
HIGHLIGHTS 

 

 

 

 CXs produced by a microwave-based process are investigated as anodes for 

SIBs.  

 

 The role of CXs textural properties in the process of Na+ ions storage is 

studied. 

 

 Storage of Na+ ions is mainly due to absorption on surface and structural 

defects. 

 

 Large Vmicro and small Sext are crucial to improve capacity of CX-based 

electrodes. 

 

 

Highlights (for review)



GRAPHICAL ABSTRACT 

 

 

 

 

 

 

 

 

Graphical Abstract



1 
 

Exploring the application of carbon xerogels as anodes for 

sodium-ion batteries 

Nuria Cuesta, Ignacio Cameán*, Ana Arenillas, Ana B. García 

Instituto de Ciencia y Tecnología del Carbono, INCAR-CSIC, Francisco Pintado 

Fe 26, 33011 Oviedo, Spain 

ABSTRACT 

Carbon xerogels (CXs) with the same chemical composition and BET surface area 

but different pore sizes (10-200 nm), which had been easily produced in large 

amounts via a cost-effective microwave-based process, are investigated as 

anodes for sodium-ion batteries (SIBs). The role of textural properties of CXs in 

the process of sodium ions storage was evaluated. The most suitable anode for 

SIBs was CX-100 with a pore size of 100 nm, the largest micropore volume and 

the lowest external surface area (Sext), which gives an idea of the most accessible 

surface of the material, along with relatively high open porosity. Larger pore sizes 

facilitate electrolyte penetration, thus improving Na+ ions diffusion inside the 

electrode, while microporosity is crucial in increasing electrode capacity since Na+ 

ions storage on CXs is mainly due to absorption on the surface and in structural 

defects (i.e., microporosity). Moreover, lowering Sext leads to a decrease in the Na+ 

ions used in the formation of the SEI layer and irreversibly absorbed during initial 

cycles, therefore improving electrode performance. In summary, an optimal 

combination of textural properties, including pore structure and Sext, should be 

considered in order to effectively design CXs for SIBs. 
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1. Introduction 

 

Carbon xerogels (CXs) are polymeric carbon materials that can be produced 

with designed properties. With appropriate selection of the compounds used as 

precursors, the chemical properties of the final materials can be perfectly 

controlled, and pure carbons without mineral impurities are obtained. Furthermore, 

by changing the ratio of the precursors and the conditions of the synthesis 

process, the polymeric reactions are controlled and therefore the final structure of 

the polymeric network can be designed [1,2]. This allows material properties such 

as surface area, pore volume and mean pore size to be tailored. These 

characteristics give CXs great potential for a wide range of applications. Moreover, 

CXs usually have higher electrical conductivity than other carbon materials with 

analogous porous properties, probably due to the absence of impurities and the 

high connectivity of the polymeric carbon structure, allowing them to be used as 

effective components in electrochemical devices [3-5].  

Traditionally, carbon xerogels are prepared by complicated, time-consuming 

processes, and as a consequence they cannot be mass-produced and their use is 

restricted to research activities. To tackle this problem, our research group has 

developed a fast, simple production process based on synthesis by microwave 

heating, which allows not only a quick one-pot process (i.e., performing 

polymerization, curing and drying steps in the same device) but also avoids the 

usual collapse of the polymeric structure during simple evaporation of the solvent. 

The result is a highly porous polymeric material with controlled properties in just a 

few hours [6]. Using this methodology, carbon xerogels can be completely 
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designed, in terms of both chemical and physical properties, and in addition can 

be produced in large amounts.  

Currently, the attention of the society is focused on electricity generation from 

renewable energy resources, which are discontinuous and stochastic, and 

therefore involve the implementation of large-scale stationary electrical energy 

storage (EES) systems such as those based on lithium-ion batteries (LIBs) [7]. 

Sodium-ion batteries (SIBs) are a promising alternative to LIBs for this application 

because of the much greater abundance on earth and lower cost of sodium as 

compared with lithium as well as its eco-friendly nature. In addition, SIBs allow for 

the possibility of using aluminium instead of copper for anode current collectors 

since sodium (unlike lithium) does not alloy with aluminium [8-10]. 

Research on materials for application in SIBs has grown exponentially since 

2010. Consequently, several suitable cathodes [11-13], anodes [13-15] and 

electrolytes [16-19] have been identified. With regard to anodes, carbon and 

carbon-based materials have been extensively studied [20-23], with the exception 

of graphite (the anode choice par excellence in LIBs), which hardly intercalates 

Na+ ions [24] unless ether-based electrolytes are used [25,26]. These materials 

are characterized by low cost and availability as well as the unique combination of 

properties that can be easily adjusted for this application. Hard carbons obtained 

from a great variety of precursors and protocols with various morphologies and 

properties have been shown to be the most suitable anodes for SIBs [27-31]. In 

this context, Bommier et al. [27] used functional theory calculations to determine 

that the theoretical capacity of hard carbon anodes for SIBs is between 300 and 

400 mAh g-1. However, in practice the capacity is mostly below these values and 

moreover, significantly relies on hard carbon morphology as well as textural and 
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structural properties which are determined by both precursor and preparation 

protocols [30,32,33]. For example, capacity values in the ranges of 300-120 mAh 

g-1 and of 250-120 mAh g-1 have been reported for cellulose-based and phenolic 

resin-based hard carbons, respectively, with low BET surface area (< 100 m2 g-1) 

when cycling at 37.2 mAh g-1 vs. sodium metal in 1 M NaPF6 dissolved in a 

mixture of ethylene carbonate (EC), propylene carbonate (PC) and dimethyl 

carbonate (DEC) [32].  

However, there is still a lack of knowledge regarding the role of the textural 

characteristics of the carbon materials in the process of sodium ions storage, such 

as the presence of micropores (i.e., pores smaller than 2 nm), or mesopores (i.e., 

pores between 2 and 50 nm), or whether there is an optimum carbon material pore 

size for application as SIB anodes. In this regard, CXs have a great potential 

since, as noted above, they are unique carbon materials that can be obtained with 

analogous chemical compositions but different textural properties, meaning that 

the role of a given factor can be evaluated.  

On this basis, carbon xerogels with the same chemical composition and BET 

surface area but with clearly different mean pore sizes (10, 20, 50, 100 and 200 

nm), which were easily produced in large amounts by a cost-effective microwave-

based process, are herein investigated as active anode materials for sodium-ion 

batteries. To the best of our knowledge, they have not been previously studied for 

that application, although they have been tested in other electrochemical devices 

as supercapacitors [3,34] support for electrocatalysts in fuel cells [5] and model 

materials in LIBs [4,35].  
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2. Materials and methods 

 

2.1. Synthesis of carbon xerogels 

 

Organic xerogels (OXs) were synthesized from resorcinol (R) (Indspec, 99.6 

wt.% purity)/formaldehyde (F) (Merck, 37 wt.% aqueous solution, with 0.7 wt.% 

methanol, MeOH) mixtures in deionized water. The microwave-assisted synthesis 

of these resorcinol/formaldehyde OXs has been widely reported in previous 

studies [6]. Each precursor solution was placed in a microwave oven at 85 ºC for 3 

h, to allow gelation and ageing to be completed. After the formation of the 

polymeric structure, excess water was eliminated by continuing to heat the gel in 

the microwave oven until a mass loss of over 50 % was achieved. The drying step 

lasted 1–2 h depending on the final pore structure of the material. Therefore, the 

OXs are obtained in ca. 5 h, which is a great advantage in comparison to 

traditional methods.  

Tight control over the pore development in these materials is attained by 

tuning four synthesis variables, namely the R/F ratio, the dilution ratio D (defined 

as the solvent/reactants molar ratio, see Ref. 6), the pH of the sol, and the amount 

of MeOH in the formaldehyde solution (MeOH wt.%). The recipes selected for the 

preparation of the OXs are shown in Table 1. MeOH was 10 wt.% in all cases. 

Numerals on sample labels correspond to the meso- or macropore rounded 

average sizes (in nm) of the OXs. The reproducibility of these xerogels is quite 

good. If different batches are produced starting with the same precursor solution 

and under the same operating conditions, the differences in pore size are very low 

(i.e. less than 10 % of the pore size). 
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Carbon xerogels were prepared from these OXs by heating them in a quartz 

reactor placed in a horizontal electrical tube furnace (Carbolite Type MFT 

12/38/400), under a nitrogen flow rate of 300 ml min-1 up to 1000 ºC at 50 ºC min-1 

and 2 h dwell time. By this procedure, CXs with mean pore sizes of 10, 20, 50, 100 

and 200 nm, identified as CX-10, CX-20, CX-50, CX-100 and CX-200, were 

obtained.  

 

2.2. Characterization techniques  

 

Helium densities (ρHe) were determined in an AccuPyc 1330 pycnometer 

(Micromeritics) after outgassing the samples at 120 ºC overnight. The textural 

properties of the CXs were measured using Hg intrusion (AutoPore IV 

porosimeter, also from Micromeritics), due to their meso- or macroporous nature. 

Hg densities (ρHg), pore volume (VHg), meso (Vmeso) and macropore (Vmacro) 

volumes, and open porosities (S, see eq. (1)) were determined from the Hg 

intrusion data up to a maximum operating pressure of 227 MPa. Prior to the 

measurements, samples were outgassed at 120 ºC overnight. 

 

S (%) = [1-( ρHg/ ρHe)] x 100   (1) 

 

In addition to Hg porosimetry, N2 adsorption-desorption isotherms performed 

at -196 ºC (Tristar II, Micromeritics) were also carried out after using similar 

outgassing conditions as described above. In spite of the limitation of the 

technique for describing the porosity of the samples, textural parameters such as 

BET surface area (SBET), micropore volume (Vmicro) and external surface area (Sext) 
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were calculated by applying the Brunauer-Emmett-Teller (BET), Dubinin-

Raduskevich (DR) and t-plot equations, respectively, to the adsorption branch of 

the nitrogen isotherms. The total pore volume (Vp) was determined from the 

amount of nitrogen adsorbed at the saturation point (p/p0 = 0.99). 

SEM images were obtained with a Quanta FEG 650 microscope using an 

accelerating voltage of 25 kV and an Everhart-Thornley secondary electron 

detector (ETD). Samples were attached to an aluminium tap using conductive 

double-sided adhesive tape. No further coating was used. 

 

2.3. Electrodes preparation, cells assembly and electrochemical measurements  

 

Working electrodes containing 82 wt.% of CX (active material), 8 wt.% of 

sodium carboxymethylcellulose (NaCMC, Sigma-Aldrich Mw  700,000) and 10 

wt.% of Super C65 carbon black (Imerys) were prepared as follows: (i) the NaCMC 

was dissolved in 20 ml of de-ionized water by mechanical stirring (IKA Overhead 

Stirrer Eurostar20) for 30 min at 3000 rpm to obtain a 1.0 wt.% solution, (ii) the 

C65 was mixed in the NaCMC solution while continuing the stirring (10 min, 1000 

rpm) to attain a homogeneous dispersion, (iii) the CX was then gently added to 

form a slurry which was stirred (4000 rpm, 1 h) to ensure good homogenization 

and the absence of agglomerates, (iv) the slurry was spread over aluminium foil 

(99.3 wt.% purity, 20 µm thickness, supplied by Hoshen Corporation, Japan) using 

a standard doctor blade with a gap of 250 µm and a motorized/automatic film 

applicator Elcometer 43400 provided with a perforated heated vacuum table, (v) 

the electrode tape was maintained over the applicator table under vacuum at 80 

ºC for 1 h, (vi) electrodes of 12 mm diameter were obtained from the tape by using 
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a manual punching machine and (vii) finally, the electrodes were subjected to an 

additional drying step at 120 ºC in vacuum overnight and shortly afterwards, stored 

in a glove box (MBraun) under an Ar atmosphere, with oxygen and water below 

0.1 ppm. The electrode loads (CX + carbon black + NaCMC) calculated by weight 

difference were in the range 1.45-3.48 mg cm-2 (depending on material pore size). 

Two-electrode (working, WE, and counter, CE) Swagelok-type cells were 

used for the electrochemical measurements. Metallic sodium (≥ 99.9 wt.% purity 

from Merck/Sigma Aldrich) discs 12 mm in diameter were used as CEs. Two 

micro-fibre glass discs (WHATMAN GF/A 12 mm diameter) soaked with 165 µl of 

electrolyte consisting of 0.8 M solution of sodium hexafluorophosphate, NaPF6, 

salt (> 99 % purity) in ethylene carbonate, EC, (99.0 % purity) and 

diethylcarbonate, DEC, (≥ 99.9 % purity), 1:1, w:w, were placed between the WE 

and CE. The cells were assembled in the glove box and their initial potential was 

in the 2.8-3.0 V vs. Na/Na+ range. 

The electrochemical tests were carried out in a Biologic battery testing 

system BCS810. The two-electrode cells were subjected to discharge-charge 

cycling between 2.1 and 0.01 V vs. Na/Na+ at various constant electrical current 

densities (37.2, 372.0 and 1860.0 mA g-1 for at least 200 cycles) or variable (10 

cycles at 37.2, 74.4, 124.0, 372.0, 744.0 and back to 37.2 mA g-1) rates. Cyclic 

voltammetry (CV) experiments were performed at 0.5 mV s-1 for 50 cycles in the 

2.1-0.01 V vs. Na/Na+ potential range. Electrochemistry Impedance Spectroscopy 

(EIS) measurements were performed after several cycles at 37.2 mA g-1, with the 

cells allowed to relax in open potential circuit for at least 4 hours to get a quasi-

equilibrium system. Experiments were then carried out by applying an AC voltage 

signal of 5 mV from 100 kHz to 10 mHz.  
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3. Results and discussion 

 

3.1. Textural and morphological properties of carbon xerogels 

 

According to previous studies, these polymeric materials, produced from the 

same monomers (i.e., resorcinol and formaldehyde), present analogous chemical 

compositions irrespective of their textural properties [36]. Therefore, in order to 

assess the performance of carbon xerogels as anodes for SIBs, first the textural 

properties of the materials are discussed (Table 2). All of the carbons have 

analogous BET surface areas (ca. 500-600 m2 g-1) which are the typical values for 

these materials [37]. This surface area is mainly developed during the 

carbonization step, due to the evolution of the volatile matter from the polymer 

nodules formed during synthesis. There is no clear trend of values for micropore 

volume (i.e., pores < 2 nm) between materials, although there is a maximum Vmicro 

detected for CX-100. In addition, the same CX-100 shows the smallest value for 

the external surface area, which gives an idea of the most accessible surface of 

the material. Therefore, CX-100 exhibits the lowest Sext but the largest Vmicro out of 

the carbon xerogels studied.  

Mercury porosimetry gives very relevant information about these materials, 

such as decreasing density with the increase in pore size and pore volume, as 

expected (Table 2). In contrast, helium density increases as pore size increases 

which simply indicates that the open porosity grows in parallel with the pore size. It 

is interesting to observe the evolution of meso- (i.e., pores between 2 and 50 nm) 

and macropore (i.e., pores > 50 nm) volumes in the CXs. Obviously CX-10 is a 

mesoporous material, whilst CX-20 presents nearly the same volume of meso- 
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and macropores, indicating a relatively wide distribution of pore sizes centred on 

20 nm. However, CX-50, CX-100 and CX-200 are mainly macroporous materials.  

Figure 1 shows the SEM micrographs of CX-20 and CX-100, together with 

those of the corresponding electrodes. In general, the typical nodular structure of 

these materials can be seen, with interconnected polymer nodules. The different 

synthesis conditions influence the size and number of these polymeric clusters, 

and therefore the space (i.e., pores) defined between them. Thus, CX-100 (Fig. 

1b) exhibits bigger nodules defining wider pores than CX-20 (Fig. 1a). Moreover, it 

is interesting to compare the SEM images of the xerogels with those of the 

electrodes (Figs. 1c and 1d). First of all, the nodules appear much better defined in 

the electrodes. This is connected to the increase of electronic conductivity due to 

the addition of carbon black to make the electrodes. However, in spite of the 

electrodes being composed of xerogel, binder and carbon black (see section 2.3), 

the original nodular structure of CXs is clearly maintained, as Figs. 1c and 1d 

show. It could be due to the procedure of making the electrodes, which includes 

producing a very homogeneous and well dispersed mixture of the components, 

without using any milling or high pressure steps. This is a very important issue, as 

in some cases the binder completely covers the particles of the active material 

changing the morphology and porosity [38]. Moreover, although there is still a 

difference between the nodule size of different CXs in the electrodes (Figs. 1c and 

1d), this difference is smaller compared to the respective original xerogels (Figs. 

1a and 1b). It seems that the electrode additives cover many of the small nodules 

(i.e., CX-20) increasing their size, whilst this is not seen in CX-100. This could 

influence the further electrochemical behaviour of this material.  
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3.2. Electrochemical performance as anodes of carbon xerogels 

 

3.2.1. Capacity, cycling stability and rate capability 

 

Table 3 compiles the main electrochemical parameters, specifically 

discharge capacity (Cdisc) in the 1st, 2nd, 10th, 25th and 50th cycles, irreversible 

capacity in the 1st cycle (Cirr), and capacity retention (R) obtained from the 

galvanostatic cycling experiments at an electric current density of 37.2 mA g-1 of 

CX-based electrodes. Except for CX-10 with the lowest pore size (10 nm), all CX-

based electrodes provide capacities well over 100 mAh g-1 after 50 discharge-

charge cycles with excellent cycling stability, particularly after cycle 10 at which 

point the capacity loss that has been ascribed to both SEI layer formation and Na+ 

ions trapping (i.e., irreversibly inserted) [39-41] appears to be almost over. Thus, R 

values ≥ 86 % were calculated for the 10th-50th cycling interval. Moreover, as Fig. 2 

shows, the reversible capacity remains basically unchanged (except for CX-200 in 

which a progressive fall of the capacity from cycle 50 is observed) by further 

prolonged cycling up to 200 cycles with cycle efficiencies > 99 %. From a 

comparative perspective, it seems that CX materials with a pore size of 100 nm 

are the most suitable for this application since the CX-100 electrode shows the 

best overall electrochemical results, specifically regarding reversible capacity. This 

electrode delivers a capacity of ~ 140 mAh g-1 after 200 cycles compared to values 

of  100 mAh g-1 determined for electrodes based on materials with smaller (CX-

20, CX-50) or larger (CX-200) pore sizes (Fig. 2). A similar pore effect was found 

by other authors when ordered meso- and macroporous carbons were applied as 

anodes in SIBs [41]. Large pores were reported to work as paths to facilitate 
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electrolyte penetration and therefore improve Na+ ions diffusion inside electrode 

material particles [41], thus explaining the better electrochemical performance of 

CX materials with pore sizes > 10 nm as shown in Fig. 1. Moreover, the 

electrochemical results for the CX-100 electrode are in the range of those 

previously determined for microporous hard carbons based on phenolic resins and 

cellulose [32]. 

Considering the fact that CX materials have analogous surface chemistry and 

BET surface areas (Table 2), these differences can only be explained on the basis 

of their different pore sizes and external surface areas (i.e., surface area exhibited 

by the polymeric nodules of the material) (Table 2). Although a relationship 

between these textural parameters and the electrochemical data (Table 3 and Fig. 

2) of CX-based electrodes cannot be established, it is clear that the CX-100 

material, with the lowest external surface area and the largest micropore volume, 

shows the best overall anodic performance as noted above. The external surface 

area of the material is a measure of the surface accessible to the electrolyte, 

which would therefore influence the formation of the surface electrolyte interface 

(SEI) layer during the electrochemical process. In this regard, Piedboeuf et al. [42] 

reported a direct relationship between this textural parameter, i.e., Sext, and the 

irreversible capacity during the first cycle for the electrochemical behaviour of 

carbon xerogels as anodes for LIBs. In this study, that direct correlation was not 

found, probably as a consequence of Na+ ions trapping. Thus, the electrodes 

based on CX-100 and CX-200 materials with the lowest (85 m2 g-1) and the 

highest (241 m2 g-1) external surface area, respectively, both show the smallest 

irreversible capacity (67 %), whereas that based on CX-10 material, having a Sext 

of 227 m2 g-1, leads to the largest capacity loss during the first cycle (85 %). This 
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point will be discussed below.  On the other hand, the evolution of the reversible 

capacity with respect to pore size could be somewhat related to material 

microporosity. In this context, a comparison between the electrochemical 

behaviour of the CX-100 electrode and the others (i.e., CX-10, CX-20, CX-50, CX-

200) indicates that there is a tendency of the capacity provided at the end of 

cycling to increase with increased micropore volume in the xerogel (Table 2, Fig. 

2). For example, the electrode capacity grows  180 % from CX-10 (Vmicro 0.136 

cm3 g-1) to CX-100 (Vmicro 0.206 cm3 g-1); whereas this capacity increase is more 

moderate ( 100 %) when looking at CX-50 (Vmicro 0.172 cm3 g-1). 

To analyse these results, EIS measurements of CX-10 and CX-100 

electrodes were performed as described in section 2.3. The corresponding Nyquist 

plots after 15 and 20 cycles are reported in Fig. 3. All show a semicircle in the 

medium frequency region attributed to the charge transfer resistance on the 

electrode-electrolyte interface (RCT) and a sloping straight line at low frequencies 

which is related to Na+ ions diffusion resistance in the electrode (Warburg 

resistance, ZW). Moreover, an additional semicircle at high frequencies appears 

which represents the electrode surface contact resistance due to SEI layer 

formation (RSEI). The EIS curve was fitted by using an equivalent electric circuit 

(Fig. S1) to calculate the values of RSEI and RCT (diameters of the partially 

overlapping semicircles) as well as ZW (slope of straight line obtained by 

representing the real part of impedance Z’ (Re) of the Nyquist plot versus the 

angular frequency -1/2 in the range 10-100 mHz) which are provided in Table S1. 

The CX-100 electrode exhibits much lower values of the resistances to the charge 

transfer (smaller semicircle) and to Na+ ions diffusion (steeper sloping line) than 

the CX-10 electrode, explaining the much better electrochemical performance of 
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the former (Table 3, Fig. 2). Moreover, unlike CX-100, the RSEI of the CX-10 

electrode increases substantially from cycle 15 to 20 (from 39 to 259 ). This 

phenomenon, which is associated with the gradual increase of the SEI layer 

thickness during cycling, is also reflected in the loss of capacity (Table 3, Fig. 2). 

The plots of discharge capacity versus cycle number from galvanostatic 

cycling at various electric current densities of CX-based electrodes appear in Fig. 

4. Increasing the cycling current density up to twenty times (from 37.2 to 744.0 mA 

g-1) moderately affects the electrochemical performance of these electrodes. With 

the exception of the first few cycles, during which the capacity decreases due to 

gradual SEI layer formation and Na+ ions trapping, CX-based electrodes show 

good cycling stability (R > 90 %) and excellent cycling efficiencies 

(charge/discharge capacity > 96 %) at the current densities applied. Over 50 % of 

the electrode initial capacity at 37.2 mA g-1 is still retained by most of them after 

cycling at the highest current density of 744.0 mA g-1, furthermore this capacity is 

basically recovered by returning to the initial cycling conditions at the lowest 

current density, thus implying no electrode damage. 

Prolonged galvanostatic cycling tests at high electrical current density (372.0 

and 1860.0 mA g-1) were also conducted for the CX-100 electrode (see Fig. 5). 

After 200 cycles, this electrode provides specific capacities up to 115 mAh g-1 and 

to 81 mAh g-1 at 372.0 mA g-1 and 1860.0 mA g-1, respectively, which are 

approximately 82 % and 58 % of that delivered at the low current density of 37.2 

mAh g-1 (Fig. 2).  
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3.2.2. Mechanism of electrochemical storage of Na+ ions in CX-based electrodes 

 

Figure 6 presents the potential profiles (potential vs. Na/Na+ against 

capacity) from galvanostatic cycling of CX-based electrodes at a current density of 

37.2 mAh g-1 for cycles 1, 2, 25 and 50. With respect to the first discharge cycle 

(sodiation) profiles, three regions can be noticed, namely (I) a sharp sloping curve 

above  0.7 V, (II) a more or less sloping plateau at  0.7-0.5 V which basically 

disappears for CX materials with pore sizes ≥ 100 nm and (III) a sloping curve 

below 0.5 V. In the following cycles, only a much more sloping potential region is 

observed and the profiles almost overlap after the second cycle, confirming 

reversible Na+ ions insertion in the CX-based electrodes. These differences in the 

potential profiles are ascribed to SEI layer formation and Na+ ions irreversibly 

inserted [39-41], thus accounting for the relatively large irreversible capacity 

values determined for these electrodes, particularly for those with higher Sext 

values (Tables 2, 3). Based on theoretical simulation studies, Xiao et al. [40] 

predicted that the Na+ ions can be irreversibly inserted at potentials below 0.1 V in 

carbon layer defects (vacancies, basal planes, etc.) of hard carbons due to the 

strong adsorption energy, thus excluding them from the total ions flow (i.e., 

contributing to increased capacity loss during the first cycles) and at the same time 

causing the formation of a repulsive electric field that hinders the insertion of other 

Na+ ions. Consequently, the capacity of the hard carbon electrode is reduced. 

However, it should be considered that in the model proposed by Dahn et al. [43] 

for the mechanism of Na+ ions storage in hard carbon, this low potential region (< 

0.1 V) was assigned to insertion into the pores (closed pores) between the 

randomly graphitic domains. Assuming this mechanism, the Na+ ions would be 
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irreversibly adsorbed into these pores with the subsequent capacity reduction. In 

the CX-based electrodes, those from CX-10, CX-20 and CX-50 xerogels with 

much lower porosity than CX-100 (54-68 % vs. 80 %, Table 2) and narrower pore 

sizes show greater capacity loss after the first cycle (Table 3). Accordingly, the 

amount of Na+ ions trapped in CX-20, and particularly in CX-10 electrodes during 

the first cycles is expected to be larger than in CX-100, explaining the differences 

in capacity between them (Table 3, Fig. 2). Furthermore, the participation of the 

mesopores in the irreversible adsorption of Na+ should not be dismissed when 

comparing the electrochemical results from CX-100 (Vmeso 0.037 cm3 g-1) and CX-

10 (Vmeso 0.400 cm3 g-1). To clarify these points, the percentage of capacity loss 

below 0.1 V between cycles 1 and 10 from which the capacity provided by CX-

based electrodes appears stable (Fig. 2) was calculated. Values of 64 % were 

obtained for CX-100 electrode versus 76 % and 72 % for CX-10 and CX-50 which 

support the explanation above. In contrast, CX-200 shows a capacity loss of 58 % 

which is smaller than that of CX-100, somewhat explaining the similar irreversible 

capacity of these electrodes despite the larger Sext of the former (Tables 2, 3).  

Unlike most of the hard carbons [44], the potential profiles of CX-based 

electrodes do not present the typical plateau region below 0.2-0.1 V and they are 

sloping curves indicating that a unique mechanism is responsible for the storage of 

Na+ ions. Although this mechanism is still under debate, recent studies have 

demonstrated that the slope region of the hard carbons potential profiles is linked 

to material surface and defect absorption, and micropore filling, the latter 

specifically at low potentials [44-46]. Similarly, other porous hard carbons (micro, 

meso, macro) also show sloping curves in the potential profiles [39,41,47,48].  
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To analyse the mechanism of Na+ ions storage in CX-based electrodes, the 

discharge capacity profiles from cycle 25 were divided into two regions, above 0.1 

V and below 0.1 V which, as noted above, have been respectively ascribed to the 

material structural defects and surface absorption, and micropore filling (Table 4). 

First of all, except for CX-10, with the lowest pore size, the proportional distribution 

of electrode capacity between these two regions is comparable. Moreover, 

regardless of the CX material pore size, Na+ ions storage above 0.1 V accounts for 

most of the total capacity ( 75 % for CX-10, ≥ 85 % for CX-200). However, if the 

absolute value of the discharge capacity is considered, there are some significant 

differences between CX-based electrodes. In this context, when the material pore 

size increases from 10 to 100 nm or even to 20 nm, the corresponding electrode 

capacities above 0.1 V increase notably (up by 300 % and 200 %, respectively), 

whereas below 0.1 V this growth is much more moderate (81 % for CX-100 and 49 

% for CX-20). Based on these results, it can be inferred that the storage of the Na+ 

ions on CX-based electrodes is mainly due to the absorption on the material 

surface and in structural defects. Since structural defects have been reported to be 

related to material microporosity [49], the role of this textural parameter appears to 

be crucial in improving electrode capacity, providing an explanation for the larger 

capacity determined for the CX-100 electrode, particularly, compared to that of the 

CX-10 electrode. 
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4. Conclusions  

 

From the carbon xerogels studied, the most suitable for application as 

active material in the anodes of sodium-ion batteries was CX-100, with a pore size 

of 100 nm, the largest micropore volume, and the lowest external surface area as 

well as a relatively high open porosity. The CX-100 electrode delivers a capacity of 

~ 140 mAh g-1 at an electrical current density of 37.2 mAh g-1 after 200 

discharge/charge cycles with excellent cycling stability as well as coulombic 

efficiency. Larger pore sizes facilitate electrolyte penetration, thus improving Na+ 

ions diffusion inside the electrode while microporosity is a crucial parameter for 

increasing the capacity of the CX-based electrode since the storage of the Na+ 

ions on carbon xerogels is mainly due to absorption on the surface and in 

structural defects (i.e., microporosity). Moreover, lowering the material external 

surface leads to a decrease in the number of Na+ ions used in the formation of the 

SEI layer and irreversibly absorbed during the first cycles, therefore improving 

electrode performance. In summary, an optimal combination of textural properties, 

including pore structure and external surface area, must be considered for the 

effective design of carbon xerogels for sodium-ion batteries. 
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TABLES 

 

 

Table 1 

Experimental variables used in the preparation of the organic xerogels (OXs). 

Material R/Fa Db pHc 

OX-10 0.5 5.6 6.5 

OX-20 0.5 4.6 5.1 

OX-50 0.5 5.7 5.4 

OX-100 0.5 9.7 5.8 

OX-200 0.5 5.6 3.3 

 

a Resorcinol/formaldehyde ratio 

b Dilution ratio (solvent/reactants molar ratio) 

c pH of the sol and the amount of MeOH of the formaldehyde solution 

 

  



27 
 

Table 2  

Electric conductivity (), textural parameters from Nitrogen adsorption isotherms (SBET, Vmicro, Vp, Smicro, Sext) and from Mercury 

porosimetry (Vmeso, Vmeso, Hg, VHg), Helium density (He) and Open porosity (S) of the carbon xerogels with different pore size (i.e, 

10, 20, 50, 100 and 200 nm). 

Material 
SBET 

a 

(m2 g-1) 
Vmicro

 a 

(cm3 g-1) 
Vp 

a 

(cm3 g-1) 
Sext

 a 

(m2 g-1) 
He

  

(g cm-3) 

Vmeso 
b 

(cm3 g-1) 
Vmacro 

b 
(cm3 g-1) 

Hg 
b 

(g cm-3)  

VHg 
b 

(cm3 g-1) 
S c 

(%) 

CX-10 558 0.136 0.515 227 0.997 0.400 0.045 0.912 0.446 54 

CX-20 663 0.189 1.246 192 1.952 0.431 0.505 0.630 0.935 68 

CX-50 584 0.172 1.040 154 1.973 0.137 0.962 0.555 1.011 55 

CX-100 593 0.206 0.636 85 2.066 0.037 1.593 0.417 1.631 80 

CX-200 591 0.140 0.506 241 2.084 0.024 1.731 0.406 1.755 81 

 

a Calculated from N2 adsorption isotherms 

b Calculated from Hg porosimetry 

c Calculated from equation S (%) = [1-( ρHg/ ρHe)] x 100    
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Table 3  

Specific discharge capacity (Cdisc) in the 1st, 2nd, 10th, 25th and 50th cycles, irreversible capacity in the 1st cycle (Cirr) and capacity retention 

(R) parameters from the galvanostatic cycling vs. Na/Na+ at 37.2 mA g-1 of CX-based electrodes. 

 

a Irreversible capacity (%) = [Cdisc (1st cycle) - Ccharge (1st cycle)] [ Cdisc (1st cycle)]-1 x 100 

b Capacity retention (%) = [Cdisc (50th cycle)] [Cdisc (2nd cycle)]-1 x 100 

c Capacity retention (%) = [Cdisc (50th cycle)] [Cdisc (10th cycle)]-1 x 100 

 

Electrode 

 

Cdisc
 

1st cycle 

(mAh g-1) 

Cdisc
 

2nd cycle 

(mAh g-1) 

Cdisc
 

10th cycle 

(mAh g-1) 

Cdisc
 

25th cycle 

(mAh g-1) 

Cdisc
 

50th cycle 

(mAh g-1) 

Cirr 
a 

1st cycle 

(%) 

Rb 

2nd-50th cycles 

(%) 

Rc 

10th-50th cycles 

(%) 

CX-10 378 63 52 46 45 85 71 87 

CX-20 516 181 124 122 113 73 62 91 

CX-50 559 162 121 118 113 75 70 93 

CX-100 556 219 176 163 152 67 69 86 

CX-200 431 161 143 133 130 67 81 91 
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Table 4  

Capacity distribution above and below 0.1 V from the galvanostatic cycling (cycle 

25) at 37.2 mA g-1 of CX-based electrodes. 

Electrode 

Cdisc 

> 0.1 V 

(%) 

Cdisc 

< 0.1 V 

(%) 

Cdisc 

> 0.1 V 

(mAh g-1) 

Cdisc 

< 0.1 V 

(mAh g-1) 

CX-10 74.1 25.9  34.4 12.1 

CX-20 85.2 14.8  103.3 18.0 

CX-50 84.7 15.3  99.5 18.0 

CX-100 86.0 14.0 140.3 22.8 

CX-200 84.6 15.4  112.0 20.4 
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CAPTIONS FOR FIGURES 

 

Fig. 1. SEM images at 300000x of the xerogels CX-20 (a) and CX-100 (b), and 

their corresponding electrodes (c) and (d), respectively. 

Fig. 2. Specific capacity and coulombic efficiency vs cycle number plots from the 

galvanostatic cycling at 37.2 mA g-1 of CX-based electrodes. 

Fig. 3. Nyquist plots from EIS analysis of CX-10 and CX-100 after 15 (a) and 20 

(b) cycles at 37.2 mA g-1. 

Fig. 4. Specific discharge/charge capacity vs cycle number plots from the 

galvanostatic cycling of CX-based electrodes at variable electrical current density 

(from 37.2 to 744.0 mA g-1, and back to 37.2 mAg-1). 

Fig. 5. Specific discharge/charge capacity versus cycle number plots from the 

prolonged galvanostatic cycling of CX-100 electrode at electrical current densities 

of 37.2, 372.0 and 1860.0 mA g-1. 

Fig. 6. Potential profiles from the galvanostatic cycling at 37.2 mA g-1 of CX-based 

electrodes. 
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FIGURE 1 

 

 

 

 

 

 

Fig. 1. SEM images at 300000x of the xerogels CX-20 (a) and CX-100 (b), and 

their corresponding electrodes (c) and (d), respectively. 
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FIGURE 2 

 

 

 

 

 

 

 

 

Fig. 2. Specific capacity and coulombic efficiency vs cycle number plots from the 

galvanostatic cycling at 37.2 mA g-1 of CX-based electrodes. 
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FIGURE 3 

 

 

 

 

 

 

 

 

Fig. 3. Nyquist plots from EIS analysis of CX-10 and CX-100 after 15 (a) and 20 

(b) cycles at 37.2 mA g-1. 
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FIGURE 4 

 

 

 

 

 

 

 

Fig. 4. Specific discharge/charge capacity vs cycle number plots from the 

galvanostatic cycling of CX-based electrodes at variable electrical current density 

(from 37.2 to 744.0 mA g-1, and back to 37.2 mAg-1). 
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FIGURE 5 

 

 

 

 

 

 

Fig. 5. Specific discharge/charge capacity versus cycle number plots from the 

prolonged galvanostatic cycling of CX-100 electrode at electrical current densities 

of 37.2, 372.0 and 1860.0 mA g-1. 

 

  



 

 

FIGURE S1 

 

 

 

 

 

 

Fig. S1. Equivalent circuit used for the EIS analysis of CX-based electrodes 

[legend: Rel = electrolyte solution resistance; RSEI = interface or SEI resistance; 

RCT = charge-transfer resistance; ZW = Warburg resistance; CPE = constant 

phase element]. 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Resistances for CX-10 and CX-100 electrodes obtained from EIS 

data. 

Electrode 
Rel 

a 

Ω 
RSEI 

b 
Ω 

RCT 
c 

Ω 
ZW 

d 
Ω s-1/2 

Cycle 15 CX-10 26 39 449 300 

 CX-100 8 73 164 107 

Cycle 20 CX-10 26 259 304 300 

 CX-100 10 42 161 171 

 
a Electrolyte solution resistance 

b SEI resistance 

c Charge-transfer resistance  

d Warburg resistance 

 

 


