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ARTICLE INFO ABSTRACT 

Hard carbons have become recently one of the most promising classes of anode materials for sodium ion 
batteries (N!Bs) owing to their high specific capacity and good cycling stability. Among the precursors 
used to prepare hard carbon, phenolic resins are of great interest due to their high carbon yield, however, 
their toxicity must be overcome. In this paper, we propose a green, simple and scalable procedure to 
obtain phenolic resins which by pyrolysis at high temperature (> 1000 °C) result in eco-friendly hard 
carbons with Iow surface area, disordered structure and high carbon yield. The influence of several 
synthesis parameters (type of solvent, thermopolymerization/annealing temperature and gas flow) was 
studied to determine the impact on bath phenolic resin and hard carbon characteristics. The synthesis 
time (12 h-3 days) was found to depend on the used solvent whereas the carbon yield (25-35%) on the 
cross-linking degree which could be controlled by adjusting bath thermopolymerization temperature 
and atmosphere. The structure of the hard carbons mainly changed with the carbonization temperature 
(1100-1700 °C) while the texture of the material was sensitive to most of the studied parameters. Stable 
reversible capacity up to 270 mAhg-1 and 100% coulombic efficiency (CE) after few cycles are obtained,
demonstrating the potential for Na-ion applications. 

1. Introduction

Carbon-based materials have been studied theoretically and 
experimentally for a long time as electrode materials for energy 
storage in applications such as supercapacitors, batteries (i.e. Li-ion 
batteries), fuel cells, etc. [ 1 ]. The unique combination of chemical 
and physical properties (abundance, low cost, superior corrosion 
resistance, good electronic conductivity) along with their wide 
availability makes carbon based electrodes promising materials for 
improving energy storage performances. 

Li-ion batteries (L!Bs) show today the best performance in terms 
of energy, power density and cycle stability. Negative electrode in 
L!Bs is commonly made of graphite, which can reversibly interca
late Li-ions for thousands of cycles. However, the availability of 
Lithium is still an issue to salve and this is why alternatives to 
lithium technology are urgently needed. 
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One of the alternatives to L!Bs can be the sodium ion batteries 
(N!Bs). They were studied in early 1980's in parallel with L!Bs but 
left behind due to the breakthrough of Sony in 1991 when first 
commercial lithium-ion battery was released. The abundance of 
sodium, availability and lower costs makes sodium a promising 
option to replace L!Bs [2]. With the new sodium cheaper ions to 
replace lithium and the efficient anode (graphite) we should expect 
new performing batteries at lower prices. However, Na ion has a 
larger radius than Li ion (1.02 A vs. O. 76 A) and its binding energy to 
graphite is weaker making the reversible intercalation difficult and 
thus the electrochemical performances lower than for Li-ion bat
teries [3]. Moreover, Na ions are mainly coordinated in octahedral 
sites [4] limiting the crystalline materials like graphite to provide 
high capacity and long cycling life. As a consequence, new potential 
materials to be used as anode in N!Bs have been studied. 

Doef et al. reported in 1993 a significant reversible capacity for 
carbonaceous materials when they were tested as electrode ma
terial for Na cells [5]. The electrode was prepared by pyrolysis of 
petroleum cokes, resulting in a soft carbon ( disordered carbon but 
able to graphitize at high temperatures). Hard carbon represents 



another type of carbon materials which was highly studied during 

the last years. It has a disordered structure combining amorphous/ 

graphitic domains and micropores, and it is recognized as a non

graphitizable carbon. Contrary to graphite, hard carbons do not 

possess a standard structural mode!, the so called "falling cards 

mode!" described by Dahn et. al being widely accepted to represent 

its structure [6]. 

Severa! types of precursors have been used to obtain hard car

bons and they can be classified in 3 main categories, i.e., biomass 

waste, sugars and polymers. Hard carbons are obtained after 

further thermal treatment at temperatures up to 1500 °C leading to 

promising materials for sodium ion storage. Biomass waste (i.e., 

banana/pomelo/apple peels, okara, leaves, algae [7-12]) represents 

an important category of precursors commonly used to prepare 

hard carbons as detailed in a recent review [13]. The main advan

tage of biomass waste is their abundance which cornes along with a 

cheap price. However, the low carbon yield, a low reproducibility 

due to the biowaste variety, seasonal and regional variation, limits 

the interest of biomass as hard carbon precursors. 

Polymers and bio-polymers are another important class of 

precursors extensively studied as anodes for sodium ion storage. 

Sugars (sucrase, glucose) [14-16] and phenolic resins (resorcinol

formaldehyde gels) [17,18] along with cellulose [19], poly

acrylonitrile (PAN) [20], pitch [21 ], sodium polyacrylate [22], etc., 

have been explored as carbon precursors. Unlike waste biomass 

where just physical parameters can be controlled, i.e., temperature, 

heating rate, gas flow/rate, in the case of many polymers bath 

chemical and physical parameters can be tuned allowing different 

carbon structure, texture and morphology. A low carbon yield 

found for sugars and the toxicity issues raised by phenolic resins 

obtained from formaldehyde are the main disadvantages for these 

precursors. 

Despite their toxicity, phenolic resins are interesting materials 

for hard carbon preparation since they deliver a high carbon yield 

and their characteristics can be tuned, as mention before, by bath 

physical and chemical conditions. Want et al. [23] studied sodium 

insertion in hard carbon microspheres obtained by hydrothermal 

treatment of phenolic resin followed by carbonization at high 

temperature (880-1500 °C). The phenolic resin was obtained by 

mixing phenol and formaldehyde followed by addition of sodium 

hydroxide solution and fluorine in excess. In another study, Li et al. 

[21] used commercial phenolic resins in combination with pitch to

get hard carbon materials for sodium storage. However, no details

are mentioned about the composition of the phenolic resin.

Remarkable electrochemical performances were reported by Ye

and his team [24] when using co-doped (N and S) hollow carbon

spheres (HCS) obtained from phenolic resins. The precursor is ob

tained by dissolving resorcinol/urea/thiourea and formaldehyde in

water followed by addition of polymethyl methacrylate (PMMA)

that acts as a template. A thermal treatment at 600 °c under ni

trogen gas leads to the hollow nanospheres of hard carbon. Hase

gawa et al. [25] showed promising electrochemical performances

for N!Bs, as well, when testing hard carbons made of macroporous

phenolic precursors. In this study, sol-gel process was approached

to prepare the phenolic gel, by mixing resorcinol, HCI and formal

dehyde solution in presence of ethanol solvent. The carbonization

temperature was varied from 800 to 3000 °C. More recently, Zhang

et al. [26], prepared hard carbons from a mixture of phenolic resin

and sucrase. By changing the mass ratio of sucrose/resin, different

carbon materials were obtained under thermal treatment at tem

peratures between 1000 and 1600 °C. However, the resin is made of

phenol and formaldehyde, as in the previous studies.

As highlighted in these works, most of phenolic resins used to 

obtain hard carbons are based on phenol/formaldehyde which is 

highly taxie for human and environment. To the best of our 

knowledge, there is no paper presenting alternatives to obtain 

green phenolic resins for hard carbon preparation. In this work we 

propose a simple, versatile and green synthesis approach to obtain 

hard carbon materials with tunable properties (porosity and 

microstructure). Phloroglucinol and glyoxylic acid, bath extracted 

from natural sources [27,28] are simply dissolved in water/ethanol 

solvents at room temperature allowing the formation of a green 

phenolic resin gel. Thermal annealing of such resins at high tem

perature resulted in hard carbon materials with tunable features 

(high disorder degree, large interlayer spacing, low specific surface 

area etc) for Na-ion energy storage. The influence of synthesis pa

rameters on the obtained phenolic resin and hard carbon charac

teristics was studied in detail by several analyses techniques. 

Selected materials were tested for Na-ion batteries showing a 

reversible capacity of around 270 mAh • g1, which is relatively stable 

over cycling and a high Coulombic efficiency of 100% after few 

cycles. 

2. Materials and methods

2.1. Material synthesis 

Phloroglucinol (1,3,5-benzentriol, C6H603) and glyoxylic acid 

monohydrate (C2H203 ·H20) were purchased from Sigma-Aldrich 

and used as received without any further purification. Ethanol 

(C2H60) and distilled water were used as solvents. 

The hard carbon materials (HC) were synthesized by a sol-gel 

approach followed by thermopolymerization at a low tempera

ture to cross-link the resin and thermal treatment (TT) at high 

temperature to decompose and carbonize the resin. 

The synthesis procedure is very simple, scalable and consists in 

the dissolution of phloroglucinol (3.26 g) and glyoxylic acid (3.6 g) 

at room temperature in 40 ml of solvent (water, ethanol or the 

mixture of bath - 1: 1 ratio). Next, the solution is placed on an oil 

bath to ensure constant temperature (25 °C) for a certain period of 

time favoring the polymerization process and the formation of a 

phenolic resin gel (12 h-3 days, depending on the solvent used). 

Once the gel formed, it is placed in an aven and dried in air at a 

temperature up to 150 °C for ~ 12 h. Further, we will refer to this 

step as thermopolymerization (TP). For the final step, the cross

linked resin was thermally treated (TT) at 1300 °C under Ar (151./ 

h). The obtained material was manually grinded for further char

acterizations. The entire procedure is schematically presented in 

Fig. 1. 

Severa! parameters were investigated by changing one param

eter at the time, the other being kept constant, i.e., the solvent type 

( ethanol, water, ethanol/water mixture), thermopolymerization 

temperature (25 to 150 °C), thermopolymerization atmosphere (air, 

argon, freeze-drying, simple vacuum) and thermal annealing 

temperature (1100 to 1700 °C). The detailed synthesis parameters 

along with the sample denomination are presented in Table 1. 

2.2. Material physico-chemical characterization 

Severa! characterization techniques were used to analyze bath 

the phenolic resin and the hard carbon material. Starting with the 

phenolic resin, its structure was studied by 1H and 13C cross

polarization magic angle spinning (CP/MAS) solid state NMR. The 

spectra were obtained at the frequency 100.6 and 400.13 MHz, on a 

Bruker Avance 400 NMR spectrometer. Chemical surface of the 

phenolic resin was characterized using a Bruker Fourier transform 

infrared spectrometer mode! IFS66/S with a MCT detector, 4000-

400 cm- 1 spectral range. Thermo-gravimetric analysis was per

formed to study the mass loss of the resin by heating at a tem

perature up to 1300 °C at 5 °C/min under nitrogen atmosphere 
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Fig. 1. Environmentally friendly synthesis procedure developed to prepare the hard carbon materials using phloroglucinol/glyoxylic acid resin. (A colour version of this figure can be 

viewed online.) 

Table 1 

Synthesis conditions used to prepare hard carbon materials. 

Sample name Solvent TPtemp. (C) TP atm. TT(C) 

HC ethanol Et-OH 80 + 150 Air 1300 

HC mixture Et-OH/H20 80 + 150 Air 1300 

HC water H20 80 + 150 Air 1300 

HC air Et-OH 80 + 150 Air 1300 

HC argon Et-OH 80 + 150 Argon 1300 

HC freeze drying Et-OH Freeze-drying 1300 

HCvacuum Et-OH 80 + 150 Vacuum 1300 

HC 25 °C Et-OH 25 Air 1300 

HC 80 °C Et-OH 80 Air 1300 

HC 150 °C Et-OH 150 Air 1300 

HC 80 + 150 °C Et-OH 80 + 150 Air 1300 

HC 1100 °C Et-OH 150 Air 1100 

HC 1300 °C Et-OH 150 Air 1300 

HC 1500 °C Et-OH 150 Air 1500 

HC 1700 °C Et-OH 150 Air 1700 

Italie text denotes the modified synthesis parameter. 

(Mettler-Toledo TGA 851e). Temperature-programmed desorption 
(TPD) analysis was performed in a "homemade" vacuum system 
equipped with a mass spectrometer [29]. The samples were heat
treated up to 950 °c at a heating rate of 5 °c min-1. The gas phase 
was quantitatively analyzed during the experiment by the mass 
spectrometer. Prior the analysis, the mass spectrometer was cali
brated using: H2, H2O, CO, N2 , 02 and CO2 gases. 

The structure of carbon materials was studied by Raman and X
ray powder diffraction (XRD). Raman measurements were per
formed at room temperature using a LabRAM BX40 (Horiba Jobin
Yvon) spectrometer equipped with He-Ne excitation source 
(532 nm wavelength). XRD analysis was performed using a Bruker 
D8 Advanced diffractometer with fiat-plate Bragg-Brentano 8-8 
geometry. 

Texturai properties of the hard carbon materials were investi
gated with a Micromeritics ASAP 2420 machine using N2 gas as 
adsorbate (77 K) and a Micromeritics ASAP 2020 instrument using 
CO2 adsorbate (273 K). Previously, the samples were out-gassed for 
12 h at 300 °C, under vacuum, on the degassing ports and addi
tional, for another 2 h on the analysis ports. The BEI (Bru
nauer-Emmett-Teller) specific surface area (SSA) was determined 
from the linear plot in the relative pressure range 0.05-0.3, whilst 
the pore size distribution (PSD) was calculated from both N2 and 
CO2 adsorption isotherms using the NLDFT (non local density 
functional theory) standard mode! for carbon materials carry out by 
SAIEUS software [30]. The morphology of the hard carbon materials 
was studied by high resolution transmission electron microscopy 

(HRTEM) and selected area electron diffraction (SAED) with aJEOL, 
ARM-200F mode! instrument operating at 200 kV. 

2.3. Material electro-chemical characterization 

The electrochemical tests were done using Swagelok cells. The 
electrodes were obtained by mixing the hard carbon active material 
with polyvinylidene fluoride (PVdF) and carbon black acetylene 
with a mass ratio of 70:10:20. Ali the components were mixed in 
presence of N-methyl-2-pyrrolidone (NMP) and the obtained slurry 
was coated by doctor blade on Al foi!. The obtained electrode was 
dried at 80 °C overnight under vacuum. Before using, it was 
punched to get the desired size. The active mass loading for the 
obtained electrodes is between 1.4 and 2 mg cm-2

• As counter/
reference electrode sodium metal was used while the electrolyte 
was 1M solution of NaPF5 in ethylene carbonate (EC)/dimethyl 
carbonate (DMC), 1 :1 in volume. 

Electrochemical performances were measured using a Bio-Logic 
cycler. Galvanostatic charge-discharge tests were conducted at a 
constant current <i>. First the discharge is performed at a negative 
current in the range 2V-0.01 V. The current was then reversed to 
charge the cell to the same maximum cell voltage of 2 V. Cyclic 
voltammetry was performed in a voltage window between 0.01 
and 2 V at scan rates of 0.2 mV ç 1. Ali the experiments were con
ducted at room temperature. 

3. Results and discussion

A series of samples was prepared in order to understand how 
the experimental parameters impact the hard carbon characteris
tics (Table 2). Both phenolic resins and hard carbon materials have 
been studied in detail. 

3.1. Hard carbon characterization 

XRD and Raman techniques were used to obtain information 
about the carbon structure when changing different synthesis pa
rameters (solvent, thermal polymerization temperature/atmo
sphere and annealing temperature). The XRD patterns of the hard 
carbon materials are characterized by three broad peaks observed 
at 22.4° , 43.5° and 80° which correspond to (002), (100) and (110) 
diffraction planes of graphite (Fig. 2a). However, the broad shape of 
the peaks suggests a low graphitization degree. The thickness of the 
graphitic demains (Le) was calculated using the Scherrer equation 
and the size was found to be close to 1 nm (for the materials treated 
at 1100-1300 °C), indicating that they are composed of 2-3 layers 
of graphene. These features are specific for hard carbon materials 



Table 2 

Carbon yield, structural and texturai characteristics of hard carbon materials prepared in different conditions. 

Changed Parameter Sample name C yield wt% 

Solvent HC ethanol 32.8 
HC mixture 31.6 
HC water 31.0 

TP atmosphere HC air 32.7 
HC argon 33.5 
HC freeze drying 24.9 
HC vacuum 34.6 

TP temperature HC 25 °C 21.9 
HC 80 °C 34 
HC 150 °C 34.3 
HC 80 + 150 °C 32.9 

Carbonization temperature HC l100 °C 
HC 1300 °C 
HC 1500 °C 
HC 1700 °C 
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Fig. 2. a) XRD and b) Raman spectra of hard carbon materials thermally treated between 1100 °C and 1700 °C; Influence of synthesis parameters on materials characteristics: c) d
spacing; d) graphitization degree. (A colour version of this figure can be viewed online.) 

with a disordered structure and, at the same time, a certain degree 
of graphitization. 

The derived hard carbons obtained by treatment at 1300 °C 
show three characteristic XRD peaks placed at the same two theta 
positions (22.4° , 43.5° and 80°) no matter the solvent or thermo
polymerization temperature/atmosphere. As result, the d-spacing 
values obtained are almost identical, 4A (Fig, 2c). On the contrary, 
for hard carbons prepared at annealing temperature between 1100 
and 1700 °c clear changes can be seen in the XRD spectra (Fig. 2a). 
The (002) peak position shifts to higher two theta angles and the 

intensity increases with the increase of the temperature. Conse
quently, the d-spacing decreases from around 4 A at 1100 °C to 
3.7 A at 1700 °C. This is related to the stacking of disordered gra
phene sheets at higher temperature, therefore increasing the 
graphitization level. The increase in the graphitization level is 
confirmed, as well, by the evolution of (110) plane which is char
acteristic for graphitic structures. 

This tendency is confirmed by HRTEM and SAED (Fig. S1, Sup
porting Information). Agglomerations of curved graphene layers 
with random orientation, similar to the "card house" mode! of 



disordered hard carbons proposed by Dahn and co-workers [6] 

could be seen for ail sampi es. The internai organization of graphene 

layers is higher with the increase of temperature (from 1100 to 

1700 °C) and it is confirmed by the Le value that increases from 

1 nm to more than 2 nm, corresponding to 4 to 5 graphene layers 

stacked together at 1700 °C. Selected area electron diffraction 

confirms, as well, graphitization improvement with temperature 

since the diffraction rings become more defined at higher 

temperature. 

Raman analysis was used to get additional information about 

the structure of hard carbon materials. Ali the spectra show two 

intense and sharp peaks in the range: 1100-1700 cm- 1 (Fig. 2b). The

first peak at 1343 cm- 1 corresponds to the defect induced D-band

while the second one is correlated to crystalline graphite G band 

(1596 cm-1 ). By determining the ratio between the intensity of D

and G bands (10/Ic) one can quantify the degree of structural dis

order. The D band has low intensity in well organized (graphitized) 

materials but for this series of hard carbons the peak is more 

intense than the G peak, indication of disordered structure. Addi

tional, two broad peaks can be identified in the region 2500-

3000 cm- 1 corresponding to 2D and D + G bands. The D + G band

was reported as a defect activated process for an elastic scattering 

event to provide momentum conservation in the Raman process ( as 

the D band is) while the 2D band shows information on the degree 

of graphitization in the material, this peak being characteristic for 

bulk graphite. Such peak become well visible and its intensity in

creases with the annealing temperature, confirming the formation 

of graphitised domains in the materials besides the disordered 

domains. 
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When different solvents and thermopolymerization tempera

ture/atmospheres were approached, the Raman spectra exhibited 

similar shape with small differences in which concems the in

tensity of D and G bands. This aspect is reflected by the small 

variation ofl0/Ic ratio (between 1.17 and 1.3), values that indicates a 

high disorder degree (Fig. 2d). However, when the phenolic resins 

were pyrolysed at different temperatures, the intensity of G bands 

starts to decrease with the increase of temperature, the 10/Ic ratio 

decreases while the full-width decreases as well. Moreover, the 2D 

band which is correlated to the graphitization level becomes 

sharper when increasing the temperature from 1100 to 1700 °C 

(Fig. 2b ). This is in good agreement with the previous results found 

for XRD and TEM analyzes indicating better structural organization 

with the increase of the temperature. 

The porosity of the obtained hard carbon materials was studied 

by nitrogen adsorption-desorption and C02 adsorption isotherms. 

Type I isotherms (Fig. 3a) could be found for ail the hard carbons 

typical for materials with micro and ultramicroporous structure for 

which pore filling occurs at relative pressure below 0.1 and the 

process is complete at a partial pressure of around O.S. However, for 

many materials, the adsorbed volume at low pressure is very small 

indicating rather non-porous materials. Desorption process is not 

complete and a possible explanation is that some N2 molecules are 

trapped inside the pores, phenomenon observed when the pores 

present an ink-bottle neck like shape [31 ]. 

Fig. 3c shows the nitrogen BET SSA results of the hard carbons 

obtained by varying the synthesis parameters. Texturai properties 

of the hard carbon material are mainly affected by the solvent used 

and thermopolymerization step. When different solvents were 
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Fig. 3. a) Nitrogen adsorption/desorption isotherms and b) C02 adsorption isotherms of hard carbon materials obtained by using different solvents. Influence of synthesis pa
rameters on carbon characteristics: c) N2 BEI SSA and d) CO2 BEI SSA (A colour version of this figure can be viewed online.) 



used, it was found that HC water adsorbs seven times more nitro

gen that HC ethanol. This lead to a BET specific surface area of 

72.4 m2 g-1 (HC water) comparing to 7.9 m2 g-1 (HC ethanol),
Table 2. Thermopolymerization at room temperature gives higher 

SSA (80.5 vs. -8 m2 g-1) than the samples dried at temperatures

between 80 and 150 °C. Different thermopolymerization atmo

spheres do not bring differences on the material texture (see 

Table 2, Fig. 3c). When varying the carbonization temperature, the 

BET values constantly decrease with the increase of temperature, 

i.e., 36 m2 g-1 for the sample treated at 1100 °C and between 6 and

3. 7 m2 g-1 when treating up to 1700 °C.

CO2 adsorption analysis was performed, as well, to get more 

information about the existence of ultramicroporosity in the ma

terials (Fig. 3b ). Ultramicropores cannot be accessed by N2 mole

cules, but it is possible by using CO2 gas [13]. The results showed 

that the specific surface area determined by CO2 adsorption is 

significantly higher compared to N2 BET SSA (i.e. 273 m2 g-1 vs.

36 m2 g-1 for HCl 100 ° C) suggesting an extra-porosity coming from

small size pores ( <0.7 nm) which are not accessible by N2 mole

cules, but accessible when using CO2 gas. The results obtained for 

the evolution of CO2 SSA of the materials are similar to the ones 

observed for N2 SSA, i.e., the highest SSA (291.3 m2g-1) for HC water

while the lowest (116.3 m2g-1) for HC ethanol (Fig. 3d).

Pore size distribution confirms the results obtained by N2 and 

CO2 adsorption and as example, the plots for pore size distribution 

of hard carbon obtained by using different solvents are presented 

(Fig. S2, Supporting Information). Microporosity ( <2 nm) is 

revealed by nitrogen pore distribution with a size centered at 

around 1.2 nm. However, pore size distribution determined using 

the CO2 adsorption results showed a higher volume of pores (10 

times higher than N2 PSD). The pores are of ultramicroporosity 

scale with the size centered of around 0.6 nm. It is worth 

mentioning here that the pore volume is 5-6 times higher for the 

materials obtained by using water as solvent (solely or as mixture 

with ethanol) than the materials prepared with ethanol solvent. 

As seen by the analyses described before, the structure and the 

texture of the materials is influenced strongly by the initial prep

aration conditions of the phenolic resin and by the annealing 

temperature. In order to get more insights in the formation of the 

hard carbon, the phenolic resins were studied in detail. 

3.2. Phenolic resin characterization 

Three of the four parameters studied ( the solvent, TP tempera

ture and TT) affected the characteristics of hard carbon materials. 

As we have already seen, hard carbon materials with different 

properties (SSA, d-spacing, structure, etc.) were obtained by vary

ing the experimental conditions and this may be associated to the 

modifications induced on phenolic gel characteristics. Thus, it is 

very important to study the formation of phenolic resin polymer. 

The parameter we will discuss in detail is the influence of sol

vent since it induce important differences in material porosity. It 

was found that each solvent used requires different time for 

phenolic resin gel formation: 12 h when water is used as solvent, 

24 h for water-ethanol mixture and 3 days for ethanol. This time 

can be correlated to some extent to the content of -OH groups. 

Water has a higher concentration of -OH groups and thus more 

protons can be formed while the concentration of hydroxyl groups 

is lower for ethanol. The increase of the pH favors the formation of 

substituted phloroglucinol molecules and thus the formation of 

polymer molecules. Visually and mechanically speaking, the three 

resin gels obtained are similar but this is not enough to confirm that 

the time approached for each case lead to materials with a similar 

crosslinking degree. 

FT-IR was performed to get information on the chemical surface 

of the phenolic resins synthesized using different solvents. The 

observed peaks for the resins prepared at room temperature (25 °C) 

could be labeled to chemical bonds of precursors (-OH, -COOH), 

cross-linked precursors (C=O, C-O-C,) or solvents (-CH2, -OH). Only 

small difference can be seen from the spectra of the three samples 

(see SI Fig. S3). The most important difference is the intensity of the 

signais obtained. When ethanol was used as solvent the signal is 

slightly higher otherwise, similar vibration bands at similar wave

number were observed. 

A much clear difference could be seen when comparing the 

three spectra of resins dried at 25 °C with the one dried at 80 °C 

(black curve, Fig. S3), the later one presenting a lower intensity of 

ail peaks. When the resin gel is dried at room temperature, the 

intensity of the peaks is higher since the reactions between the 

compounds are at an early stage with a high amount of solvent still 

present in the structure (removable at higher temperatures) and 

intermediate compounds that are not yet cross-linked. At 80 °c, the 

reaction between phloroglucinol and glyoxylic acid is more 

advanced and the polymerization degree is higher, reason why the 

vibration bands decrease in intensity. 

These observations suggest that ethanol-derived resins are Jess 

cross-linked taking into account that the intensity of several 

functional groups is higher (O-H, -COOH, -C-O-, etc), therefore not 

involved in cross-linking. Another important finding is that the 

thermopolymerization increases the cross-linking degree of the 

resins. This observation may be linked with the porosity of the 

obtained carbons which were more porous when water is used 

(more cross-linked). 
13c and 1 H NMR were used to analyze the structure/poly

condensation degree of the phenolic resin (Fig. 4a and b) obtained 

in presence of different solvents ( ethanol, water or the mixture of 

both). 13C CP-MAS NMR spectra show several chemical shifts in the 

range 200-0 ppm with the main resonances rather similar for each 

sample. The peaks correspond to carbon atoms from different 

initial precursors species as well as from cross-linked products 

formed by the polymerization reaction between glyoxylic acid and 

phloroglucinol in the presence of solvent as identified elsewhere 

[32,33]. The chemical shift at 176.9 ppm corresponds to the carbon 

atoms of carboxylic group (C=O) present in glyoxylic acid. Next 

chemical shift present at 154 ppm is due to the unsaturated aro

matic carbon bonded to oxygen in phloroglucinol. The intensity of 

the peak is lower for the sample obtained with water as solvent 

which means that the amount offree (un-reacted) phloroglucinol is 

lower comparing with the other two samples. 

The two resonances at 106.7 and 99.9 ppm associated with the 

unsaturated aromatic carbon bonded with the C atom of the 

trihydroxy phenylacetic acid and the saturated carbon atoms. The 

peak corresponding to the saturated carbon atoms is just a small 

shoulder in the well defined resonance at 106.7 ppm, meaning that 

the amount of these species is low and mixed with trihydroxy 

phenylacetic acid due to incomplete reaction with the glyoxylic 

acid. Next, there is a series of three low intense peaks at 73.8, 63.5 

and 58.7 ppm respectively, which might be assigned to interme

diate products of polymerization in low amounts which are very 

sensitive to the solvent used (the sample prepared in presence of 

water shows just a broad and small peak). The last chemical shift 

that is present for ail the samples at 40.3 ppm can be associated 

with the carbon from lactone bridges that connect the phlor

oglucinol rings. Two sharp peaks at 17.1 and 14.1 ppm are observed 

for the samples prepared with ethanol as solvent correlated to 

methyl groups. 
1 H NMR was used to study further the structure of the phenolic

resins. Three chemical shifts were identified at 5.5 ppm, 3.2 ppm 

and 0.63 ppm, respectively (Fig. 4b ). One intense signal could be 

identified at 5.5 ppm and it is correlated to the protons from 
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Fig. 4. 13C CP-MAS NMR (a) and 1H NMR (b) spectra of the phenolic resins synthesized in presence of different solvents and corresponding chemical structures associated with each 
peak (in-set). {A colour version of this figure can be viewed online.) 

phloroglucinol -OH groups as well as to the water -OH groups. 

This peak varies with the solvent used having the highest intensity 

for water sample and the lowest one for ethanol sample. The low 

intense peak at 3.2 ppm and the peak from 0.63 ppm are related to 

protons from methylene (-CH2) and methyl (-CH3) groups, 

respectively and are observed just for HC ethanol materials. How

ever, it is difficult to discriminate between the contribution of water 

and phloroglucinol to the peak intensity meaning that we cannot 

correlate peak intensity with cross-Iinking degree. Moreover, there 

is a difference between the broadness of the three peaks. Ethanol 

sample exhibits the largest peak due to a lower cross-Iinking de

gree which is in agreement with the results obtained from 13C CP

MAS NMR. 

Thermal analysis techniques (TGA and TPD-MS) were employed 

to study the transformation of phenolic resin into hard carbon. 

During the thermal treatment process which is performed under 

inert atmosphere (argon flow), volatiles such as H2O, CO, CO2, H2, 

etc, are removed from the composition of the phenolic resin. More 

precisely, thermal fragmentation and decomposition of the poly

meric structure with formation of glassy carbon structure occur as 

result of the condensation of aromatic molecules and the volatili

zation of low molecular weight species [34]. The impact of exper

imental parameters on the carbon formation was evaluated, 

starting with the thermopolymerization temperature (Fig. Sa). 

Three decomposition domains were identified as follow: the 

first one between 30 and 250 °C, it is related to solvent removal as 

well as water molecules removal which result from poly

condensation reactions due to cross-linking of phenolic resin. TPD

MS analysis gives more information about the nature of the 

chemical species produced during the polymer precursor trans

formation into carbon. Gases desorption profiles evolution over 

temperature for one typical phenolic resin can be seen in Fig. S4, 

Supporting Information. At low temperature ( <250 °C), water is 

desorbed along with small amounts of CO2 and H2. CO2 gas for

mation may be due to the decomposition of acidic groups (i.e. 

carboxyl, -COOH) and/or anhydride groups derived from glyoxylic 

acid. During the first step, between 8 and 30% mass loss occurs, 

depending on the used synthesis conditions. The second domain 

between 250 and 500 °C can be attributed to different species 

evolved during the thermal decomposition of phenolic resin, 

corresponding to a mass loss between 45 and 57%. TPD-MS analysis 

shows three intense peaks that correspond to H2O, CO and CO2 gas 

release. Small amounts ofH2 are released as well. With the increase 

of temperature, structural water is produce from the reactions 

between neighboring carboxylic groups (-COOH) of glyoxylic acid. 

This chain of reactions implies the cross-linking of the phenolic 

resin as well as the material carbonization. The lactone decompo

sition results in CO gas while anhydrides groups (which were 

formed at low temperature, during the first step) decompose at 

higher temperatures (-360 °C) with formation of water, CO and 

CO2. The last domain, which starts from 500 °C up to 1300 °C, can 

be correlated to the removal of oxygen functional groups and 

structural organization of the carbon. At high temperature the 

quantity ofH2 desorbed is the most significant as shown by TPD-MS 

results and a broad and low intense peak can be seen. H2 desorption 

occurs due to the internai organization of carbon which involves C

H bond cleavage. Water and CO are desorbed as well in low 

amounts. 

TGA results showed a total mass loss between 65 wt% and 80 wt 

% for the different samples. When the resin gel is dried at room 

temperature, the obtained precursor gives around 13% lower car

bon yield (21% vs. 34% at 1300 °C) compared to gels dried at a higher 

temperature (Fig. Sb), associated with a faster degradation rate due 

to a lower cross-linking degree. The derivative weight loss plot 

(black dotted line Fig. Sa) shows a narrow and intense peak with 

maximum at 75 °C for the room temperature-dried sample. 

Considering these results, a thermopolymerization temperature of 

80 °C leads to a high-enough crosslinking degree to obtain a high 

carbon yield. 

When the influence of solvent was studied, only small differ

ences from the TGA plots could be seen between the three samples 

and similar final carbon yield of about 31% was obtained (see 

Table 2). TGA results showed that ail the parameters give similar 

yields except freeze drying and room temperature samples with 

efficiency between 22 and 25%. 

3.3. Hard carbon electrochemical performances 

To show the interest of these materials, we have tested a series 

of hard carbons (influence of solvent) as anodes for Na-ion 
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batteries. The first description of sodium ion storage in hard carbon 
anodes was reported by Stevens and Dahn in 2001 [35] and widely 
accepted for several years. They state that Na-ions are first inserted 
within the graphene layers at high voltage while at low voltage 
(0-0.2 V) adsorption into the pores occurs. However, a more recent 
study published by Ghimbeu et al. [13], propose a different 
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Fig. 6. Galvanostatic discharge-charge profiles of HC ethanol (bottom), HC mixture 
(middle) and HC water (top) at current density of 37.2 mAg-1• (A colour version of this 
figure can be viewed online.) 

mechanism which attributes the slope region in the range 0.2-2 V 
to sodium ion insertion in the porosity, presence of defects and 
functional groups while the plateau at low voltage is linked to so
dium intercalation. This new mechanism is rather more accepted 
now as revealed by the review article ofBommier [36] which gather 
several recent experimental and theoretical works. In order to 
facilitate Na ions storage, materials with a large d-spacing, low 
specific surface area (since high SSA favors the solid electrolyte 
interphase (SEI) formation) and presence of defects are desired, as 
presented by Sawicki and Shaw [37]. Taking into consideration ail 
these aspects, three materials obtained from different solvents, 
thermally treated at 1300 °C, were selected for performing elec
trochemical tests (interlayer distance - 4 A, BET SSA between 8 and 
80 m2 g-1, Io/Ic - 1.3 ). Fig. SS shows an example of cyclic voltam
metry (CV) results. In the first cycle, CV curve shows a broad 
cathodic peak at around 0.25 V due to the SEI layer formation [20]. 
This phenomenon seems to occur in the subsequent cycles as well 
but the irreversible compounds formation is Jess significant. At low 
voltage (near 0 V), two redox peaks can be identified, similar with 
the behavior observed in lithium ion batteries. These two peaks are 
attributed to the reversible insertion-extraction of Na ions within 
graphene-like layers. The electrochemical signature of the hard 
carbon material is then compatible with Na-ion applications. The 
first cycles of galvanostatic discharge-charge profiles at a current 
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Table3 

Literature data on phenolic resins derived hard carbons electrochemical performances. Details on resin preparation and main characteristics are presented as well. 

Precursor T pyrolysis (°C) doo2 (À) 

Pitch: phenolic resin (1:1) 1400 3.77 
Phenol/formaldehyde resin 1250 3.89 
Resorcinol/ 1200 4.14 
formaldehyde resin 
Phenol-formaldehyde resin: sucrose (1:2) 1200 3.95 
Phloroglucinol-glyoxylic acid resin 1300 3.98 

density of 37.2 mA g-1 are presented in Fig. 6. At the first cycle, the 
materials deliver a discharge specific capacity of about 350 mAhg-1 

for HC ethanol and HC mixture and slightly lower for HC water 
(325 mAhg-1 ), probably due to its higher specific surface area. 
However, the maximum charge capacity reaches 270 mAhg-1 for 
HC mixture (250 mAhg-1 for the other materials). This ~20% irre
versible capacity can be explained by the SEI formation, also 
observed in CVs, irreversible intercalation or/and sodium ion 
trapping into the porosity. Starting with the second cycle, the SEI 
layer is almost stable and only a low irreversible capacity is 
observed ( <20 mAhg-1) which continuously diminishes in the 
following cycles. However, this is an initial characterization and a 
more in-depth study is under investigation. 

Since the three materials exhibits rather similar capacities, long 
term performances for only one sample (HC ethanol) are presented 
in Fig. 7. 

The analysis was done at C/10 rate, where 1 C was considered 
372 mAg-1 (in reference to Li ion intercalation into graphite elec
trodes). The specific discharged and charge delivered by the elec
trode in the first cycle is 350 and 250 mAhg-1, respectively, 
corresponding to an initial Coulombic efficiency (CE) of71.6%. In the 
subsequent cycles, the CE significantly increases and 100% effi
ciency is reached starting with the 5th cycle. The anode material 
shows relatively stable capacity in the first 40 cycles with local 
fluctuations. 

Comparable performances have been reported in literature for 
hard carbon anodes derived from toxic resins in similar TT condi
tions (1200-1400 °C) and exhibiting similar characteristics, i.e. d002 

~ 4 A and SSA <8 m2 g-1, (Table 3, ref. [21 ], [26]). The performances 
of the materials prepared herein could be further improved by 
optimizing several parameters such as electrode and electrolyte 
formulation, conducting additive amount, electrolyte purity, active 
material particle size, etc. Nevertheless, it is important emphasizing 
that contrary to the toxic precursors made of phenol and formal
dehyde, a green synthesis route was used to obtain our materials 
allowing to obtain similar performances. 

The results are encouraging and demonstrate the potential 
application of these materials. In order to understand how mate
rials with different properties, i.e. morphology, structure, chemical 
composition, interact with sodium ions, we can propose a sys
tematic study to get more insights and improve Na ions storage in 
hard carbon materials in a future work. 

4. Conclusions

A simple, eco-friendly and scalable synthesis approach to pre
pare hard carbons based on phenolic resins was developed in this 
work. Thanks to the versatility of this synthesis pathway a sys
tematic study could be performed allowing to tune the hard carbon 
characteristics (yield, texture and structure) by varying the exper
imental parameters (i.e. solvent type, thermopolymerization and 
annealing temperature). As main findings we state that the solvent 
determines the necessary time to form the polymer resin (12 h for 
water and 3 days for ethanol) and influence the crosslinking which 

N2 BET (m2 -g-1) iCE (%) Rev cap. (mAh/g) Ref. 

2.1 86 259 [21] 
219.5 60.2 311 [23] 
420 86 200 [25] 

4.5 83 295 [25] 
7.9 76 270 This work 

is higher when water is used as solvent, as revealed by FTIR and 
NMR techniques. A higher carbon yield is obtained by controlling 
the thermopolymerization temperature (34% at 80 °C vs. 22% at 
room temperature). The structure of the material is mainly influ
enced by the thermal treatment than by the chemical parameters 
and both d-spacing and disorder degree decrease with the increase 
of temperature (i.e., d-spacing decreases from 4A at 1100 °C to 
3.7Aat 1700 °C). The carbon texture could be tuned by various 
experimental parameters, among them, the water solvent and the 
thermopolymerization at room temperature induce the highest 
BET SSA ( ~80 m2 g-1 vs. < 10 m2 g-1 for the other conditions). With 
the increase of the temperature from 1100 °C to 1700 °C, the SSA 
decreases from 36 m2 g-1 to 3. 7 m2 g-1

. The hard carbons could be 
successfully used as negative electrodes for Na ions storage and 
promising results were obtained (270 mAhg-1 reversible capacity). 
Therefore, it is possible to combine sustainable synthesis process to 
obtain hard carbon materials with added value for Na-ion batteries 
anodes. 
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