH 1.2 and neutral in pH 4.0 and 7.0) or deprotonation (anionic in buffer solution of pH 

10.0). The Fluorescence intensity is increased around 10.000 times (in FA concentration) 

changing pH value from 1.2 to 10.0.  
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1. Experimental 

 

1.1. Chemicals  

Magnesium chloride hexahydrate (MgCl2∙6H2O; 99%) was purchase from Merck. Folic 

acid di-hydrated (FA; C19H19N7O6∙2H2O; ≥ 97%), zinc chloride anhydrous (ZnCl2; ≥ 98%), 

aluminium chloride hexahydrate (AlCl3∙6H2O; 99%) and sodium hydroxide (NaOH; ≥ 98%) 

were acquired from Sigma-Aldrich. The reagents were used without any further purification 

and deionized water (18 MΩ Milli-Q®, Millipore system) was used in all experiments.  

 

1.2. Synthesis of the layered double hydroxide (LDH) 

 

The synthesis of LDH hybrid materials were performed based on previously work (Cunha 

et al., 2012, 2020; Rocha et al., 2016), with some modifications. The intercalation of divalent 

folate anion (HFol2-) into Zn/Al-LDH was performed at constant pH value in a sealed system 

under N2 atmosphere. In detail, an aqueous solution containing 16.67 mmol of ZnCl2 and 8.33 

mmol of AlCl3∙6H2O (ca. 0.1 mol L-1) were dropwise in an aqueous solution containing 8.33 

mmol of FA at pH value previously adjusted to 7.5 by the addition of NaOH aqueous solution 

(ca. 0.2 mol∙L-1). The addition was carried out in a flow of nitrogen 0.5-0.6 mL∙min-1 under 

vigorous mechanical stirring and at 60±5 °C. The pH value of the medium was maintained 

constant by the concomitant addition of NaOH solution. After the complete addition of the 

metal cation solution, the system was kept at the same conditions (i.e., 60 °C, mechanical 

stirring and N2 atmosphere) for 24 h. The yellow solid precipitated was isolated and rinsed with 

deionized water by centrifugation (17 000 rpm during 5 min at 25 °C) until a negative chloride 

ion test (monitored by AgNO3). The slurry was than dispersed in water, frozen under immersion 

in liquid nitrogen (-196 ° C) and dried by lyophilisation process for three days in a Thermo 
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Savant ModulyoD equipment (200 mPa and -50 ºC). The intercalation of trivalent folate anion 

(Fol3-) into Mg/Al-LDH was carried out by the same synthetic method reported above, but at 

pH value of 9.5 and using solutions containing 20.0 mmol of MgCl2∙6H2O and 10.0 mmol of 

AlCl3∙6H2O (ca. 0.1 mol L-1) and 10.0 mmol of FA. For comparison purpose, a small scale 

synthesis was performed at pH value of 9.0, using 3.33 mmol of ZnCl2 plus 1.67 mmol of 

AlCl3∙6H2O (ca. 0.1 mol L-1) and 1.67 mmol of FA. 

Reference materials intercalated with chloride anion (Cl-) were also synthesized. The 

Zn/Al-LDH was synthesized by the addition of a solution containing 17.3 mmol of ZnCl2 and 

8.67 mmol of AlCl3∙6H2O (ca. 0.1 mol L-1 and Zn/Al molar ratio equal to 2) to 250 mL of 

deionized water with pH value previously adjusted to 7.5. The Mg/Al-LDH were synthesized 

using a solution containing 21.0 mmol of MgCl2∙6H2O plus 10.5 mmol of AlCl3∙6H2O (ca. 0.1 

mol L-1) added to 315 mL of deionized water which had its pH value previously adjusted to 9.5. 

Both syntheses were performed in a sealed system under N2 atmosphere. 

The isolated materials were abbreviated as LDH-FA, LDH-Cl or MR
2+Al-A, where M2+ is 

the divalent cation (Mg or Zn), R represent the M2+/Al3+ nominal molar ratio, and A is the 

anion.  

 

1.3. Characterization of LDH 

 

1.3.1. Elemental Analysis  

C, H and N elemental analyses were performed in a Perkin-Elmer model 2400 analyser 

and magnesium, zinc and aluminium metal contents were determined by inductively coupled 

plasma optical emission spectroscopy (ICP OES) on a Spectro Arcos spectrometer. Both 

analyses were carried out in triplicate at the Central Analítica of Instituto de Química da 

Universidade de São Paulo (CA-IQUSP).  
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The percentage of hydration water and residual mass was determined by thermal analysis 

in a compressed air atmosphere in a Netzsch thermoanalyzer, model STA 409 PC Luxx, coupled 

to a QMS 403C Aëolos MSD mass spectrometer, using the same parameters as indicated in the 

main text.  

 

1.3.2. Vibrational spectroscopy 

The charge of intercalated folate anion (i.e., HFol2- or Fol3-) was also evaluated by 

vibrational spectroscopy, based on previously described article (Magri et al., 2022). The FTIR-

ATR analysis was carried out as described in the main text and Fourier transform Raman (FT-

Raman) spectra were recorded on Bruker instrument, MultiRam model, equipped with Ge 

detector (cooled by liquid nitrogen) using excitation radiation of 1064 nm (Nd3+/YAG laser) 

and 100-200 mW of power on the sample, in the 3500–150 cm-1 spectral range, with 4 cm-1 of 

resolution and accumulating 1024 (or 2048) scans. 

 

1.3.3. XRD analysis 

 X-ray diffraction (XRD) patterns of powdered samples were recorded in a Bruker D8 

DISCOVER diffractometer (40 kV and 30 mA) with CuKα radiation ( = 0.15418 nm) source 

and collected in the 3–70° (2θ) range, with steps of 0.05°/2θ and scan speed of 0.05°/3s. 
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1.4. Hydrothermal Carbonization 

 

 

Figure S1. Heating ramp utilized to set up the oven in the hydrothermal carbonization 

experiments.  
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2. Results and discussion  

 

2.1. Characterization of LDH-FA hybrid materials 

For the interpretation of the results of hybrid materials characterization, it was considered 

that FA molecule has two carboxylic acid and one amidic group, tagged in Figure 1b of the 

main text as C’OOH (pKa2 = 3.38), C’OOH (pKa2 = 4.83) and N3–H (pKa3 = 7.85), which 

could be deprotonated in the basic media of the syntheses (Szakács and Noszál, 2006). 

Accordingly, the anionic predominant species at pH value of synthesis of Zn2Al-HFol (pH 7.5) 

was HFol2-, while for Zn2Al-Fol (pH 9.0) and Mg2Al-Fol (pH 9.5), the predominant specie was 

Fol3- (Figure S2). 

 

 
Figure S2. Folic acid speciation curves according to the apparent pKa values reported by 

(Szakács and Noszál, 2006).  
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2.1.1. XRD data 

The XRD patterns of hybrid LDH-FA samples were typical of materials with LDH 

structure (Figure S3a). The diffraction peaks were indexed considering a hexagonal cell of 

rhombohedral symmetry (3R polytype) in R-3m space group. The interplanar spacings and 

lattice parameters calculated from XRD data are summarised in Table S1. The intercalation of 

folate anions in the interlayer space of LDH was confirmed by the displacement of the peaks 

attributed to the family of 00l planes (related to the basal spacing – d00l; Figure S3a) to lower 

2 values, in comparison with LDH-Cl counterpart (Figure S3b and Table S2).  

The d00l was increased from around 0.77 nm (for LDH-Cl) to around 2.56 nm, 1.66 nm 

and 1.61 nm for Zn2Al-HFol (pH 7.5), Zn2Al-Fol (pH 9.0) and Mg2Al-Fol (pH 9.5), 

respectively. The d00l value were tuneable according to the pH value of synthesis. Accordingly, 

HFol2- and Fol3- were intercalated with different arrangements in the interlayer space of LDH 

matrices due to the speciation of FA in water (Figure S2). The crystallinity of materials was 

improved when increasing the pH from 7.5 to 9.0, as can be noticed from the better resolution 

of 00l diffraction lines observed in the diffractogram of Zn2Al-Fol (Figure S3). Results from 

literature reported d00l values varying around 1.60 nm and 1.82 nm for Mg2Al-LDH materials 

synthesized by co-precipitation method at pH 10, in which Fol3+ is the dominant specie (Figure 

1), and R = 2 (Qin et al., 2008; Mallakpour and Hatami, 2019). In this work, the result was in 

agreement with the 1.60 nm value previously reported by Qin et al. (2008). The works 

previously reported concerning Zn/Al-LDH synthesis (Arízaga et al., 2016; Arratia-Quijada et 

al., 2016) used ion-exchange method at pH 7-8 and R = 2-2.5; the d00l value noticed were around 

1.60 nm, a value much lower than that one observed in this work for Zn2Al-HFol (Figure S3 

and Table S1). Therefore, the synthesis method can also influence the arrangement of folate 

anions inside the interlayer space because the level of ion exchanged anions can be low, 

generating materials with co-intercalated anions (Figueiredo et al., 2022). In these cases, the 
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organic species (usually bigger than the anions in the precursor LDH) can take a tilted 

orientation in relation to the layers, decreasing the basal spacing (Figueiredo et al., 2022). In 

fact, higher amount of folate was reported to be intercalated by co-precipitation than by ion-

exchange method (Qin et al., 2008; Mallakpour and Hatami, 2019).  

 

 

Figure S3. XRD patterns of powdered LDH-FA (a) compared to LDH-Cl (b) and schematic 

representation of three-dimensional structure of HFol2- anion (based on the molecular array of 

di-hydrated folic acid in crystal (Kaduk et al., 2015); Dimensions ware estimated by Chem 

Drown software) (c) and the arrangement of HFol2- and Fol3- (folic acid anions) intercalated 

into Zn2Al-HFol (d) and Mg2Al-Fol (e), respectively.  
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Table S1. Interplanar distances (dhkl), 2 (CuK) and lattice parameters values calculated from 

XRD data of LDH–Foln- samples.  

*d00l  = [d003+(2 x d006) + ... + ((n/3) x d00nl)]/(n/3); #c = 3 x d00l; ‡a = 2 x d110.  

 

 

Table S2. Interplanar distances (dhkl), 2 (CuK) and lattice parameters values calculated from 

XRD data of LDH–Cl samples. The peaks were indexed considering the R-3m space group. 

 

The a-axis value (Table S1) is related to the interatomic distance of metals in the LDH 

layer and varies according to the M2+/M3+ molar ratio as well as the ionic radii of metal cation 

(Evans and Slade, 2006). For Zn2Al-HFol, Zn2Al-Fol and Mg2Al-Fol were calculated to 0.304, 

0.306 and 0.304 nm, respectively. The results for Zn2Al-Fol and Mg2Al-Fol are consistent with 

literature data (Rocha et al., 2016; Cunha et al., 2020) for related hybrid materials with M2+/Al3+ 

ratio around 2.0 (R nominal value). However, the low value for Zn2Al-HFol (synthetized at pH 

7.5), compared with Zn2Al-Fol (synthetized at pH 9.0) and data from literature (Rocha et al., 

hkl and 

lattice parameters 

Zn2Al-HFol  

(pH 7.5) 

Zn2Al-Fol  

(pH 9) 

Mg2Al-Fol 
 (pH 9.5) 

2 () d(nm) 2 () d(nm) 2 () d(nm) 

(003) 3.42 2.58 5.06 1.75 5.46 1.62 

(006) 6.98 1.27 10.8 0.817 11.0 0.803 

(009) -- -- 16.2 0.545 16.5 0.536 

(0012) -- -- 21.8 -- 22.1 0.402 

(0015) -- -- -- -- 27.6 0.323 

(012) 34.3 0.262 34.5 0.260 34.7 0.258 

(110) 60.9 0.152 60.4 0.153 60.9 0.152 

d00l (nm)* 2.56 1.66 1.61 

c (nm)# 7.67 4.98 4.83 

a (nm)‡ 0.304 0.306 0.304 

hkl and 

lattice parameters 

Zn2Al-Cl (pH 7.5) Mg2Al-Cl  (pH 9.5) 

2 () d(nm) 2 () d(nm) 

(003) 11.4 0.773 11.5 0.767 

(006) 23.0 0.386 23.1 0.384 

(012) 34.6 0.259 34.8 0.258 

(110) 60.2 0.154 60.8 0.152 

(113) 61.5 0.151 62.1 0.149 

dbasal (nm) 0.773 0.768 

c (nm)# 2.32 2.30 

a (nm)‡ 0.308 0.304 
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2016; Cunha et al., 2020)indicated a Zn2+/Al3+ ratio lower than the nominal, as also observed 

by metal analysis (discussed later).  

Considering the LDH layer thickness (0.21 nm) and the hydrogen-bond distances between 

LDH and intercalated anions (2 x 0.27 nm), the interlayer distances occupied by the guest anion 

were about 1.81 nm and 0.86 nm, for Zn2Al-HFol and Mg2Al-Fol, respectively. The proposal 

of an arrangement for folate anions inside the interlayer space is not straightforward because 

the FA molecule present a high degree of structural freedom making many folded 

conformations possible (Gocheva et al., 2019). Although, organic anions can be intercalated in 

LDH maintaining a similar conformation as its acid form in solid crystal (Cunha et al., 2016; 

Rocha et al., 2016). In the molecular array of di-hydrated Folic Acid in crystal, the Glu groups 

are bent in relation to the p-ABA and PT moiety, that in turn are tilted in relation each other 

(Kaduk et al., 2015), as represented in Figure S3c. The unit cell c-axis of di-hydrated Folic 

Acid is 3.24 nm and the d002 value (related to the height dimension of one molecule) is ca. 1.60 

nm (Kaduk et al., 2015). Considering the FA structure in crystal and a rectangular 

parallelepiped, the dimensions of HFol2- in this work are estimated as 1.80x0.70x0.65 nm 

(Figure S3c). The difference in relation to FA (1.60 nm) and HFol2- (1.80 nm) dimensions can 

rely on the Glu moity that is not as folded as in FA crystal.  

The match between the estimated height dimension of the HFol2- (1.80 nm) and the room 

available in the interlayer space of Zn2Al-HFol (1.81 nm) suggested that the anion is 

intercalated in a monolayer arrangement with species interdigitated, like the FA in the crystal 

(CCDC N 1489544). The deprotonated Glu groups can be pointed out to the LDH layer, while 

PT moiety is perpendicular to the opposite layer (Figure S3d). For materials synthesized in pH 

value above 9.0, considering the gallery room available (0.86 nm), it is proposed that Fol3- 

anions are intercalated in a monolayer array with molecules tilted along crystallographic c-axis 

in an estimated angle of around 30°, in which PT moiety is tilted to the layer (Figure S3e). 
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Some reported works also proposed that the Fol3- is tilted along the c-axis, but the tilt angle 

estimated by them varied around 60 and 70°, though the unfolded anion structure was 

considered and hydrogen-bonds between guest and host was disregarded (Qin et al., 2008, 2014; 

Xiao et al., 2011; Kim and Oh, 2016). Such changes in anion array according to the pH of 

synthesis can be attributed to the fact that Fol3- also has a charge located in the pterin group, 

and so, the anion tends to arranged in a tilted form in order to maximize the interactions between 

the anion and the opposite charged layer (Cunha et al., 2016).  

Taking into account an ideal Al3+ distribution, the surface area occupied by one electric 

charge in LDH structure is around 0.25 nm2/q+ or 0.50 nm2/q+ considering both sides of the 

layer (Rocha et al., 2016). Regard as the arrangement proposed above and HFol2- as 

parallelepiped with charges located only in one side (GLU moiety side; Figure S3c), the area 

occupied by the two charges is 0.46 nm2 (0.70 x 0.65 nm), corresponding to a charge density 

of 0.23 nm2/q–. This value is just slightly lower than the charge density of LDH (considering 

one side) and is consistent with the close packing of anions proposed in Figure S3d. In addition, 

the co-intercalation of small ions as chloride is not necessary to reach the electroneutrality of 

the material, as it was previously observed for large anions with small electric charge as 

sulindac (Rocha et al., 2016), pravastatin (Cunha et al., 2012) or mefenamate (Cunha et al., 

2016), for instance. Differently, if an inclination is considered for intercalated Fol3- species (in 

Mg2Al-LDH or Zn2Al-LDH synthesized at pH 9-9.5), the projected area of anion to the layer 

is estimated as 1.00 nm2 (1.60 nm x 0.65 nm), or 2.00 nm2 if both sides are considered, 

corresponding to charge density of 0.33 nm2/q– or 0.66 nm2/q–, respectively. Hence, the area 

corresponding to ten positive charges (2.5 nm2) can be occupied by three Fol3- (2.97 nm2 per 

9q-), but as this value is higher than the LDH density charge, it is expected that the molecules 

are arranged away from each other and the co-intercalation of chloride anion is required to reach 

the neutrality (Cunha et al., 2012, 2016).  
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2.1.2. Vibrational spectroscopy data 

The FTIR-ATR and FT-Raman spectra of LDH-FA samples are displayed in Figure S4a. 

The main vibrational bands from the organic anions are tentatively attributed in Table S3. In 

our previous work (Magri et al., 2022), it was shown that main spectroscopical differences 

among FA and its sodium salts (Na2HFol and Na3Fol) in the IR spectral region were the 

presence of bands at 1550-1500 cm-1 and 1400 cm-1 regions attributed to antisymmetric (as) 

and symmetric stretching (s) vibration of carboxylate groups (COO-), respectively. Further, 

from Na2HFol to Na3Fol, the main difference is related to bands associated to vibrations from 

PT moiety due to the increase of its aromaticity induced by the deprotonation of N3–H group. 

Accordingly, in the IR spectra, the band at 1500 cm-1 region (PT stretching, C(4)−O- and 

asC’OO-) that is more intense than the band at 1600 cm-1 (benzene stretching) is characteristic 

of Fol3- species. Besides, while Raman spectrum of Na2HFol presented splinted bands at 1330 

and 1300 cm-1 region (also in IR spectra), Na3Fol presented overlapped bands around 1340 cm-

1, which is attributed to deprotonated PT moiety. Taking the sodium folate salts as reference of 

di- and trivalent anions, the same tendence was observed for Zn2Al-HFol and Mg2Al-Fol 

spectra (Figure S4a), confirming that HFol2- and Fol3- were intercalated in the materials, 

respectively. Such difference can be attributed to the distinct pH used in their synthesis (Figure 

S2). Although Zn2Al-Fol presented a vibrational profile like that of Zn2Al-HFol, the sample 

also showed bands identified with Fol3-, such as the intense bands at around 1335 cm-1 in Raman 

and IR spectra. These results suggest the intercalation of both HFol2-/Fol3-, in agreement with 

elemental analysis discussed below. The bands position of LDH-FA regarding the carboxylate 

and PT groups presented values close to sodium salts (Table S3) which indicates a coulombic 

interaction between guest and host (Nara et al., 1996). In addition, vibrational spectroscopy 

results also indicated that the organic anions were not decomposed during the synthesis, keeping 

their chemical identities. 
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The strong broad band at 2800-3600 cm-1 region in IR spectra can be attributed to O–H 

stretching from M-OH groups of LDH layers (Kloprogge et al., 2004) and H2O (hydration 

water). Also, signal around 1650 cm-1 has contribution of bending vibration of hydration water 

(Kloprogge et al., 2004). The bands bellow 1000 cm-1 have contribution of M–OH and M–O 

vibrations. Compared to LDH-Cl (Figure S4b), such bands are not resolved in the Raman 

spectra of LDH-FA because of the cross section of LDH layer is not as higher as those of the 

organic anion (Gil et al., 2016).  
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Figure S4. Experimental FTIR-ATR (top) and FT-Raman (bottom) spectra of LDH-FA (a) and 

LDH-Cl (b) samples. The attribution of vibrational bands of LDH-Cl spectra were made 

according to (Kloprogge et al., 2004). 
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Table S3. Experimental IR and Raman wavenumber values (cm-1) for Zn2Al-HFol and Mg2Al-Fol samples. 

Na2HFol(a,b) Zn2Al-HFol(b) Na3Fol(a,b) Mg2Al-Fol(b) 
Tentative of Attribution of main vibrations(a-e)  

IR Raman IR Raman IR Raman IR Raman 

1687w  1686w 1695m 1695w     (C4=O) + (N3–H) + sc(NH2) 

1630sh  1628sh 1640sh # 1630sh  1630sh 1665sh # (C11=O) + (N12–H) 

1602s 1605s 1604s 1607s 1604sh  1601 1605s 1608s (C=C)  

    1575sh  # 1580s 1577s (PT rings) + sc(NH2) + (C4–O-); (C=C) 

1566s;br  1570s;br 1570s;br 1573s     (PT rings) + sc(NH2) + (N3–H); (C=C)  

    
1550br  # 1547s 

 (C4–O-) + (PT rings) + sc(NH2) 

#  # 1545s 1542m 1540m as(C’OO-) + (C11–N12)/(N12–H) 

#  1536sh 1536sh #     (PT rings) + (N3–H) + (C4=O); 

#  1514sh 
1510s 

1515m 
1513sh 

1504br 
1510m 1504br;s 1506m 

(C=C); (PT rings) 

1502br # 1505sh as(C’OO-) 

    (PT rings) + (C4–O-) 

1447m  1452w 1448m 1448vw 1439m;br  # 1439s 1439vw (PT rings); sc(CH2);(C11–N12)/(N12–H) 

1400br # 1404s 1403vw 1401br  1401s 1407br;w s(COO-)/(C–C) + (CH2); GLU 

1328br # 1336m 1336m 1327br  # 
1334s 1333s 

(C–H);(CH2) + (C–H) + as(C’OO-); GLU 

    #  1332 (PT rings) + (NH2) + (C7–H) + (C9H2) 

    1313sh  1315sh 1312sh 1313sh (PT rings) + (C2–N2) 

1303m;br  1309s;br 1300m 1302s 

    (PT rings) + (C2–N2) + (N3–H) 

1297sh  1296sh 1296sh # 
(C–H) + (C11–N12)/(N12–H) + (C–H) + 

(CH2); GLU 
(a)from (Magri et al., 2022); (b)s = strong, m = medium, br = broad, sh = should, w = weak, vw = very weak and # = very weak and/or not resolved band; (c)νs = symmetric 

stretching, νas = antisymmetric stretching, δ = bending (in plane; ip); sc = scissoring (ip bending),  = wagging (oop bending), τ = twisting (oop bending), (PT rings) = (C=C) 

and (C=N) stretching of pterin moiety and GLU = glutamate moiety; (d)phenylene ring (); (e)The numbers and letters are related to the carbon indexation in folic acid structure 

shown in Figure 1b;  
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2.1.3. Chemical elemental Analysis 

The chemical elemental analysis data is presented in Table S4. The results indicated that 

Mg2Al-Fol and Zn2Al-Fol layers had an experimental M2+/Al3+ molar ratio close to the nominal 

value (i.e., 2), but for Zn2Al-HFol this value was lower than the expected one. It can be related 

to the good complexing/chelating character of folic acid (folate) towards transition metals 

(Dametto et al., 2014); rarely an experimental M2+/Al3+ molar ratio is different from the nominal 

value for LDH-Cl materials, as can be observed in Table S4. One can consider that during the 

synthesis of LDH-FA, both precipitation and complexation reactions take place concomitantly, 

but the former is favoured when the pH is increased (Tronto et al., 2001), as can be noticed 

comparing the metals ratio of Zn2Al-HFol (obtained by coprecipitation at pH 7.5) and Zn2Al-

Fol (obtained at pH 9). The complexation reaction can also be precluded by lowering the 

[FA]/[Al3+] ratio, what could minimize the solubilization of Zn2+ by complexation reaction.  

The pH value of synthesis also affected the level of protonation of intercalated folate as 

suggested the mixture of HFol2-/Fol3- species confined in Zn2Al-Fol samples. According to the 

FA speciation curves (Figure S2), at pH 7.5 the molar fractions of divalent (HFol2-) and 

trivalent (Fol3-) folate anions in solution are expected to be 0.75 and 0.25, respectively. 

However, chemical elemental analysis data indicates that the intercalated HFol2- corresponds to 

a molar fraction around 0.96. Besides, at pH 9.0, the HFol2- molar fraction is around 0.07, but 

0.17 is intercalated, which could indicate the preferential intercalation of HFol2- against Fol3- 

despite the lower charge. On the other hand, for Mg2Al-Fol synthesized at pH 9.5, there was 

only indicative of intercalated Fol3-ions. Additionally, it is worth to highlight that the elemental 

analysis results also pointed a low amount of co-intercalated Cl- ([Fol3-]/[Cl-] molar ratio of 3:1; 

Table S4), as predicted from XRD analysis. The chemical elemental analysis results are in a 

good agreement with thermal analysis (Table S4), XRD and spectroscopic (IR and Raman) 
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data. The loading capacity of LDH-FA materials synthesized in this work were higher or as 

higher as those reported in the literature (Table S5). 
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Table S4. Chemical composition and proposed formula for LDH-FA materials and LDH-Cl counterparts.  

Proposed Formula 
$
M

2+
/Al

3+ 
 wt.% H2O* wt.% C

†
 wt.% N

†
 wt.% Rm‡;* 

Zn2Al-Fol
2-
 

[Zn1.74Al(OH)5.48](C19H17O6N7
2-)0.47(C19H16O6N7

3-)0.02·2.47 H2O 
1.72±0.02 

(1.74) 
9.49 

(9.00) 
22.8±0.04 

(22.7) 
9.62±0.10 

(9.73) 
39.3 

(39.0) 

      
Zn2Al-Fol

3-
 

[Zn1.90Al(OH)5.80](C19H16O6N7
3-)0.27(C19H17O6N7

2-)0.05Cl-
0.09·2.32H2O 

1.90±0.02 
(1.90) 

9.65 
(9.60) 

16.7±0.09 
(16.8) 

7.21±0.01 
(7.21) 

47.9 
(47.3) 

      
Mg2Al-Fol

3-
 

[Mg2.21Al(OH)6.42](C19H16O6N7
3-)0.30Cl-

0.10·2.70H2O 
2.21±0.07 

(2.21) 
13.2 

(13.0) 
18.8±0.12 

(18.3) 
7.81±0.04 

(7.88) 
37.0 

(37.5) 
      

Mg2Al-Cl 

[Mg2.14Al(OH)6.28]Cl∙1.50H2O 

2.14±0.10 

(2.14) 

11.10 

(10.90) 
-- -- -- 

      

Zn2Al-Cl 

[Zn2.11Al(OH)6.22]Cl∙1.96H2O 

2.11±0.02 

(2.11) 

10.35 

(10.35) 
-- -- -- 

$measured by IC POES (M2+: Mg2+ or Zn2+); *measured by thermal analysis under air atmosphere; †measured by CHN analysis. ‡Rm refers to 

residual mass from thermal analysis results. ( ) indicates theorical results calculated from proposed formulas. 
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Table S5. A comparative of synthesis method and percentage of intercalated folate anions 

reported in the literature and in this work.  

Nominal Formulaa Synthesis 

method 

pH value of 

synthesisb,c 

%LCc,d,e,f 
Reference 

Mg2Al-LDH 

Mg2Al-LDH 

co-precipitation 

ion-exchange 

10.0 (Fol3-) 

n. i.  

19.3 

17.9 
(Qin et al., 2008) 

Mg1.5Zn1.5Al-LDH co-precipitation n. i 45.2 (Xiao et al., 2011) 

Mg3Al-LDH co-precipitation n. i 32.4 (Qin et al., 2014) 

Ca2Al-LDH 

Ca2Fe-LDH 

co-precipitation 

co-precipitation 

11.5 (Fol3-) 

13.5 (Fol3-) 

42.8 

n. i 
(Kim and Oh, 2016) 

Zn2.5Al-LDH 

Zn2.5Al0.95Dy0.05-LDH 

ion-exchange 

ion-exchange 

7.0 (HFol2-) 

7.0 (HFol2-) 
n. i (Arratia-Quijada et al., 2016) 

Zn2.5Al-LDH ion-exchange 7.0 (HFol2-) n. i (Arízaga et al., 2016) 
Mg2Al-LDH 

Mg2Al-LDH 

co-precipitation 

ion-exchange 

10.0 (Fol3-) 

10.0 (Fol3-) 

33.4 

15.6 

(Mallakpour and Hatami, 

2019) 

Mg2Al-LDH 

Zn2Al-LDH 

ion-exchange 

ion-exchange 

8.0 (HFol2-/Fol3-) 

8.0 (HFol2-/Fol3-) 

36.6 

28.3 
(Pagano et al., 2019) 

Zn2Al-LDH co-precipitation 7.5 (HFol2-) 43.6 This work 

Zn2Al-LDH co-precipitation 9.0 (Fol3-) 32.2 This work 

Mg2Al-LDH co-precipitation 9.5 (Fol3-) 35.2 This work 
ametals molar ratio in the synthesis; bbased on the folic acid speciation (Figure S2), the mainly anion available in 

the pH value of synthesis is pointed between parentheses; cn. i. (not indicated); dLC is the loading capacity 

calculated by the formula: %LC = [intercalated A/LDH-A weight] * 100; eKim and Oh (2016) also employed other 

synthesis methods as ion-exchange, solid phase reaction and exfoliation-reassembly handing the monovalent folate 

salt (NaH2Fol), and the authors claimed a %LC between 38.95 to 72.20;  
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2.1.4. Thermal Analysis data 

 

Table S6. Results of thermal analysis (in N2 atmosphere) and evolved gas analysis (TG-MS 

and TG-FTIR) of LDH-FA hybrid materials.  

Mg2Al-Fol 

event# Temp. (°C) Tp (°C)‡ %Mass EGA* 

dehy 30-213 
100 

181 
10.5 H2O 

I(D) 250-450 406 21.5 
H2O; CO2; CO; NH3; N2O; aniline; CH4; C3H5 

(m/z 41) 

II 450-600 490 10.04 
CO2; CO; NH3; aniline; CH4; C3H5 (m/z 41); 

N2O; HCN; H2O 

III 600-800 
und. 

6.36 
CO2, CO; NH3; N2O; HCN; HNCO; 

C3H5 (m/z 41) 

IV 800-1000 und. 6.42 CO2, CO; NH3; HCN  

Zn2Al-Fol 

event# Temp. (°C) Tp (°C) %Mass EGA 

dehy 30-170 
96 

157 
10.1 H2O 

I(D) 170-272 213 10.3 H2O 

II 272-514 430 12.6 
CO2; CO; NH3; HCN; aniline; CH4; C3H5 (m/z 

41); H2O 

III 514-800 und. 20.9 CO2; CO; NH3; HCN; CH4; H2O 

Zn2Al-HFol 

event# Temp. (°C) Tp (°C) %Mass EGA 

dehy 30-156 94 10.4 H2O 

I(D) 156-272 195 8.00 H2O 

II 272-516 426 17.3 
CO2; CO; NH3; aniline; CH4; C3H5 (m/z 41); 

N2O; H2O 

III 516-800 und. 24.0 CO2; CO; NH3; HCN; N2O 
#dehy.: dehydration; D: dehydroxylation of LDH layer; Roman numbers indicate the 

degradation steps; ‡und.: undefined; Tp: peak temperature of the mass loss event, according to 

DTG. *EGA: Evolved gas analysis carried out by infrared spectroscopy (IR) and mass 

spectrometry (MS).  
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Figure S5. 3D FTIR (a) and contour map along with temperature selected FTIR spectra (b) for 

Zn2Al-Fol.  
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Figure S6. Thermal Analysis data (TGA/DTG/DSC-MS curves) of LDH-Cl materials under 

N2 atmosphere.  
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Scheme S1. Proposed chemical equations for the decomposition steps of LDH-Cl materials 

under N2 atmosphere. R is the percentage of residual mass at 1000 °C and G is the global 

chemical equation of material decomposition. 
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Figure S7. Thermal Analysis data (TGA/DTG/DSC-MS) of LDH-FA materials under air 

atmosphere.  
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2.1.5. Carbothermic reaction  

 

 

Figure S8. Carbothermic reaction assay of Zn2Al-HFol, 

[Zn2.29Al(OH)6.58](C19H17N7O6)0.47(C19H16N7O6)0.022.8H2O. TGA/DTG/DSC curves under N2 

atmosphere (a), XRD analysis of precursor (black line), samples pyrolyzed (800 °C, red line; 

and 1000 °C; blue line) and sample calcined at 1000 °C (green line) (b). Raman (excitation 532 

nm) spectra (c) and SEM micrography (d) of samples pyrolyzed at 800 and 1000 °C. Yellow 

arrows indicated ZnO particles and dashed yellow circles, -Al2O3. 
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In TGA/DSC curves (Figure S8a), the event of mass loss with endothermic peak at 879 

°C indicated the carbothermic reaction: ZnO(s) + C(gr) → Zn(v) + CO(g), as reported in a previous 

work (Magri et al., 2019). The formation of ZnO at 800 °C was confirmed by XRD (red line; 

Figure S8b) and SEM (yellow arrow, Figure S8d). The D, G and 2D bands in Raman spectra 

indicated the formation of graphitic carbon (Figure S8c). The loss of Zn (vapour) above 800 

°C was inferred considering the endothermic event peak at 879 °C in TGA/DSC results as well 

as the disappearing of the diffraction peaks attributed to ZnO in XRD (Figure S8b) and the loss 

of the structures attributed to ZnO in SEM (Figure S8d), as the temperature increased from 800 

to 1000 °C. The process led to the generation of γ-Al2O3 (ICSD 249140), as indicated in XRD 

pattern (blue line; Figure S8b) and SEM images (yellow dashed circles; Figure S8d). 
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2.1.6. In-situ HT-XRD data 

 

 

Figure S9. In-situ HT-XRD patterns (left) and respective contour maps (right) of Mg2Al-Cl 

(a) and Mg2Al-Fol (b) under a N2 atmosphere. 
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Figure S10. In-situ HT-XRD patterns of Mg2Al-Cl (a), Zn2Al-Cl (b), Mg2Al-Fol (c) and Zn2Al-

HFol-HT150/1h (d). The experiment was carried out for Zn2Al-HFol-HT150/1h due to its 

higher crystallinity than the pristine Zn2Al-HFol and the (003) could not be probed because of 

its low angle region (equipment limitation). *sample holder.  
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2.1.7. SEM-EDS data 

 

 
 

Figure S11. SEM micrographies of Mg2Al-Fol (a) Zn2Al-Fol (b), Zn2Al-Cl (c) and Mg2Al-Cl 

(d) materials at (x35k of magnification). 
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Figure S12. SEM micrographies of Zn2Al-HFol-500r (a) and Zn2Al-HFol-600r (b). The arrows indicates: oppened structure (yellow) and stacked 

structure (red). 
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Figure S13. EDS mapping merge of carbon and Mg (a) or Zn (b) for Mg2Al-Fol-1000r and 

Zn2Al-HFol-800r samples, respectively.  
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2.1.8. UV-VIS and Photoluminescence spectroscopic data of LDH/C-dots (pyrolysis)  

 

 

Figure S14. Optical characterization (absorption, PL and PLE spectra) of Zn2Al-HFol-600r 

sample.  
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Figure S15. PL intensity in aqueous suspension (0.5 mg L-1) under 365 nm excitation radiation 

of LDH-Fol samples after pyrolysis/reconstitution. 0.5 h indicated isothermal conduction at 360 

°C for 0.5 h.  
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Figure S16. PL spectra in aqueous suspension (0.5 mg L-1) under different excitation radiation 

of Mg2Al-Fol samples after pyrolysis/reconstitution.  
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Figure S17. PL spectra in aqueous suspension (0.5 mg L-1) under different excitation radiation 

of Zn2Al-HFol samples after pyrolysis/reconstitution.  
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2.1.9. LDH/C-dots obtained by Hydrothermal Carbonization  

 

 
Figure S18. XRD patterns of Mg2Al-Fol (a), Zn2Al-HFol (b) and Zn2Al-Fol (c) hydrothermally 

treated. 
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Figure S19. XRD patterns of Mg2Al-Cl (a) and Zn2Al-Cl (b) hydrothermally treated at 150°C 

for 4 h. Inset: Al(OH)3 (bayerite, ICSD 26830) (a) and ZnO (wurtzite; ICSD 26170). 
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Figure S20. FTIR spectra of Mg2Al-Fol (a), Zn2Al-HFol (b) and Zn2Al-Fol (c) materials 

hydrothermally treated.  
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Table S7. Initial and final pH values of synthesis media and identified phases by XRD. 

 

Sample pHi pHf pH Identified phases  

Mg2Al-Cl 8.26   LDH 

4h/150 °C -- 8.52 0.26 LDH and Al(OH)3 (bayerite)  

Zn2Al-Cl 6.14   LDH 

4h/150 °C -- 6.19 0.05 LDH and ZnO (wurtzite)  

Mg2Al-Fol3- 8.03   LDH 

4h/150 °C -- 8.45 0.42 LDH 

6h/150 °C -- 8.55 0.52 LDH 

8h/150 °C -- 8.51 0.48 LDH 

10h/150 °C -- 8.56 0.53 LDH 

3h/180 °C -- 9.46 1.43 LDH 

6h/180 °C -- 9.03 1.00 LDH 

Zn2Al-Fol2- 7.18   LDH 

1h/150 °C -- 6.95 -0.23 LDH 

2h/150 °C -- 6.77 -0.41 LDH 

3h/150 °C -- 6.5 -0.68 LDH 

4h/150 °C -- 6.64 -0.54 LDH 

3h/180 °C -- 6.66 -0.52 ZnO 

6h/180 °C -- 6.81 -0.37 ZnO 

Zn2Al-Fol3- 7.10   LDH 

1h/150 °C -- 7.01 -0.09 LDH 

2h/150 °C -- 7.11 0.01 LDH 

3h/150 °C -- 6.65 -0.45 LDH 

4h/150 °C -- 7.07 -0.03 LDH and ZnO  

pHi = initial pH value; pHf = final pH value;  
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Figure S21. Electronic UV-VIS spectra of Mg2Al-Fol (a), Zn2Al-HFol (b) and Zn2Al-Fol (c) 

materials hydrothermally treated.  
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Figure S22. PLE (a-c) and PL(d-f) spectra of Mg2Al-Fol (a,d), Zn2Al-HFol (b,e) and Zn2Al-

Fol (c,f) materials hydrothermally treated.  
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