
https://helda.helsinki.fi

In situ-formed nitrogen-doped carbon/silicon-based materials

as negative electrodes for lithium-ion batteries

Monje, Ivonne E.

2021-11-15

Monje , I E , Sanchez-Ramirez , N , Santagneli , S H , Camargo , P H , Belanger , D ,

Schougaard , S B & Torresi , R M 2021 , ' In situ-formed nitrogen-doped

carbon/silicon-based materials as negative electrodes for lithium-ion batteries ' , Journal of

Electroanalytical Chemistry , vol. 901 , 115732 . https://doi.org/10.1016/j.jelechem.2021.115732

http://hdl.handle.net/10138/354259

https://doi.org/10.1016/j.jelechem.2021.115732

cc_by_nc_nd

acceptedVersion

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



In situ-formed nitrogen-doped carbon/silicon-based materials as 

negative electrodes for lithium-ion batteries 

Ivonne E. Monje*,a,e, Nedher Sanchez-Ramireza,b, Silvia H. Santagnelic, Pedro H. 

Camargoa,d, Daniel Bélangere, Steen B. Schougaarde and Roberto M. Torresi*,a 

 

aDepartamento de Química Fundamental, Instituto de Química – Universidade de São Paulo, Av. Prof. 

Lineu Prestes 748, 05500-000, São Paulo, Brazil 

bDepartamento de ciencias, Universidad de Ingenieria y Tecnologia – UTEC, Barranco, Peru 
cInstituto de Química. UNESP, Rue Francisco Degni, 55, 14800-060 - Araraquara, São Paulo. Brazil 

dDepartment of Chemistry, University of Helsinki, A.I. Virtasen Aukio 1, 00014 Helsinki, Finland 

eNanoQAM and Département de Chimie Université du Québec à Montréal, Case Postale 8888 Succursale 

Centre-Ville, Montréal, Québec, H3C 3P8, Canada 

Abstract 

The development of negative electrode materials with better performance than those 

currently used in Li-ion technology has been a major focus of recent battery research. 

Here, we report the synthesis and electrochemical evaluation of in situ-formed nitrogen-

doped carbon/SiOC. The materials were synthesized by a sol-gel process using 3-

(aminopropyl)triethoxysilane (APTES), sodium citrate and glycerol. The 

electrochemical performance of pyrolyzed materials was studied using poly(acrylic 

acid) binder and commercial organic electrolyte. Our reported approach enables 

changes in both the amount of nitrogen and the morphology as a function of the molar 

ratio of APTES:citrate and reaction time. Spherical-shaped NC/SiOC composite 

electrodes deliver a delithiation capacity of 622 mAh/g at 0.1 A/g and an initial 

coulombic efficiency of ~63%, while in the large bulk material, respective values of 367 

mAh/g and ~55% were obtained. After 1000 charge/discharge cycles at 1.6 A/g, the 

latter material exhibits 98% of the initial capacity once it returned to lower current 

cycling. Overall, our results indicate that NC/SiOC materials are quite promising for 

electrochemical applications since both their large capacity and stability demonstrate 

superior performance compared to traditional graphite. Moreover, our synthesis is 

simple and, more importantly, environmentally friendly chemicals, such as sodium 

citrate and glycerol, are used. 
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1.  Introduction 

The current state-of-the-art negative electrode technology of lithium-ion batteries 

(LIBs) is carbon-based (i.e., synthetic graphite and natural graphite) and represents 

more than 95% of the negative electrode market[1]. Market demand is strongly acting 

on LIB manufacturers to increase the specific energy and reduce the cost of their 

products[2]. Therefore, identifying new negative electrode materials with better 

performance than those currently used in Li-ion technology has been a major focus of 

recent battery research. 

Silicon, having a theoretical specific capacity of ~4200 mAh/g (Li4.4 Si), much higher 

than that of graphite (~372 mAh/g)[3,4], has been regarded as one of the most 

promising materials for the next generation of LIBs. However, major drawbacks of 

silicon are related to its volume expansion upon Li alloying during charging and the 

continued formation of a fresh solid electrolyte interphase (SEI) due to the cracking of 

active material grains exposing a new negative electrode surface to the electrolyte[5]. 

To date, tremendous efforts have been made to overcome these problems. Although 

extensive coating, binder[6], electrolyte[7], additive, and nanomaterial designs (i.e., 

silicon nanoparticles) have been studied, and despite some improvements, the costs and 

production methods are still not satisfactory and/or comparable to those of carbon-based 

materials[5],[8]. Therefore, finding alternative approaches to produce low-cost negative 

electrodes with high performance is needed to ensure the future massive use of LIBs in 

urban transportation or as an energy storage system for renewable energies. 

Silicon oxycarbides (SiO(4-x)Cx, x=1-4, i.e., SiO4, SiO3C, SiO2C2, SiOC3, and SiC4) have 

attracted significant attention as negative electrode materials due to their different 

possible active sites for lithium insertion/extraction and lower volumetric changes than 

silicon[9–13]. As a carbon-containing silicate ceramic, they consist of an amorphous 



SiOC glass phase and free carbon phase. In their structures, a silicon central atom is 

bonded to oxygen and/or carbon atoms, forming a tetrahedral unit, in which carbon 

atoms bonded to silicon have sp3-hybridization, while those in the free carbon phase 

form sp2-hybridization [10]. 

The origin of lithium storage and the nature of electrochemically active sites are still 

controversial. It has been proposed that the active sites are i) a mixed bond 

configuration of tetrahedral coordinated silicon[4]; ii) the free carbon phase, interstitial 

and/or edges of the graphene-like structure; and iii) micropores, since lithium ions can 

be absorbed into the formed free carbon phase of turbostratic carbon[10,14–16]. Despite 

these potential outstanding features given by the multiple possible sites for Li+ insertion, 

major concerns include both the low electrical conductivity and low initial Coulombic 

efficiency. Among the strategies used to solve these drawbacks to improve the 

electrochemical performance are tailoring the amount of free carbon by varying the 

substituents directly attached to silicon atoms[10,17] and developing 

SiOC/carbonaceous hybrid materials[18]. For instance, SiOC with exfoliated 

graphite[19], carbon nanotubes[20], carbon nanofibers[21], and graphene[9,22] has 

been employed for negative electrodes, and interesting results in terms of stability and 

delithiation capacities have been reported. 

Similarly, other approaches based on introducing nitrogen into carbon structures mixed 

with silicon-based materials have been shown to enhance the energy storage ability and 

Li+ transport by creating defects and improving the electronic conductivity[8,23–28]. 

For instance, N-doped carbon/SiO2[26], N-doped carbon coatings/SiO[25], N-doped 

carbon/Si[27], and N-doped graphitic layers/Si nanowires[28] have been reported. 

Despite the interesting features of nitrogen-doped carbon, N-doped carbon/SiOC 

materials have attracted little attention. Free-standing N-doped carbon nanofibers/SiOC 

were synthesized through a multistep process based on a mixture of ball-milled HF-

etched SiOC and PAN/DMF followed by electrospinning and pyrolysis. The 

synthesized material delivered a discharge capacity of 595 mAh/g at 0.2 mA/g, while in 

the undoped material, 400 mAh/g at 0.2 mA/g was obtained. This superior performance 

was attributed to the fact that nitrogen atoms present in the carbon fiber induce more 

defects and create more lithium storage sites[29]. 



This paper describes the development of a facile strategy for the in situ preparation of 

N-doped carbon with silicon oxycarbide by employing 3-(aminopropyl)triethoxysilane 

(APTES) and low-cost and environmentally friendly sodium citrate and glycerol. More 

specifically, our approach is based on the dual ability of APTES to act as a siloxane 

precursor and as an N source for the formation of N-doped graphene-like structures 

when reacting with sodium citrate[30]. No additional functionalization steps or external 

nitrogen-carbon sources were required. APTES is extensively employed as coupling 

agent for attaching organic moieties to inorganic oxides[31,32] and it is quite relevant in 

the immobilization of biomolecules[33]. However, here we propose its use as SiOC 

precursor, which has been scarcely reported. In addition, APTES can be considered an 

interesting choice for commercial systems due to the inherently lower cost relative to 

others SiOC precursors such as 1,3,5,7-Tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane 

(TTC)[4,34], phenyltriethoxysilane (PhTES)[35], Vinyltriethoxysilane (VTES)[35,36] 

and Methyltriethoxysilane MTES[35,37], as is reflected in the commercial price 

(USD/2Kg) [38]): APTES (100) <MTES (118) <VTES(140) <PhTES (146) <TTC 

(488). The synthesis method explored allows us to obtain sphere-like silicon oxycarbide 

particles without using any catalyst or templates commonly used for the formation of 

spherical SiOC and to vary the amount of N in the carbon as a function of both the 

APTES:citrate molar ratio and reaction time. To examine the electrochemical 

performance of the materials synthesized as negative electrodes for LIBs, composite 

electrodes were prepared using poly(acrylic)acid (PAA) as the binder and commercial 

organic electrolyte. 

2. Materials and methods 

2.1 N-doped C/SiOC synthesis and composite electrode preparation 

N-doped carbon/silicon oxycarbide (NC/SiOC) active materials were synthesized by 

procedures adapted for the synthesis of silicon nanoparticles and nitrogen-doped 

graphene quantum dots for immunofluorescence applications or bioimaging[30,39,40]. 

The synthesis method is described in Scheme S1. In a typical synthesis of the NC/SiOC-

81-1h sample (APTES:citrate molar ratio of 8:1), nitrogen gas was bubbled in 32 ml of 

glycerol (l,2,3-propanetriol, 99% ACS) at room temperature for 1 h with magnetic 

stirring. Then, in a continuous nitrogen atmosphere, 2.16 mmol of sodium citrate 

tribasic dihydrate (99% ACS) was loaded into a two-neck round-bottom flask. 



Subsequently, 17.30 mmol of APTES (3-aminopropyltriethoxysilane, purity>98% v/v, 

Sigma-Aldrich) was slowly added into the solution. The preceramic polymers were 

cross-linked at 100 °C for 1 h and then cooled to room temperature. After 24 h, the 

reaction mixture was heated to 180 °C for 1 h under continuous nitrogen flux and 

magnetic stirring. Glycerol was removed, and the reaction product was cleaned by 

dialysis with 14 kDa tubing (Sigma-Aldrich). After drying in vacuum at room 

temperature, the preceramic powder was pyrolyzed in argon at 1000 °C for 1 h. The 

same procedure was followed for the NC/SiOC-88-3h sample, in which the molar ratio 

of APTES:citrate was 8.3:8:3 mmol, and 3 h at 180 °C was chosen as the temperature 

and reaction time, respectively. 

The NC/SiOC powder (120-150 mg) obtained after pyrolysis was finely crushed in a 

mortar. The electrodes were prepared as follows: the active material (108 mg), the 

poly(acrylic acid) (PAA, Sigma-Aldrich) (36 mg) binder and the acetylene black carbon 

(Alfa Aesar) (36 mg) conducting additive matrix were mixed in a mortar and pestle and 

transferred to a 5 mL beaker that contained 0.7 mL of anhydrous ethanol. The weight 

ratio was kept constant in all experiments at 60% NC/SiOC active material, 20% 

acetylene black, and 20% binder. Then, the electrode slurries were thoroughly mixed 

using a laboratory stirrer (600 rpm) for at least 8 h, cast on Cu foil, and dried in vacuum 

at 80 °C for 3 h. Subsequently, the electrode disks were punched out into circular disk 

with a mass loading of ca. 0.6-0.8 mg (~0.3-0.4 mg/cm-2), and the electrode thickness 

was 23-24 µm. All electrodes were kept in an argon-filled glovebox and not exposed to 

air prior to assembling the test cells. 

2.2 Material characterization 

Microstructural analyses of the powders were carried out by using a JEOL Model 2100F 

FEG-TEM microscope operating at an accelerating voltage of 200 kV. For bright field 

imaging and EDS X-ray spectra collection, an Oxford model Xplore system was used. 

The SEM images were obtained with a JEOL JSM-7600F system equipped with a field 

emission gun (FEG) and a resolution of 1.0 nm at 15 kV. 

Solid-state NMR experiments were performed on the 29Si nuclei with a Bruker Avance 

III HD 400WB-equipped spectrometer (9.4 T) using a 4 mm double resonance probe. 

The experiments were conducted at a spinning speed of 10 kHz. The 29Si{1H} cross-

polarization (CP) were recorded using a contact time of 4.5 ms, a relaxation delay of 2 



s, and a two-pulse phase-modulation (TPPM) proton decoupling was used during data 

acquisition. The chemical shifts are reported relative to the TMS reference standard. 

Raman spectra were obtained with a Renishaw inVia dispersive confocal Raman 

microscope using 532 nm laser excitation lines. Spectra were distorted by underlying 

fluorescence, and baseline subtraction was employed. A third-order polynomial function 

was used for background correction, the spectra were smoothed, and the Voigt 

deconvolution function was used (Fig. S2 in the supplementary information). 

The powdered samples were also characterized by X-ray powder diffraction (XRD) 

using a Bruker D8 Advance diffractometer. Diffractograms were obtained using Cu K 

radiation at 40 kV and 40 mA in the range of 20–80° (2Ɵ) with a step size of 0.05° and 

a scan rate of 1°/min. Thermogravimetric analysis was conducted in synthetic air with a 

TGA Instrument Q500 system. Samples were heated to 950 °C with a heating rate of 10 

°C/min and an air flux rate of 90 ml/min. The elemental analysis was determined by the 

inert gas fusion method using a Leco RH-404 hydrogen analyzer, TC-436 oxygen-

nitrogen analyzer and Leco CS-200 carbon-sulfur analyzer using combustion infrared 

detection for carbon quantification. The amount of silicon was calculated from the 

difference. Brunauer–Emmett–Teller (BET) surface areas were measured at 77 K with a 

Micrometrics Tristar II Plus instrument, and the samples were degassed at 120 °C 

overnight under vacuum. Surface chemistry analysis was performed on the samples 

using a commercial UNI-SPECS UHV spectrometer with Mg K radiation (h = 

1254.6 eV) and a chamber pressure maintained at <5x10-7 Pa. The binding energy scale 

was corrected by using the C 1s main peak at 284.4 eV. After using the Shirley method 

for background subtraction, the raw spectra were fitted using Voight functions, 

Gaussian (70%) and Lorentzian (30%) functions. 

Electrochemical measurements were performed with a two-electrode CR2032 coin cell 

configuration using a VMP3 BioLogic potentiostat. The coin cells were assembled 

using NC/SiOC composite electrodes as working electrodes, lithium metal foil (Alfa 

Aesar purity>99.9%) as the counter electrode, Celgard 2320 as the separator and 

commercial 1 mol L-1 LiPF6 in mixed solvents of ethylene carbonate (EC)/diethyl 

carbonate (DEC) (50:50 v/v) (Sigma Aldrich) as the electrolyte. The cells were cycled, 

discharged (lithiated), and charged (delithiated) in galvanostatic mode at room 

temperature between 0.05 and 2.5 V cutoff potentials vs. Li/Li+. Electrochemical 



measurements of half-cells were all normalized based on the mass of the NC/SiOC 

active material. 

The rate capabilities of the composite electrodes were evaluated at various current 

densities ranging from 0.1 to 2.4 A/g. Coulombic efficiencies were also calculated with 

((Cdealloy)/(Calloy)) x 100, where Calloy and Cdealloy are the capacity of the negative 

electrode for lithiation and delithiation, respectively. 

3. Results and discussion 

3.1 Materials synthesis 

Fig. 1 presents the surface morphology of both NC/SiOC materials obtained after 

pyrolysis. The SEM micrographs (Fig. 1A and 1B) show that both samples seem to 

form irregular large-sized (>0.01 mm) particles. However, a higher magnification of the 

surface (Fig. 1C-F) indicates that sample 81-1h consists of interconnected spheres that 

are approximately 500 nm in size. In contrast, for sample 88-3h, the particle surface is 

almost flat and almost free of smaller particle features. The selected area electron 

diffraction (SAED) pattern of the particles shown in Fig. 1E and 1F (bottom inset) 

shows the absence of crystalline areas, in agreement with the XRD patterns shown in 

Fig. 2A. 

 
Figure 1. SEM images (A-D), TEM images (E and F) and SAED patterns (insets) of NC-SiOC 81-1h (A, 

C and E) and NC-SiOC 88-3h (B, D and F). 

 



The diffractograms show a broad and asymmetrical peak centered at approximately 22°-

25°, which indicates both the amorphous features of SiOC-SiO2 ceramics, typically 

centered at 2Ɵ= 22°[17,41,42], and the disordered turbostratic carbon phase with a peak 

at 2Ɵ=25.4° and a shoulder at approximately 43°[43,44]. In addition, a slight shoulder 

at approximately 2Ɵ=30° may suggest the presence of amorphous nanosized silicon[45]. 

The Raman spectra (Fig. 2B) further confirm the presence of the disordered graphitic 

forms of carbon, with a D1 band (so-called disorder-induced) at approximately 1335 cm-

1 and a G band (1591 cm-1) related to sp2 hybridized C atoms[46,47]. Additionally, the 

2D (an overtone of the D band) and D + G bands at ~2680 and ~2945 cm-1 can be 

observed, respectively. 

For further characterization, after background and smoothing corrections, the spectra in 

the region between 1300 and 1600 cm-1 were curve-fitted into four bands (Fig. S2). In 

addition to the conventional D1 and G bands, D3~1500 and D4~1220 cm-1 are 

shown[48,49]. Although the number of disordered bands that are separated using curve 

fitting and their attribution are still controversial, the intensity and features of additional 

D bands provide information about disorder in carbon materials. Peak D4 was attributed 

to the presence of sp2–sp3 C–C and C=C bonds, while the important contribution of D3, 

related to the fraction of amorphous carbon, confirms the high disorder degree of the 

samples[50]. The ID1/IG ratios are calculated to be 1.01 and 1.17 for the 88-3h and 81-1h 

samples, respectively. In view of the same pyrolysis temperature and same carbon 

precursor being used for both samples, no major differences in this ratio are to be 

expected[51]. However, the slight difference may indicate a higher disorder degree for 

sample 81-1h than for 88-3h. Furthermore, both materials exhibit a tiny and broad 

Raman band at 460 cm-1, which further confirms the presence of amorphous 

nanosilicon. Previous works have reported that the center frequency of the peak 

attributed to the Si-Si transverse optical (TO) band at approximately 521 cm-1 for bulk 

silicon shifts towards smaller energies with decreasing particle diameter (due to the 

phonon confinement effect), showing an asymmetric broadening band[45,52]. 



 
Figure 2. XRD pattern (A), Raman spectra (B), 29Si CPMAS NMR spectra (C) and thermogravimetric 

analyses of the (D) NC-SiOC 81-1h and 88-3h samples pyrolyzed in air. TGA was performed under 

flowing synthetic air at a heating rate of 10 °C/min. 

 

To elucidate the sample composition, the silicon tetrahedral species were examined by 
29Si CPMAS NMR. In both samples, Q4 (Si (-OSi)4), Q3 (Si (-OSi)3(OH)), Q2 (Si (-

OSi)2(OH)2), and T3 (CSi(OSi)3) species were observed at -112, -101, -93, and -72 ppm, 

respectively[53,54]. No spectral features associated with the tetrahedral structures of 

SiO2C2 (-22 ppm), SiC4 (-18 ppm), and SiC3O (+6.7 ppm) were observed[53,55]. The 

presence of metallic silicon forming Si(Si4) units (-80 ppm) is uncertain due to overlap 

with the Q2 and T3 peaks[56,57]. 

To estimate the thermal stability of both samples, thermogravimetric analysis (TGA) 

and the derivative thermogravimetry (DTG) curves were obtained in an air atmosphere 

(Table 1 and Fig. 2D). The thermograms show an initial weight loss of approximately 3 

wt. % below 200 °C, most likely due to the evaporation of adsorbed water. It is 

observed that the onset of the oxidation of sample 81-1h occurs at a lower temperature, 

462 °C relative to 530 °C for 88-3h, and the maximum rate of oxidation (DTG peak) is 

shifted from approximately 620 °C to 780 °C for 88-3h. These two facts demonstrate 

that sample 81-1h has a lower resistance to oxidation than 88-3h. The weight loss of 



21% for 81-1h and 26% for 88-3h between 500 and 950 °C is mostly associated with 

the combustion of the free carbon phase [58]. 

The elemental analysis (EA) (Table 1) clearly indicates that the synthesis conditions 

explored here allow for materials with varied nitrogen-doped carbon compositions. The 

sample synthesized using an equal APTES to citrate ratio (88-3h) shows a 38% higher 

content of carbon, 55% more nitrogen, and 20% more silicon than the 81-1h sample. 

Interestingly, the amount of oxygen in the sample with a higher APTES molar content 

(81-1h) is 35% higher. Nitrogen isotherm adsorption/desorption data and Barrett-

Joyner-Halenda (BJH) pore volumes are summarized in Table 1. A BET specific 

surface area of 33 m2/g was obtained for 81-1h samples (see Fig. S3 of the 

Supplementary info). Conversely, for 88-3h, the nonporous features evidenced in the 

SEM micrographs were further confirmed by the low BET SSA of < 5 m2/g obtained. In 

81-1h, both mesopores and macropores exist with an average size of approximately 20-

150 nm. 

Table 1. Elemental analysis of data measured by TGA and BET analysis of pyrolyzed NC/SiOC. 

Sample 

NC/SiOC 

Elemental analysis 

Wt. % 

Empirical 

formula 

TGA 

 

BET 

Surface 

area 

(m2/g) 

Pore width 

(nm) 

%C %Si* %O %N %H  Weight 

loss 

residue   

81-1h 14.8 30.7 53 0.86 0.6 SiC1.13O3.04 20.6 79.4 

 

33 20-150 

88-3h 23.9 38.6 35.2 1.93 0.4 SiC1.45O1.60 26 74 < 5 - 

*Silicon percentage obtained from the difference. Empirical formula normalized to one silicon atom. 

Fig. 3 displays scanning transmission electron microscopy (STEM), electron diffraction 

spectroscopy (EDS), and X-ray photoelectron spectroscopy data. EDS elemental 

mapping shows a qualitative description of the sample composition; silicon, oxygen, 

carbon, and nitrogen were present throughout the entire cross-section of the particles 

(Fig. 3A-E). Similarly, the XPS survey spectra (Fig. S4) show the C 1s peak at 284.4 

eV, O 1s peak at 532.3 eV, Si 2p peak at 100.3 eV, and N 1s peak at 399.5 eV, 

respectively, with no evidence of impurities. The surface elemental composition 

determined from XPS was determined to be C=33.8 at% (23.8 wt.%), O=45.8 at% (43.1 

wt.%), N=0.7 at% (0.58 wt.%) and Si=19.7 at% (32.51 wt.%) for sample 81-1h, while 



the bulk elemental analysis obtained by the inert gas fusion technique (Table 1) showed 

a composition of C= 19.5 at% (14.8 wt.%), O=52.5 at% (53 wt.%), N=0.97 at% (0.86 

wt.%) and Si=17.3 at% (30.7 wt.%). These differences may be a consequence of the 

native silicon oxide layer since neither etching nor argon sputtering depth profiling was 

realized before XPS analysis. Furthermore, according to the structural nanodomain 

model for SiOC[18,59] in hybrid materials, such as those synthesized here, certain 

phase segregation can take place, and thus, variation along the sample can be expected. 

 
Figure 3. TEM image of NC-SiOC 81-1h (A); STEM-EDS mapping showing the distribution of elements 

in image (A). Silicon (B); oxygen (C); carbon (D), and nitrogen (E). The length of the scale bar is 500 

nm. Fitted XPS spectra curve of pyrolyzed N-doped C/SiOC samples: 81-1h (F-H) and 88-3h (I-K). 

C 1s (F and I), N 2s (G and J), Si 2p (H and K) spectra. 

 

The high-resolution C 1s spectra of both samples (Fig. 3F and 3I) show a major peak at 

approximately 284.4 eV, assigned to C=C sp2 and C-Si(-O3). At higher binding 

energies, the contribution of the oxygen and nitrogen atoms bonded to C, such as C-C 

sp3 (associated with C-N, C-H, C-Si, and C-O-Si bonding), C (epoxy), and C=N, C=O 

and N-C=O[9,43,60], was observed. The relative contribution of each bond assigned in 

the spectra is shown in Table S1 (Supplementary info). The most predominant peak 

corresponds to the overlapping of the bonding energy of sp2 carbon and C-Si(-O3), with 



percentages of the area of approximately 67 and 68% for samples 81-1h and 88-3h, 

respectively. The content of C=O groups (288 eV) and the peak associated with C-O 

and C=N at 236.3 eV for sample 81-1h are larger than those for 88-3h, which agrees 

with the higher amount of oxygen in 81-1h than in 88-3h, as shown in Table 1. 

The XPS spectra of nitrogen show that nitrogen-doped carbon structures are present in 

both cases (Figs. 3G and 3J). The spectra were curve-fitted with three peaks assigned to 

pyridinic N (two C-N bonds in a hexagon) at 398 eV, pyrrolic N (two C-N bonds in a 

pentagon) at 399 eV and graphitic N (three sp2 C-N bonds) at 400.7 eV[61–63]. The 

relative nitrogen composition obtained by curve fitting show that pyrrolic N and 

pyridinic N are the main species formed in both samples (approximately 78% in 81-1h 

and 70% in 88-3h), while graphitic N shows a contribution lower than 30%. Pyridinic N 

and graphitic N have been reported as efficient Li intercalation sites[61]. Specifically, 

pyridinic N has been related to higher values of reversible capacity[64]. Pyrrolic N has 

been reported to be less favorable than pyridinic N in terms of lithium storage[65]. In 

general, it is widely accepted that both pyridinic and pyrrolic nitrogen create additional 

defects and greater disorder within the graphene lattice, while graphitic N increases the 

electron density within the delocalized π-system[66]. 

The Si 2p high-resolution spectra (Figs. 3H and 3K) display two peaks at approximately 

102.5 eV and 103.3 eV assigned to Si+3 (SiO3C) and Si+4 (SiO4) phases[9,37,67,68], 

which are also in line with those observed in 29Si NMR. A shift of +0.6 eV was also 

noticed for Si4+ in the 81-1h sample, which could be associated with differences in the 

oxide thickness[69,70]. Comparison between the curve-fitted peaks reveals a significant 

increase in the content of SiO3C species (~43.7%) in sample 81-1h, which could be 

related to its higher APTES:citrate molar ratio, suggesting that most of the APTES 

SiO3C units are retained. The absence of Si is also noticeable (with a Si0 2p peak 

binding energy of 99.0 eV)[68]. However, since the synthesis of NC/SiOC materials 

reported here was inspired by the synthesis of silicon and nitrogen-graphene quantum 

dots, some amorphous silicon nanoparticles can be expected. In any case, these results 

reflect that more in-depth studies about the silicon environment deserve to be done. 

Similar to what was described, the Si environment observed by XPS may be affected by 

the SiO2 native layer that can produce differences from the bulk. Although it is a 

common practice to reduce surface oxides and other contaminants by sputter cleaning 

with Ar+ ions to obtain a pristine surface prior to XPS analysis, in the case of the 



NC/SiOC samples, this procedure was avoided to diminish the risk of modifying the 

surface structure and composition of the C-N compounds, which can be significantly 

affected [71–73]. 

The fact that the nitrogen content increases when both a longer reaction time and a 

similar APTES:citrate molar ratio are used suggests that carbon structures can be 

formed according to the mechanism proposed for the formation of nitrogen-doped 

graphene-like structures[30]. This mechanism is based on the reaction of the amine 

group in APTES with -COOH groups from citric acid forming an amide linkage. In the 

first stage, the amine works as a base to facilitate condensation with the release of water 

in citric acid. Then, citric acid molecules self-assemble into sheet structures, followed 

by a condensation reaction through intermolecular dehydroxylation to give an N-

enriched graphene framework [30]. 

Based on the APTES molecular structure, it can be assumed that part of the nitrogen 

atoms condensed in the carbonaceous structure may still be bonded to the SiO3C 

tetrahedral structure through the propyl alkyl chain. After pyrolysis at 1000 °C, it can be 

expected that the obtained free carbon is formed from the alkyl chain as well as the 

nitrogen-doped carbonaceous structure. At the same time, the silanol groups of APTES 

form a polymeric network based on Si-O linkages in which certain SiO3C units remain 

in the hybrid materials. 

Note that contrary to the observations made for sample 81-1h, the TGA weight loss at 

950 °C for sample 88-3h corresponds to the sum of the percentages of C, N and H 

obtained by EA, as shown in Table 1. This fact may indicate that 81-1h contains more 

oxygen groups that can be part of the nitrogen-doped carbonaceous phase than 88-3h. 

Based on the abovementioned mechanism, it can be expected that the more extensive 

the carbon condensation reaction is, the lower the content of oxygenated moieties, since 

dehydrolysis and dehydroxylation reactions take place. 

The absence of nano-/mesoporosity in 88-3h may be associated with rearrangement at 

the molecular and nanoscale levels through the formation of highly condensed 

structures with high resistance to oxidation[10]. Although a relationship has been 

established between the formation of C-N bonds (while decreasing the amount of C-OH 

and C-O moieties) and the higher thermal resistance[74], we believe that the high 

thermal stability observed may be related to the distribution of the SiO2 phase. It has 



been reported previously that when SiO2 is formed on the surface of SiOC, it can act as 

a protective layer, hindering oxygen diffusion into the particle, and thus, the SiOC 

network largely remains stable[75]. This fact was evidenced in the SEM images of both 

samples after TGA measurements were performed in air (Fig. S5 of the Supplementary 

info). The surface of sample 88-3h remains almost flat and inert, with only minor 

cracks. In the case of sample 81-1h, although no information about cracks can be 

obtained, having smaller sphere-like particles could facilitate the evolution of the 

formed gases more easily. 

 

3.2 Electrochemical performance 

 

Figure 4 shows the potential profiles of both electrodes from the first to the third 

galvanostatic charge/discharge cycles (Fig 4A and 4B) and the corresponding 

differential capacity curves (Figures 4C and 4D) performed at 0.1 A/g between 0.05 and 

2.5 V. For the first cycle using the pyrolyzed 81-1h and 88-3h samples as active 

materials (Fig 4A and 4B), the charge capacity reached 622 and 367 mAh/g, 

respectively. In the subsequent cycles, the capacity values of both samples remain 

almost constant. Both electrodes commonly show a characteristic shoulder at 

approximately 0.7 V and a flat plateau at approximately 0.18 V during the first 

discharge step (lithiation). In the second and subsequent insertion curves, no clear 

plateaus were observed. The minor shoulder can be associated with the reaction 

between Li+ and acetylene black carbon used for the composite[56] and with the 

formation of solid electrolyte interface (SEI)[76], while the capacity of the potential 

region lower than 0.5 V may reflect SiOC/SiOx lithiation[77], lithium absorption into 

the turbostratic nitrogen-doped carbon structure[14,15] and electrolyte 

decomposition[78]. Specifically, from the first differential capacity dQ/dV response, 

where Q is capacity and V voltage, a strong reductive peak at 0.18 V versus Li/Li+ 

corresponds to the above-mentioned plateau and can be associated mainly to irreversible 

reactions of from SiOx to elemental silicon [76], while the peaks in the range of ˜ 0.08-

0.12 are related to the formation of the a-LixSi phases [79]. The charge process shows a 

tiny shoulder at around 0.32-0.45 V vs. Li/Li+ that can presumably be related to both Li 

alloy/dealloy with amorphous silicon domains formed during the first cycle [80] and to 

Li-ion insertion/extraction from the Si-O network in SiOC[81]. In the second and third 



cycles (enlarged dQ/dV profiles in Fig 1C and 1D) the discharge and charge processes 

show shoulders at around 0.5 V and 0.32-0.45 V vs. Li/Li+, respectively, indicating that 

after the first cycle, the electrochemical reactions that take place are similar to those of 

amorphous silicon[80]. It is also noticed much higher electrochemical activity in the 

sphere-like sample 81-1h than that of 88-3h, in line with the delithiation capacity 

observed.  

Figure 5 shows the rate capability test results (delithiation capacity vs. cycle number) of 

both half-cells at current densities from 0.1 to 2.4 A/g. It is noticeable that the average 

delithiation capacity of the 81-1h sample at 0.1 A/g is approximately 40% higher than 

the capacity of sample 88-3h. This difference in the electrochemical performance is 

maintained even when the current density is increased to 0.2 A/g or higher. 

 

Figure 4. Discharge/charge voltage profile and differentiated capacity curves (dQ/dV vs. voltage) during 

the cycling of 0.1 A/g of NC-SiOC materials with PAA as a binder and EC/DEC with a ratio of 50:50 as 

the organic solvent, and 1 M LiPF6 as the electrolyte: 81-1h (A and C) and 88-3h electrodes (B and D). 

Testing voltage window was from 0.05 V to 2.5 V. The insets of C and D are magnification in the range of 

0 V to 1 V vs Li/Li+. 

 

After 30 cycles, when the current is returned back to 0.1 A/g, the recovered capacity is 

approximately 90 and 97% for 81-1h and 88-3h, respectively. Then, both samples were 



tested by performing 1000 cycles at 1.6 A/g to determine their long-term cycling 

stability. Subsequently, from cycles 1035 to 1055, the current density was brought back 

to 0.1 A/g to evaluate the recovered capacity of both active materials. In Fig. 5B, it is 

observed that during the whole test, sample 81-1 shows a higher capacity, while 88-3h 

has a higher recovery after 1055 cycles. The observed delithiation capacities are 559 

and 354 mAh/g in the 35th cycle and 426 and 349 mAh/g in the 1055th cycle; thus, the 

recovered capacities obtained are 73 and 98% for samples 81-1h and 88-3h, 

respectively. 

 

Figure 5. Electrochemical performance of the NC-SiOC materials with PAA as a binder, EC/DEC at a 

50:50 ratio as the organic solvent, and 1 M LiPF6 as the electrolyte with cycling between 0.05 and 2.5 

V vs. Li/Li+. Filled black circles represent the data for 88-3h, and clear blue circles represent the data 

for 81-1h. Delithiation capacity is represented by circle symbols; Coulombic efficiency is represented by 

triangles. Charge/discharge: (A) specific capacity and Coulombic efficiency as a function of cycle 

number for the composite electrode cycled at 0.1 A/g and 1000 cycles at 1.6 A/g (B). The capacity values 

are reported per mass of the active material. 

 

Although the lithium insertion mechanism in SiOC/SiOx is still a matter of debate, in 

the materials synthesized here, it can be assumed that the main active sites in the glassy 

phase are provided by SiO4 and SiO3C tetrahedral units, and probably also in 

amorphous silicon. Since the reactions for lithium-ion extraction/insertion in 

oxycarbides are not well established, some of the possible reactions based on the SiO2 

reaction with Li+ for the formation of LixSi alloys, lithium silicates (Li4SiO4, Li6Si2O7, 

Li2SiO3) and Li2O would be as follows [18],[82]. 

4𝐿𝑖ା + 4𝑒ି + 𝑆𝑖𝑂ଶ  →  2 𝐿𝑖ଶO + 𝑆𝑖       (1) 

4𝐿𝑖ା + 4𝑒ି + 2𝑆𝑖𝑂ଶ  →  𝐿𝑖ସSi𝑂ସ + 𝑆𝑖 (2) 



𝑆𝑖 + 𝑥𝐿𝑖ା + 𝑥𝑒ି →⃖ሬሬሬ   𝐿𝑖௫Si   (3) 

In the case of the carbonaceous phase, the free carbon is composed mainly of disordered 

carbon, as was observed in the Raman spectra. In graphitic structures, the lithium 

storage mechanism is based on intercalation/deintercalation, in which each Li is 

associated with 6 carbon atoms, giving a maximum lithium storage capacity of 372 

mAh/g. In the case of disordered carbon, Li insertion occurs by adsorption and surface 

storage since topological defects create a large number of surface active sites or cavities, 

which can accommodate extra Li ions[14,43]. Thus, in highly disordered materials, 

morphological aspects, such as voids, micro-/mesoporosity, particle size and the defects 

such as those generated by heteroatoms, become relevant. 

The observed superior performance in terms of the capacity and initial Coulombic 

efficiency of sample 81-1h can be correlated to morphology and compositional features. 

First, the more disordered carbon allows for a higher capacity to store lithium, not only 

between the sp2 C layers but also at the edge of the layers[13]. Second, the higher 

electrolyte-electrode area and the presence of macro- and mesopores in the sphere-like 

sample can be favorable in terms of Li+ diffusion into the inner region of the 

particles[83,84]. Similarly, a higher surface area may imply that the active sites 

provided by both the glassy-phase and N-doped carbonaceous phases are more available 

for Li insertion/extraction. These findings are consistent with previous reports in which 

sphere-like oxycarbides show better performance than bulk particles[81,85]. Note that 

neither acid/base catalysts[85] nor templates[81] were used to obtain the sphere-like 

silicon oxycarbide particles reported here. 

As shown in Fig. 4, the initial Coulombic efficiency is higher for 81-1h (~63%) than for 

88-3h (~55%). Although the charge consumption in the reduction of the electrolyte and 

the formation of a solid electrolyte interphase (SEI) may have a certain contribution to 

the irreversibility, it is believed that the glassy composition plays an important role[86]. 

It is commonly reported that the formation of irreversible phases such as lithium oxide 

(Li2O) and lithium silicates (Eq 1-2) is favorable in oxygen-rich SiOx materials. 

Thus, it is clear that this phenomenon alone cannot explain the fact that sample 81-1h 

has 35% more oxygen than 88-3h, showing a lower irreversible capacity. We attribute 

the higher reversibility obtained in 81-1h to the more SiO3C units present, which has 

been recognized to provide reversible sites. In contrast, in 88-3h predominant SiO4 sites 



may produce both irreversible (Li4SiO4) and reversible products (Li2SiO3), as was 

reported previously[56]. On the other hand, the XPS data revealed that pyridinic N is 

predominantly formed in sample 88-3h. Although this structure is considered to be 

highly reversible [64], the small surface area and porosity of this sample may make 

these sites inaccessible to lithium ions. 

In the long charge/discharge cycling life (Fig. 5B), in the case of sample 81-1h, no 

capacity changes were observed until approximately 300 cycles at 1.6 A/g. After this, 

the capacity of the sample decayed to 208 mAh/g at the 1000th cycle. Conversely, in 

sample 88-3h its capacity remained constant at 165 mAh/g. From the 1035th cycle to the 

1055th cycle, when the current returns to 0.1 A/g, the capacity obtained was 340 mAh/g, 

meaning that in a total of 1055 cycles, the capacity decay was only 13%. Such high 

stability reflects that the active sites for Li insertion/extraction remain almost unaltered 

and reflects the outstanding response of the material under stress conditions. 

After LixSi and lithium silicate formation, phase segregation occurs, and the silicate 

surrounds the silicon alloy, exerting a buffer effect[86]. In the case of the carbonaceous 

structure, the strength of C in the N-doped graphene-like structure may form a stable 

backbone structure that helps to support volume changes in the material. We believe 

that the remarkable long-term charge–discharge cycling of sample 88-3h can be 

associated with both the increased formation of lithium silicate and its higher C content 

since both can contribute to reducing stresses upon cycling[16,87]. The origin of the 

decay in sample 81-1h is not yet clear; perhaps the amount of nitrogen-carbon is not 

enough to support the continuous volume variation. 

In general, the reversible capacity and ICE of NC-SiOC 81-1h are higher than those of 

some other SiOC-carbon rich materials[12,88,89] (Table S2), even when, in our case, a 

cutoff of 0.05 V was used. Similarly, in comparison with SiOC/composites such as 

SiOC/graphene or N-C fiber composites, our material is quite competitive in terms of 

delithiation capacity. In fact, in terms of long-term cycling at a high rate (1000 cycles at 

1600 mA/g), our results are only comparable with ref. [9] since these cycling conditions 

are not conventionally tested in SiOC materials. Regarding state-of-the-art graphite, 

previous works have shown that a fast charging process with a low operating voltage 

versus Li/Li+ results in the generation of lithium dendrites or plating, leading to serious 

safety issues[90,91]. In addition, graphite has shown rapid capacity fade at current 

densities higher than 1C[90]. In fact, at 2C rates (~700 mA/g), the performance of 



graphite further deteriorates, giving only 12% of its theoretical capacity[92]. Therefore, 

the promising results obtained with NC/SiOC in this work promote this material as an 

alternative to conventional graphite negative electrodes. 

Importantly, this result suggests that the synthesis conditions explored here can be 

tailored to obtain hybrid materials with the best characteristics of each condition: high 

capacity, as shown in 81-1h, and stability during long-term cycling at high current 

density, as is the case for sample 88-3h. NC materials synthesized by using in-between 

conditions will be the subject of future work. 

3.2.1 Nitrogen-doped carbon 

In both materials, the nitrogen-doped structures may generate additional structural 

defects that promote lithium insertion sites and rapid charge-transfer reactions[65,93]. 

The nitrogen amount obtained from the elemental analysis was 0.97 wt. % (0.74 at. %) 

and 2.26 wt. % (1.17 at. %) for 81-1h and 88-3h, respectively. Although this content is 

relatively low, some contribution to the enhanced electrochemical activity can be 

expected since nitrogen doping levels as low as ~1-2 at. % in CNTs and graphene 

nanosheets have shown better electrochemical activity than similar undoped 

material[64] 

The low nitrogen content could be an effect of the high temperature of pyrolysis[94]. 

However, other factors, such as reaction time, may also have important contributions. In 

the synthesis of materials for bioimaging or immunofluorescence applications, the 

relationship between nitrogen-related surface states and emission properties is an 

important issue that has been extensively explored[95,96]. For instance, at temperatures 

from 150 °C to 180 °C, the relative fraction of pyridinic-N and pyrrolic-N decreased 

since these sites are converted to graphitic N. Even if the study of the evolution of the N 

sites and the effect of the pyrolysis temperature was beyond the scope of this research, 

our results nonetheless highlight the fact that both this novel synthesis method and 

application deserve to be explored more deeply. 

Moreover, note that this synthesis method is more advantageous than elaborate 

procedures or multistep processes[29,97]. In addition, the fact that low-cost sodium 

citrate and glycerol are used represent an additional advantage in terms of cost and 

environmental issues, as both are nontoxic, and glycerol is considered an eco-friendly 

solvent[98]. 



3.2.2 Electrolyte-PAA interface 

Electrode performance highly depends on the selected binder. According to previous 

reports, poly(acrylic)acid showed better performance than binders such as 

poly(vinylidene fluoride) (PVDF), poly(vinyl alcohol) (PVA) and carboxymethyl 

cellulose (CMC) in active materials such as SiO[99], graphite[100], and silicon 

nanoparticles[7,101]. Considering the hybrid features of NC-SiOC, a strong interaction 

between carboxylate groups from PAA and hydroxyl groups on the SiO2/SiOC surface, 

similar to a previous report for SiO/PAA composites[99], is expected. 

The excess oxygen atoms in sample 81-1h can improve the binder-active material 

interaction. In electrode preparation, PAA, carbon black, and the active material are 

mixed in ethanol; thus, higher wettability in an oxygen-rich NC/SiOC 81-1h would be 

expected. A similar finding has been reported in porous carbon with a high content of 

C-O species as well as in nitrogen/oxygen-codoped mesoporous carbon[83,102]. In 

addition, most of the oxygen might not be available to contact the electrolyte and 

lithium ions since they are already interacting with -COOH moieties from PAA. Our 

explanation is consistent with the work of Komaba et al.[99], who observed that SiO 

particles are uniformly covered by PAA polymer unlike the poly(vinylidene fluoride) 

PVDF binder, which is one of the most common binders used in SiOC/SiOx 

materials[83,102]. 

On the other hand, the interaction between the N-doped graphene-like phase and PAA 

may be similar to that previously reported for graphite/PAA electrodes, in which the 

formed SEI layer between the negative polarized oxygen atoms from PAA and the 

carbonate-based electrolyte may interact with the solvated lithium ions to accelerate the 

lithium desolvation. Consequently, the lithium intercalation into the graphite layer could 

be highly favorable. In others words, PAA acts not only as a binder but also as a 

coating, showing a similar function to the artificial solid-electrolyte interphase[100]. 

4. Conclusions 

We have demonstrated that APTES, citrate, and glycerol can be used for the formation 

of a hybrid material, N-doped carbon/SiOC. This synthesis is more advantageous than 

elaborate procedures or multistep processes and opens the door for using similar 

procedures already developed for the synthesis of quantum dots, in which N-doping 

mechanisms and experimental conditions have been studied extensively. The sphere-



like NC-SiOC material with a larger surface area and mainly composed of SiO3C units 

shows delithiation capacity values up to 2 times higher than those reported for graphite. 

In terms of stability and recovery capacity, the sample with the larger amount of carbon 

and more N atoms shows better electrochemical performance: 98% recovery capacity 

over 1000 cycles at 1.6 A/g is among the highest value reported in the literature for 

similar materials. 
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