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Abstract 

Hard carbons are the most investigated materials as negative electrode for Na-ion batteries, 

although the exact mechanism of sodium storage remains under debate. This work is focused 

on the study of the sodiation mechanism of non-graphitizing carbons (NGC) prepared in a wide 

range of pyrolysis temperatures (1000 °C to 2500 °C), thus covering the whole range from hard 

carbons (HC) to glassy carbons (GC). Structural and textural characterizations show that 

increasing the pyrolysis temperature leads to NGCs with a more ordered structure, containing 

fewer heteroatoms and structural defects, and particularly leads to a developed closed 

microporosity. In this work, in situ Raman spectroscopy at different excitation wavelengths is 

used to clarify the mechanism of electrochemical sodiation: it is revealed that the intercalation 

of Na+ between the graphene layers occurs mainly during the sloping part of the galvanostatic 

profile, whereas the plateau at low voltage (below 0.1 V vs. Na+/Na) can be associated with the 

filling of micropores with sodium. 

 

Keywords: Hard carbon, Sodium-ion battery, SAXS, Porosity, In situ Raman spectroscopy 

 

 

1. Introduction 

 

The recent reports of the Intergovernmental Panel on Climate Change (IPCC, United 

Nations, August 2021, February and April 2022) [1–3] emphasize the urgency of reducing 

greenhouse gas emissions to limit global warming. In this context, the massive development of 

renewable energy sources appears as a necessity, but being intermittent, the use of efficient 

energy storage devices is required for mobile and stationary applications.[4] Thus, the 

development of energy storage systems will play a major role in the upcoming energy 

transition.[5] Among all the storage devices that can be used, electrochemical storage by 

batteries appears as an efficient and reliable way to store energy. 

Lithium-ion batteries (LIBs) are considered as one of the most powerful battery 

technologies, but they require the use of expensive raw materials.[6]  Sodium-ion batteries 

(SIBs) are then considered a promising alternative to LIBs. Indeed, sodium shows similar 
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properties to lithium, while being more abundant, evenly distributed on Earth and less 

expensive.[6–9] Moreover, costs of SIBs can be significantly reduced by the use of Al current 

collector for both electrodes.[10] Nevertheless, the energy density of SIBs remains today low 

compared to LIBs, and SIBs still require optimizations of their components (i.e., electrodes and 

electrolyte).[10] Graphite, the commonly used negative electrode material for LIBs (with a 

theoretical specific capacity of 372 mAh/g), is unsuitable for SIBs using common carbonate 

electrolytes, with sodium showing poor intercalation into graphite (i.e., formation of a stage 8 

compound, NaC64) leading to a low electrochemical capacity of about 35 mAh/g.[11–13] 

Several other materials, such as metal oxides,[14–19] alloy-based materials,[20–22] organic 

compounds [23–27] or other carbonaceous materials,[28–35] have been studied as anode 

materials for SIBs. With reversible capacities up to 300 mAh/g, low working potential vs 

Na+/Na and good cycling stability, hard carbons (HC) appear to be the best candidates.[36–39] 

Hard carbons are non-graphitizable carbons composed of disorganized and randomly 

oriented turbostratic nano-sized domains (i.e., BSUs = basic structural units). Such materials 

show high microporosity (i.e., pore size less than 2 nm ).[8,9] They can be obtained from the 

pyrolysis of various precursors such as sucrose,[9,40,41] glucose,[11,34,42] 

cellulose,[38,43,44] lignin,[7] phenolic resins,[45–48] pre-oxidized pitch [39,49] and various 

biomass residues.[50–54] These carbons are generally obtained at pyrolysis temperatures above 

1000 °C and cannot be converted into graphitic carbons by high-temperature treatment. When 

hard carbons are synthesized at very high temperature (typically 2500 °C and above), they are 

often called glassy carbons (GCs).[55] This is due to the glass-like aspect that these carbons 

present, prior to milling, when prepared from bulk thermosetting resins (e.g., phenolic) cast in 

molds with a smooth surface.[56–58]  

Since the development of the metal-ion batteries, many studies have tried to identify the 

electrochemical storage mechanism of Na+ in non-graphitizing carbons (NGC). The 

galvanostatic discharge profile of NGCs versus Na+/Na can be decomposed into two parts: a 

sloping part from the Open Circuit Voltage (OCV; around 2.5 V) down to 0.1 V, and a low-

potential plateau under 0.1 V. The first hypothesis for the mechanism of sodium storage in HCs 

was presented in 2000 by Stevens and Dahn.[34] By studying HCs prepared by pyrolysis of 

glucose at 1000 °C and 1150 °C, they concluded that the storage mechanisms of lithium and 

sodium ions are the same: the sloping part is associated with the intercalation of sodium ions 

between graphene layers in the turbostratic domains, and the plateau region is associated with 

the filling of nanopores. They then confirmed their first proposed mechanism using in situ 
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Wide-Angle X-Ray Scattering (WAXS) and in situ Small Angle X-Ray Scattering 

(SAXS).[11,59] However, in 2015, Bommier et al.[9] presented an alternative mechanism for 

which the sloping part is associated with the adsorption of sodium ions onto structural defects 

in the carbon, and the plateau region is associated with the intercalation of sodium between 

graphene layers in the turbostratic domains. They used commercial glassy carbons as well as 

hard carbons prepared from sucrose pyrolyzed at 1100 °C, 1400 °C and 1600 °C, characterized 

by Galvanostatic Intermittent Titration Technique (GITT) and ex situ X-Ray Diffraction 

(XRD).  

Since then, numerous studies have been published on the storage mechanism of sodium 

ions in hard carbons, without any scientific consensus until now, due to many contradictions 

between the results from different characterization techniques and the complexity of the hard 

carbons microstructure.[6,60] As an example of the inconsistent conclusions that can be 

obtained using the same characterization method, operando 23Na solid-state Nuclear Magnetic 

Resonance (NMR) and ex situ 23Na Magic-Angle Spinning solid-state Nuclear Magnetic 

Resonance (MAS NMR) were used in 2016 by Stratford et al.[61] in order to investigate the 

storage mechanism of sodium in a commercial HC. They concluded that a two-stage mechanism 

was occurring and that the plateau region was due to Na filling the HC micropores, which tends 

to confirm the intercalation-pore filling mechanism proposed firstly by Stevens and Dahn. On 

the contrary, in 2017, ex situ 23Na MAS NMR experiments performed on cellulose-based HCs 

pyrolyzed between 900 °C and 1500 °C by Qiu et al.[62] led them to the conclusion that the 

intercalation of Na+ between graphene layers occurs in the plateau region. Thus, the mechanism 

they proposed is the same as the one proposed by Bommier et al.: adsorption on the slope, 

intercalation on the plateau. Finally, in 2020, Au et al.[63] used ex situ 23Na MAS NMR on 

HCs prepared by hydrothermal carbonization of glucose and subsequent heat treatments 

between 1000 °C and 1900 °C. Their conclusion was that the plateau region was related to pore 

filling by Na, in agreement with the observations made by Stratford et al. Many other 

characterization techniques have been used to study the sodiation mechanism of HCs, such as 

Raman spectroscopy,[64,65] ex situ electrochemical dilatometry [66] or ex-situ X-ray 

Photoelectron Spectroscopy (XPS) [7] without reaching a definite conclusion on the 

mechanism. 

In this study, a focus is made on electrochemical tests coupled with Raman spectroscopy 

which already appeared as a very powerful technique for mechanistic studies in HCs in the 

literature. In 2018, Reddy et al. [64] conducted operando Raman measurements with a 632.8 
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nm excitation source to investigate the storage mechanism of sodium in a coconut shell-based 

HC. The G band shifted from ~ 1600 cm-1 to ~ 1550 cm-1 in the sloping part due to the 

intercalation of Na between the graphene layers, while there was no further change in the 

position of the G band in the plateau region. A four-step mechanism was proposed: adsorption 

onto the active sites of the surface, intercalation between the graphene layers, first at the defects, 

then at the rest of the layer, and finally filling of the micropores. In 2020, Weaving et al.[65] 

used operando Raman spectroscopy at 532 nm on a commercial plant-based HC and also 

concluded that there was an intercalation-pore filling mechanism. These two studies highlighted 

that in situ/operando Raman spectroscopy represents a valuable tool to elucidate the sodiation 

mechanism in hard carbons. So far, however, the influence of the excitation wavelength on 

Raman scattering during HC sodiation has been little discussed.  

Although the mechanism of sodium storage in HCs is still under debate, most studies 

agree on three phenomena involved in sodium storage: Na+ adsorption on structural defects, 

intercalation between graphene layers, and micropore filling.[6] The debate lies in the voltage 

range at which each of these mechanisms prevails. 

The aim of the present study was therefore to develop a deeper understanding of the 

sodiation mechanism in NGCs using commercial carbons prepared over an extended 

temperature range (1000 °C - 2500 °C), to cover the whole range from hard carbons (HC) to 

glassy carbons (GC). Being vitreous, these materials are known to exhibit a low amount of 

heteroatoms, even at low pyrolysis temperature. In our work, several characterization 

techniques were used to precisely study the structure, texture and electrochemical performance 

of NGCs. Then, in situ Raman spectroscopy measurements with three different excitation 

wavelengths were carried out to investigate the structural evolution during the discharge process 

(i.e., sodiation). 

 

2. Materials and methods 

 

2.1. Materials used 

For this study, glassy carbon crucibles were supplied by Mersen. They were pyrolyzed 

at 1000 °C, 1500 °C, 2000 °C and 2500 °C. The four materials were then ground using an agate 
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mortar and sieved to 20 µm. The powdered carbons thus obtained will be referred to as NGCX 

(X being the temperature of pyrolysis).   

 

2.2. Structural and textural characterizations 

X-Ray Diffraction (XRD) measurements were performed in Bragg-Brentano 

configuration for 2θ diffraction angles between 10 ° and 80 ° with a Bruker AXS D8 Advance 

diffractometer using a copper X-ray source (λKα = 0.15418 nm). A shallow sample holder with 

a zero-background single crystal Si plate was used to minimize sample transparency. The XRD 

patterns were analyzed using the model developed by Mallet-Ladeira.[67]  The average lateral 

size of the graphene domains La and the average thickness of the graphene layers stacking Lc 

were determined using Sherrer’s formula from the (10l) and (002) reflections, respectively. 

Raman spectroscopy was performed using a Renishaw inVia Qontor confocal Raman 

microscope for the excitation wavelengths of 532 nm and 633 nm, and a ThermoScientific DXR 

Raman microscope for the excitation wavelength of 780 nm. The power of the laser was set to 

low values (~ 1 mW) to avoid local heating of the sample. Ten spectra were recorded for each 

sample and two acquisitions of 30 s were made for each spectrum. The Raman spectra were 

analyzed using the model developed by Mallet-Ladeira,[67] and the average lateral size La of 

the graphene domains was calculated using the same model.[68] The quantification of structural 

defects was achieved using the ratio of the integrated areas AD/AG of the D and G bands. 

Elemental analysis of the carbons was performed with a Thermofisher Flash EA 1112 

apparatus. The combustion was done at 950 °C.  

Transmission Electron Microscopy (TEM) was performed with a FEI Tecnai F20-S-

TWIN microscope using an acceleration voltage of 200 kV, equipped with a GIF Tridiem from 

Gatan. For the microstructural investigation, sample preparation was done by suspending the 

powder in ethanol. Then, one or two drops of the suspension were deposited on a copper grid 

with a holey carbon film. High-resolution imaging (HRTEM) was performed by controlling the 

electron dose in order to avoid artefacts induced by the electron beam. The d-spacing of the 

graphene layer in the different sample was obtained by Fast Fourier Transform (FFT) on the 

HRTEM images. 

Textural properties of the carbons were evaluated with nitrogen and hydrogen 

adsorption isotherms at -196 °C using a Micromeritics ASAP 2020 automatic manometric 
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device. Carbon samples were outgassed under secondary vacuum at 110 °C for at least 48h. 

The specific surface area was determined either from N2 isotherms by applying the Brunauer, 

Emett and Teller (BET) equation to obtain ABET (m2/g), or from both N2 and H2 isotherms by 

applying the two-dimensional Non-Local Density Functional Theory (2D-NLDFT) to obtain 

S2D-NLDFT (m2/g) using the SAIEUS software supplied by Micromeritics, which also allows to 

determine the pore size distribution (PSD).[69] The integration of the PSD in the adequate pore 

diameter range allowed the determination of the volumes of micropores (< 2 nm), Vµ (cm3/g), 

mesopores (2−50 nm), Vmeso (cm3/g) and the total pore volume, Vtot (cm3/g).  

The skeletal density of the carbons was measured using a Micromeritics AccuPyc1330 

helium pycnometer. The 1 cm3 chamber was flushed with twenty He purges to remove air from 

the chamber and the carbon surface, and then five measurements were recorded. 

Small-Angle X-Ray Scattering (SAXS) was performed using a Bruker Nanostar 

instrument equipped with a Vantec 2000 2D detector. Three sample-to-detector distances were 

used to cover the range 0.1-30 nm-1. The instrument was calibrated in intensity, and the SAXS 

patterns were corrected for self-absorption, transmission, background signal, detector 

distortion, and detector efficiency as described in [70]. Pore size, inter-pore distance and surface 

area were determined by fitting the SAXS patterns to the model developed in [70], based on the 

Teubner-Strey model applied to micropores.  

 

2.3. Electrochemistry 

2.3.1.  Electrode formulation 

The slurries were made in an aqueous formulation using carboxymethyl cellulose (Na-

CMC, Acros Organics, average molar mass 700 000 g/mol), carbon black C45 (Imerys) and 

Triton X-100 (Tx100, Sigma-Aldrich) as polymeric binder, conductive additive and surfactant, 

respectively. The following composition, expressed in weight percent (wt%), was used: 92 wt% 

NGC / 2.6 wt% CMC / 2.9 wt% C45 / 2.5 wt% Tx100. The slurries were then homogenized 

with a magnetic stirrer for 5 h, and then coated on an aluminum foil (20 µm thick) using a 

doctor blade (300 µm gap). After coating, the films were dried at 100 °C for 1 h before cooling 

to room temperature overnight. Electrodes of 15 mm diameter were then punched and dried 

overnight at 110 °C under vacuum in a Büchi glass oven. The mass loading of active material 

was approximately 3 mg/cm2 for all samples. 
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2.3.2. Galvanostatic cycling 

Electrochemical studies were carried out in two-electrode coin-cells (CR2032) using 

NGC as the working electrode, sodium metal (Sigma-Aldrich) as the counter and reference 

electrode, glass fiber separator (Whatman), and a molar solution of sodium 

hexafluorophosphate (NaPF6, Stella Chemicals) in a mixture of ethylene carbonate and 

dimethyl carbonate (EC/DMC, DodoChem, 50:50 mass) as the electrolyte (NP30). The coin 

cells were assembled in a glovebox under argon atmosphere. They were then cycled between 0 

V and 2.5 V (vs Na+/Na) at C/20 (18.6 mA/gcarbon, calculated considering the hypothetical 

formation of a NaC6 phase during sodiation with a theoretical specific capacity of 372 mAh/g) 

for 10 cycles and, then, at C/10 for 100 cycles. A rate of C/n corresponds to the insertion of one 

Na+ ion into the carbon, for 6 carbon atoms, in n hours.  

 

2.4. In situ Raman spectroscopy 

To perform in situ Raman measurements, self-supported electrodes were formulated in 

an aqueous slurry with the following formulation: 82.5 wt% NGC / 15 wt% CMC / 2.5 wt% 

Tx100. To avoid possible contribution from carbon black sodiation, no conductive additive was 

used. The slurry was stirred for 5 h. Then, electrodes of approximately 14 mm diameter were 

deposited on a Mylar sheet, peeled off from the Mylar substrate after drying at room 

temperature, and dried overnight at 110 °C in a Büchi glass oven. The next step was to assemble 

the two-electrode coin cell (CR2032) in a glovebox using the self-supported NGC electrode as 

the working electrode. A 2 mm-diameter hole was punched on the top cover of the coin cell 

before assembly. It was then closed by a thin glass window bonded with an epoxy adhesive 

(Loctite EA9492, Henkel) just after the coin cell was crimped to ensure the airtightness of the 

cell. The electrochemical cell and the cycling support used are described in Figure S1. 

The cells were then discharged at C/50 and stopped at targeted potential values between 

OCV and 0 V (cf. Figure S2). After relaxation to steady states, Raman spectra were recorded at 

different points on the sample using excitation wavelengths of 532 nm, 633 nm or 780 nm. The 

Raman spectra were analyzed as described in section 2.2. 

 

 

 



 

9 
 

3. Results and discussion 

 

3.1. Impact of the pyrolysis temperature on the NGC properties  

3.1.1. Structural and textural properties 

The XRD patterns of the four samples NGC1000, NGC1500, NGC2000 and NGC2500 

are shown in Figure 1a. The patterns are typical of non-graphitic carbons with a broad (002) 

reflection at around 2θ = 23 ° related with the interplanar distance between the graphene layers 

in the turbostratic domains, and a broad and asymmetric (10l) peak at around 2θ = 45 ° 

associated with the contributions from the (100), (101) and (004) reflections.[6] With the 

increase in pyrolysis temperature, (002) becomes sharper and (004) is more visible. For 

NGC2500, a sharp peak is observed at 2θ = 26 ° due to the presence of a more ordered second 

phase (d(002) = 0.345 nm  (cf. Table 1)), close to the d(002) value for an ideal turbostratic stacking, 

which is 0.344 nm).[71] Thus, the structure of the NGCs becomes more ordered as the pyrolysis 

temperature increases. This is confirmed by a decrease in the average d(002) value as the 

pyrolysis temperature increases, from 0.369 nm for NGC1000 to about 0.349 nm for NGC2500 

(cf. Table 1).  

 

   

Fig. 1. (a) XRD patterns and (b) Raman spectra (λRaman = 532 nm) of non-graphitizing 

carbons pyrolyzed at different temperatures. 
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Table 1. Structural characteristics of NGCs. 

Sample NGC1000 NGC1500 NGC2000 NGC2500 

XRD La (nm) 3.70 ± 0.03 8.53 ± 0.18 8.52 ± 0.18 8.52 ± 0.18 

Lc (nm) 1.16 ± 0.01 1.71 ± 0.02 1.98 ± 0.02 1.76 ± 0.02 

d(002) (nm) 0.369 ± 0.001 0.357 ± 0.001 0.354 ± 0.001 0.352/0.345 ± 

0.001 

TEM d(002) (nm) 0.382 ± 0.030 0.353 ± 0.012 0.352 ± 0.019 0.352 ± 0.023 

Raman 

Spectroscopy 

(532 nm) 

La (nm) 6.4 ± 0.3 8.7 ± 0.4 9.4 ± 0.2 9.3 ± 0.6 

AD/AG 2.0 ± 0.1 3.2 ± 0.4 2.6 ± 0.2 2.4 ± 0.1 

AD’/AG  0.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 

AD+D’/AG 2.0 ± 0.1 3.8 ± 0.5 3.3 ± 0.2 3.1 ± 0.2 

 

The evolution of the composition of the carbonaceous materials with the increase in 

pyrolysis temperature was investigated by elemental analysis (cf. Table 2). As the pyrolysis 

temperature increases, the amount of heteroatoms such as H, O or N decreases. Above 2000 °C, 

the contents of hydrogen, oxygen and nitrogen are below the detection limit (< 0.05 wt%). The 

evolution of the hydrogen content in the structure gives information on the amount of C-H 

bonds. Usually, these bonds are located at the edges of graphene layers. Thus, as the pyrolysis 

temperature increases, the hydrogen content decreases (from 4.67 at% to 0), which means that 

the amount of graphene edges decreases. 

Figure 1b presents the first-order Raman spectra obtained for the laser excitation 

wavelength of 532 nm for the four NGCs. All the spectra present two bands: the D band around 

1350 cm-1, associated with structural defects of the material, and the G band around 1600 cm-1, 

originating from in-plane vibrations of sp2 C atoms. For a pyrolysis temperature above 1500 

°C, another band appears around 1615 cm-1 as a shoulder of the G band. This can be correlated 

with the presence of a D’ band as explained by Puech et al.[72] For small crystallite sizes (La 

< 7 nm), the G and D’ bands merge into a single band. This agrees well with the value of La, 

average lateral size of the graphitic domains reported in Table 1. For NGC1000, La is equal to 

~ 6.4 nm while it increases to ~ 8.7 nm for NGC1500 and keeps increasing at higher 

temperatures. The AD/AG ratio of the integrated areas increases from 2.0 to 3.2 for pyrolysis 

temperatures of 1000 °C and 1500 °C, respectively, and then decreases for higher temperatures 

(2.6 for NGC2000 and 2.4 for NGC2500) while AD’/AG remains fairly constant for NGC1500, 

NGC2000 and NGC2500. Thus, the amount of structural defects first increases with the 
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pyrolysis temperature and then decreases for temperature above 1500 °C. Moreover, for 

NGC2500, the more turbostratic particles were also observed by Raman spectroscopy. These 

turbostratic particles have sharper D and G bands and an AD/AG ratio of 2.2. 

 

 

Table 2. Evolution of the composition of the non-graphitizing carbons with the increase 

of pyrolysis temperature. 

Sample C 

(wt%) 

[at%] 

H 

(wt%) 

[at%] 

O 

(wt%) 

[at%] 

N 

(wt%) 

[at%] 

NGC1000 97.59 

[94.87] 

0.40 

[4.67] 

0.52 

[0.38] 

0.10 

[0.08] 

NGC1500 96.00 

[98.18] 

0.14 

[1.72] 

0.03 

[0.02] 

<0.05 

 

NGC2000 93.51 

[100] 

<0.05 

 

<0.05 

 

<0.05 

 

NGC2500 98.56 

[100] 

<0.05 

 

<0.05 

 

<0.05 

 

 

Raman spectroscopy was also performed at higher excitation wavelengths (633 nm and 

780 nm) for the four NGCs (cf. Figure 2a and Figure S3). It should be noted that as the laser 

wavelength increases (from 532 to 780 nm), a blue shift is observed for the D band, whereas 

no shift is noticed for the G band. Regarding the D’ band, no shift could be evidenced. These 

results are consistent with the previous results of Puech et al. showing a shift of the D band.[72] 

At some point (780 nm), a merging between the G and D’ bands can be observed. The evolution 

of the D band position as a function of laser energy was fitted by a linear regression for each 

sample (Figure 2b). The parameters obtained for the fits are presented in Table S1. For all 

samples, the D-band is linearly shifted with a rate of about 50 cm-1/eV: 55 cm-1/eV for 

NGC1000; 51 cm-1/eV for NGC1500 and NGC2000; and 48 cm-1/eV for NGC2500. Mallet-

Ladeira et al.[68] compared cokes and pyrocarbons with different crystallite sizes La, obtained 

at different pyrolysis temperatures. They observed that the rate of the D band shift decreased as 

the pyrolysis temperature and La increased. The same phenomenon is observed, here, for the 
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NGC samples. Indeed, Raman spectroscopy showed that La increases with the increase of the 

pyrolysis temperature. Moreover, the shift of the D band is in agreement with the observations 

of Merlen et al.,[73] who explained this phenomenon as a double resonance mechanism behind 

the D band in Raman spectroscopy, first demonstrated by Thomsen et al.[74] 

 

 

Fig. 2. (a) Raman spectra at different laser wavelengths for NGC2500 and (b) Evolution 

of the D band position with the increase of the laser energy. 

    

Moreover, it is observed that the intensity of the G band decreases as the wavelength 

increases while D and D’ bands seem to remain similar (Figure 2a). The AD+D’/AG ratios are 

different (Table S2), while for each sample, the width of the G band remains constant, for all 

excitation wavelengths. This confirms the previous findings of Mallet et al.[68] that the half-

width at half maximum (HWHM) of the G band is a relevant indicator for determining La.  

Figure S4 shows the evolution of log(AD+D’/AG) as a function of log(Elaser). This 

evolution was also fitted using a linear function for each sample. For all samples, a decrease in 

log(AD+D’/AG) is observed as log(Elaser) increases (i.e., as the laser energy increases). The 

parameters obtained for the fits are presented in Table S3. Thus, AD+D’/AG is proportional to the 

laser energy to the power of a (a being the slope of the linear fit, which is negative since 

AD+D’/AG is inversely proportional to energy). For NGC1000, AD+D’/AG is proportional to Elaser
-

1.7, and the value of a decreases to -2.9 for pyrolysis temperatures above 1500 °C (-2.9 for 

NGC1500 and NGC2500, -2.4 for NGC2000). For graphene and nanographite, the value of a 

can reach –4, according to the literature [75,76]. The tendency observed in our study is similar 
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to those reported by Mallet-Ladeira et al.[68] for cokes and pyrocarbons, showing that a 

decreases when the pyrolysis temperature and La increase.  

 Both XRD and Raman spectroscopy showed that the structural order in the material 

increases when the pyrolysis temperature increases. TEM was performed on the four NGCs in 

order to visualize the evolution of the nanostructure when the pyrolysis temperature increases 

(cf. Figure 3). The TEM images show the microstructural changes that occur as the pyrolysis 

temperature increases. For NGC1000, the material shows a lot of disorder with randomly 

oriented carbon sheets. A relatively small amount of turbostratic domains can be identified (see 

orange areas in Figure 3b).[77] These are composed of approximately 2-4 graphene layers. For 

NGC1500, the graphene layers become more organized. More turbostratic domains composed 

of 5 to 7 graphene layers can be identified (cf. Figures 3c and 3d). Some graphene layers start 

to form hollow onion-like structures (see the green circle in Figure 3d).[77,78] These onion-

like structures are even more visible for NGC2000 and NGC2500 (green areas in Figures 3e to 

3h). These onion-like structures actually are enclosed pores, in agreement with previous studies 

on similar compounds.[79,80] Moreover, the diameter of these hollow onion-like structures 

increases as the pyrolysis temperature increases (from about 3 nm for NGC1500 to about 4 nm 

for NGC2000 and about 5 nm for NGC2500). As a consequence, the micropore size in the core 

is also increasing. For NGC2000 and NGC2500, the turbostratic domains are composed of 

approximately 5 to 10 graphene layers and their lateral size increases. These observations are 

in agreement with those made from Raman spectroscopy and XRD results: the average lateral 

size of the graphitic domains La increases and the structure of the NGC becomes more ordered 

as the pyrolysis temperature increases. The interlayer spacing was also determined from the 

TEM images of the four samples. These enable the evaluation of the interlayer distance d(002) 

(cf. Table 1). The same evolution than that from XRD was observed: the structure of the NGC 

evolves toward a more ordered structure with an interlayer distance that goes from 0.382 nm 

for NGC1000 to 0.352 nm for NGC2000 and NGC2500.  
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Fig. 3. TEM images for: (a) and (b) NGC1000, (c) and (d) NGC1500, (e) and (f) 

NGC2000, and (g) and (h) NGC2500. In orange: turbostratic domains (BSUs); in green: 

formation of onion-like nanostructures. 
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All the characterizations performed in this section lead to the same conclusion: when 

the pyrolysis temperature increases, the structure of the glassy carbons becomes more graphitic. 

To complete the study, the evolution of the textural properties (i.e., the nature of the porosity) 

with the increase of the pyrolysis temperature was investigated. 

Table 3 shows the evolution of ABET. Low values were obtained for all NGCs (between 

6 m²/g (NGC1000) and 13 m²/g (NGC1500)) and slightly decreases as the pyrolysis temperature 

increases above 1500 °C (from 13 m²/g for NG1500 to 10 m²/g for NGC2500). As the N2 

diffusion is slow at -196°C, this is not the most suitable gas to probe the narrow microporosity, 

i.e. ultra-micropores (pore diameter under 0.7 nm).[69] Therefore, H2 ad/desorption at - 196 °C 

was then used to probe the porosity inaccessible to N2. The molecule of H2 has a diameter of 

0.296 nm while more commonly used N2 and CO2 molecules have bigger diameters, 0.358 and 

0.334 nm, respectively. Since gas diffusion is strongly dependent on temperature, the CO2 

adsorption at 0 °C is much faster than that of N2 at - 196 °C, even though both molecules have 

similar diameters. Because the H2 molecule has a smaller molecular diameter than the other 

gases, it can penetrate smaller pores and the range of PSD (Pose Size Distribution) analysis 

using this gas may be extended to a lower limit than the standard for N2 + CO2 dual analysis. 

Jagiello et al.[69] showed that a single H2 isotherm might be sufficient for evaluating the carbon 

PSD in essentially ultra-microporous carbons, for which the H2 uptake is higher than N2 uptake. 

This N2 + H2 dual analysis showed that the materials have low porosity: the total pore volume 

determined using the NLDFT model decreases from 0.031 cm3/g for NGC1000 to 0.018 cm3/g 

for NGC1500, 0.0240 cm3/g for NGC2000 and then slightly decreases to 0.016 cm3/g for 

NGC2500 (Tables 3, S4 and S5).  
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Table 3. Textural parameters obtained by gas ad/desorption, He pycnometry and Small 

Angle X-Ray Scattering (SAXS) for NGC pyrolyzed at different temperatures. 

 N2 

adsorption 

N2 adsorption and  

H2 adsorption at -196°C 

He 

pycnometry 

SAXS 

Sample ABET 

(m²/g)a 

SNLDFT 

(m²/g)b 

Vµ 

(cm3/g)b 

Vmeso 

(cm3/g)b 

Vtot 

(cm3/g)b 

Density 

(g/cm3)c 

Vpores 

(cm3/g)d 

Pore size 

(nm)d 

NGC1000 6 71 0.026 

(84.0 %) 

0.005 

(16.0 %) 

0.031 2.10 ± 0.01 0.114 0.70 

NGC1500 13 20 0.006 

(34.9 %) 

0.012 

(65.1 %) 

0.018 1.54 ± 0.01 0.319 1.21 

NGC2000 11 31 0.012 

(50.0 %) 

0.012 

(50.0 %) 

0.024 1.50 ± 0.01 1.114 1.53 

NGC2500 10 14 0.004 

(26.8 %) 

0.012 

(73.2 %) 

0.016 1.53 ± 0.01 0.804 1.30 

a Parameters calculated from N2 isotherms at -196 °C: ABET, area calculated by applying the 

BET model;  

b Parameters calculated from the 2D-NLDFT HS model [69] using N2 and H2 isotherms at -196 

°C: SNLDFT, total specific surface area; Vµ, micropore volume (w < 2 nm); Vmeso= Vtot – Vµ, 

mesopore volume (2 nm < w < 50 nm); Vtot, total pore volume; 

c Parameters obtained from He pycnometry 

d Parameters obtained from Small Angle X-Ray Scattering (SAXS). 

 

The evolution of the skeletal density of the materials was probed by He pycnometry (cf. 

Table 3). When the pyrolysis temperature increases, the skeletal density of the NGCs decreases 

from 2.10 g/cm3 for NGC1000 to 1.54 g/cm3 for NGC1500 and then remains quite stable around 

1.5 g/cm3 (1.50 g/cm3 for NGC2000 and 1.53 g/cm3 for NGC2500). For NGC1000, the skeletal 

density determined by He pycnometry 2.10 g/cm3 matches the structural density for this type 

of sample obtained from XRD data as described in [70] (Table S6), meaning that all the 

micropores are accessible to He gas. On the contrary, for pyrolysis temperatures above 1500 

°C, the lower density demonstrates that the porosity becomes inaccessible to He. In view of the 

results obtained for the characterization of porosity using both N2 and H2 as molecular probes, 

and the observations made from He pycnometry, it appears that the NGCs have a low pore 
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volume accessible to gases. Thus, SAXS was performed in order to probe the closed porosity 

(cf. Figure S5 and Table 3).  

SAXS showed that, as the pyrolysis temperature increases, the pore volume in the NGCs 

increases significantly: from 12 % at 1000 °C to more than 30 % above 1500 °C (cf. Figure 4a 

and Table S6). The pore volume determined by SAXS is higher than that determined by gas 

ad/desorption: respectively 0.114 cm3/g vs. 0.031 cm3/g for NGC1000, 0.319 cm3/g vs. 0.018 

cm3/g for NGC1500, 1.114 cm3/g vs. 0.024 cm3/g for NGC2000 and 0.863 cm3/g vs. 0.016 

cm3/g for NGC2500. Moreover, the Specific Surface Area (SSA) determined by SAXS 

increases from 493 m²/g for NGC1000 to 2190 m²/g for NGC2000 and then decreases to 1851 

m²/g for NGC2500 (cf. Table S6). These pore volumes and SSA values are similar to what has 

been previously reported for HCs and GCs.[70] Higher pore volume and similarly high surface 

area values, several orders of magnitude higher than those obtained by gas ad/desorption, show 

that the high porosity of these materials is mainly closed and inaccessible to gases. The 

evolution of SSA can be explained by the evolution of the pore size from 0.70 nm for NGC1000 

to 1.53 nm for NGC2000 and then its decrease to 1.30 nm for NGC2500. The pore network also 

becomes denser above 1500 °C, with the pore-to-pore distance decreasing from 9.05 nm for 

NGC1500 to 7.35 nm for NGC2500 (cf. Figure 4b and Table S6). Interestingly, NGC2000 was 

observed to have the highest SSA value and the lowest skeletal density.  

 

 

Fig. 4. Evolution of (a) pore volume, specific surface area (SSA), (b) pore size and pore-

pore distance determined by SAXS for the NGCs.   
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3.1.2. Electrochemical performances 

The electrochemical performances of the non-graphitizing carbons (NGC) were 

investigated by galvanostatic cycling in half-cell configuration with metallic sodium as counter 

and reference electrode. Figure 5 shows the first cycles obtained at a current rate of C/20 (18.6 

mA/gcarbon) and a voltage range of 0-2.5 V (vs Na+/Na). The electrochemical profiles can be 

divided into two parts: the sloping part between 2.5 V and 0.1 V (vs Na+/Na) and the plateau 

below 0.1 V (vs Na+/Na). 

 

 

Fig. 5. First galvanostatic cycles at C/20 of (a) NGC1000, (b) NGC1500, (c) NGC2000 

and (d) NGC2500. 
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and 2500 °C), it has completely disappeared upon charging. The voltage hysteresis between 

charge and discharge gradually increases from 0.03 V for NGC1000 to 0.07 V for NGC2500.   

For the two samples treated at 2000 and 2500 °C, the galvanostatic profiles exclusively 

show a plateau at low voltage with a plateau capacity around 177 mAh/g for NGC2000 and 136 

mAh/g for NGC2500 (Table 4). Moreover, the formation of Solid-Electrolyte Interphase (SEI) 

is very well seen for these two latter NGCs, with a visible plateau around 0.5 V vs Na+/Na 

corresponding to the electrolyte decomposition of DMC on graphite-like structures [35] (cf. 

Figure 5). In terms of performance, the Coulombic efficiency at the first cycle (CE 1st) first 

increases to its maximum of 88% for NGC1500, then decreases as the pyrolysis temperature 

increases (see Table 4). At the same time, the reversible capacity decreases with increasing 

pyrolysis temperature: from ~ 250 mAh/g for NGC1000 to ~ 146 mAh/g for NGC2500, 

respectively (see Table 4). This decrease of the reversible capacity with the increase of the 

pyrolysis temperature is due to the disappearance of the sloping part for the samples pyrolyzed 

at 2000 °C and 2500 °C, and is also related to the increase of the polarization with the pyrolysis 

temperature, as mentioned at the end of the previous paragraph. 

 

Table 4. Electrochemical performances of non-graphitizing carbons pyrolyzed at 

different temperatures. 

Sample NGC1000 NGC1500 NGC2000 NGC2500 

Irreversible capacity 

(mAh/gcarbon) 

42 ± 2 

(14%) 

35 ± 1 

(13%) 

34 ± 3 

(15%) 

39 ± 1 

(21%) 

Sloping capacity 

(mAh/gcarbon) 

77 ± 3 

(26%) 

30 ± 1 

(11%) 

15 ± 7 

(7%) 

10 ± 1 

(5%) 

Plateau capacity 

(mAh/gcarbon) 

174 ± 2 

(59%) 

212 ± 7 

(77%) 

177 ± 23 

(78%) 

136 ± 26 

(74%) 

Total capacity first 

discharge (mAh/gcarbon) 

293 ± 7 

(100%) 

277 ± 7 

(100%) 

226 ± 26 

(100%) 

185 ± 28 

(100%) 

Rev. capacity (mAh/gcarbon) 251 ± 5 242 ± 8 192 ± 29 146 ± 27 

CE 1st (%) 86 ± 1 88 ± 1 85 ± 3 79 ± 3 

 

The disappearance of the sloping part on NGC2000 and NGC2500 is interesting for the 

mechanistic understanding of sodium storage in NGC,[81] as only the contribution of sodium 
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storage over the plateau will be investigated. Due to the large differences in terms of structure 

and galvanostatic profiles between NGC1000 and NGC2500, we focused in the following on 

these two pyrolysis temperatures in order to study in more detail the phenomena occurring 

during sodiation of the materials. 

 

3.2. Mechanistic studies on sodium storage in NGC by in situ Raman spectroscopy 

To investigate the mechanism of sodium storage in NGC, in situ Raman spectroscopy 

was performed using three wavelengths 532 nm, 633 nm and 780 nm. The different wavelengths 

allow probing different depths of the sample and, as described in section 3.1.1., better separation 

of the D and G bands since the position of the D band depends on the laser energy (i.e., the 

excitation wavelength). Besides, a fluorescence response of the electrolyte was observed for the 

excitation wavelengths of 532 nm and 633 nm (cf. Figure S6). Figures 6a, 6c, and 6e show the 

first-order Raman spectra for NGC1000 recorded during the first sodiation.  
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Fig. 6. First-order Raman spectra for NGC1000 at (a) 532 nm, (c) 633 nm and (e) 780 

nm; and for NGC2500 at (b) 532 nm, (d) 633 nm and (f) 780 nm, recorded during the 

first sodiation. 
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to absorb for the mentioned wavelength.[65] The overlap between fluorescence and Raman 

scattering from the electrode surface makes analysis of the material difficult.[82] 

Upon sodiation, both D and G bands broaden and the G band gradually shifts from ~ 

1605 cm-1 to ~ 1567 cm-1, ~ 1606 cm-1 to ~ 1565 cm-1 and ~ 1603 cm-1 to ~ 1561 cm-1 for the 

532 nm, 633 nm and 780 nm excitation wavelengths, respectively. Contrary to studies 

performed using operando Raman analysis,[64,65] the D band remains visible and distinct. 

This may be due to the rearrangement of the structure during voltage relaxation. The G band 

shifts rapidly in the sloping part of the voltage profile (cf. Figure 7). An unexpected finding is 

that the position of the G band still shifts slightly as the voltage approaches the plateau region. 

The G band shift is similar for all three Raman excitation wavelengths: the slope of the linear 

fit is ~ 100 cm-1/Na+ inserted for the sloping part and ~30 cm-1/Na+ inserted for the plateau (cf. 

Table S7). 

 

Fig. 7. Evolution of the G band position during the sodiation of NGC1000. Solid line: 

galvanostatic curve of NGC1000 at a rate of C/50; Dotted line: linear fit for the G band 

position on the sloping part; Dashed line: linear fit for the G band position on the 

plateau. 
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NGC1000 shows that the sloping part is associated to the intercalation of Na+ between the 

graphene layers. This is in agreement with the observations made, using operando Raman 

spectroscopy, by Reddy et al.[64] and Weaving et al.[65] It is interesting to note in NGC1000 

that intercalation also occurs during the low-voltage plateau, but is less pronounced than during 

the slope. This can explain the discrepancy between the previous reports, because if the focus 

is only on the low-voltage plateau, only intercalation will be observed, but this does not mean 

that this is where intercalation occurs predominantly. 

Figures 6b, 6d and 6f show the first-order Raman spectra for NGC2500 recorded during 

the first sodiation. As with NGC1000, the D band remains visible and distinguishable while the 

D’ band merges with the G band after the formation of the SEI. No significant change was 

observed in the D and G bands when the NGC2500 electrode was soaked in the electrolyte. The 

fluorescence signal increases drastically for Raman measurements with 532 nm. Both the D and 

G bands broaden upon sodiation, nevertheless, none of them shifts (cf. Figure S7). Thus, there 

is no intercalation of Na+ between the graphene layers of NGC2500, which is consistent with 

the more ordered structure observed for NGC2500. The electrochemical profile of NGC2500 

(cf. Figure 5d) shows a long plateau at low voltage and a negligible sloping part, thus, no 

intercalation occurs over the plateau. Moreover, as developed in Section 3.1.1, structural 

characterizations and elemental analysis showed that NGC2500 contains a very low amount of 

structural defects and heteroatoms while SAXS measurements revealed that NGC2500 has a 

developed closed microporosity. Therefore, the low-voltage plateau is associated with sodium 

filling of the micropores.  

For these two samples, the mechanisms observed using in situ Raman spectroscopy are 

consistent with the root causes affecting the different storage behaviors of Na+ in NGCs 

reported in the literature. To our knowledge, the root cause affecting intercalation seems to be 

mainly the interlayer distance d(002) in the turbostratic domains. As suggested by Dou et al. [6] 

in their review, the ideal d(002) value to intercalate Na ions is around 0.37-0.38 nm.[83] Such a 

distance facilitates the access of Na ions between the graphene layers.[84] Stevens and Dahn 

also suggested that the presence of hydrogen and other structural defects are responsible for the 

intercalation since there is an intimate correlation between structural defects and interlayer 

distance.[11] The root cause affecting pore filling seems to be mainly the pore size.[6,85] A 

pore diameter larger than 1 nm seems to be deleterious for Na filling inside the pores.  

With a d(002) of 0.369-0.382 nm (see Table 1) and a pore diameter of 0.7 nm (see Table 

3), the values of sloping and plateau capacities reported for NGC1000 (Table 4) seem to be 
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consistent with the mechanism revealed using in situ Raman spectroscopy. For NGC2500, the 

low value of d(002) (0.345-0.352 nm, see Table 1) making the intercalation of Na+ between the 

graphene layers difficult could explain the disappearance of the sloping part (Figure 5d). 

To optimize both Na+ intercalation between graphene layers and pore filling, the ideal 

material would probably be one with a high micropore volume that contains many pores (open 

and closed), with a pore size of less than 1 nm and a homogenous distribution in the material. 

This ideal material should also have BSUs with an interlayer distance around 0.37 nm. In the 

context of this study, we could imagine that the material with the best performance should have 

the pore volume of NGC2000 (i.e. 1.114 cm3/g) with the pore size and interlayer distance of 

NGC1000 (0.7 nm and 0.37 nm, respectively). Synthesis efforts are underway to achieve this 

duality.  

  

4. Conclusions 

 

The sodiation mechanism of commercial non-graphitizing carbons (NGC) prepared in 

the temperature range of 1000 °C to 2500 °C was thoroughly investigated. On the one hand, 

structural and textural characterizations showed that increasing the pyrolysis temperature leads 

to NGCs with a more ordered structure, containing fewer heteroatoms and structural defects 

and with a developed closed microporosity. Electrochemical tests revealed a deleterious effect 

of increasing the pyrolysis temperature on the electrochemical performance with a decrease in 

both reversible capacities and coulombic efficiency at the first cycle. 

On the other hand, in situ Raman spectroscopy measurements were helpful in 

monitoring Na+ intercalation between graphene layers. However, special attention should be 

paid to the selection of the appropriate wavelength of the Raman excitation laser to avoid 

fluorescence interference. When the galvanostatic profile presents a sloping part and a plateau 

region, as in the case of NGC1000 prepared at low pyrolysis temperature, in situ Raman 

analyses revealed that the intercalation of Na+ between graphene layers occurred during the 

sloping part. When the galvanostatic profile shows only a flat plateau region, as in the case of 

NGC2500, no intercalation of Na+ between graphene layers was observed and the low voltage 

plateau can be associated with sodium filling of the micropores. In the framework of this study, 
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a clear sodiation mechanism was identified but the universal nature of this mechanism is 

currently further investigated on other non-graphitizing carbons obtained from other precursors.   
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Highlights 

 

• Hard and glassy carbons are synthesized at four different pyrolysis temperatures 

• Materials characterizations are structural, textural and electrochemical 

• Pyrolysis temperature dependence of structure, performance and Na storage mechanism 

• Multi-wavelength Raman spectroscopy is used for structural and mechanistic studies 

• In situ Raman spectroscopy shows intercalation-pore filling mechanism 

 

 

Graphical Abstract 

 

 

0 40 80 120 160 200 240

0

1

2

3

 

 

P
o

te
n

ti
a

l 
(V

 v
s
 N

a
+
/N

a
)

Capacity (mAh/g)

NGC1000

Discharge

2
nd

 cycle

Intercalation

Micropore filling


