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HIGHLIGHTS 

 One-pot synthesis of mesoporous SnO2@C composite is achieved using polymer 

beads 

  Interconnected porous structure allows full accessibility of electrolyte ions to SnO2 

 It exhibits high specific capacitance of 368 F g-1 at 1 Ag-1 in aqueous electrolyte 

 Achieved high energy density of 24.5 Wh kg-1 and power density of 346 W kg-1 

 95.5 % of initial capacitance retained after 2000 cycles at 2 A g-1 current density 
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ABSTRACT 

In this work, we report a supercapacitor based on SnO2@C composite electrode with better 

electrochemical performance. SnO2@C composite is synthesized from porous polymer beads 

by the impregnation method. The resultant composite is porous and retains uniform spherical 

morphology of polymer beads. The composite exhibits the bimodal distribution of pores with 

a specific surface area of 286 m2g-1. SnO2@C composite electrode show specific capacitance 

of 432 F g-1 at 1 A g-1 in 1M KOH electrolyte with capacitance retention of 95.5% for 2000 

cycles. Besides, the composite electrode shows an energy density of 29.4 Wh kg-1 at a power 

density of 418 W kg-1 at 1 A g-1 current density. The optimize electrode design improves 

cyclic stability due to reducing crystal growth of SnO2 as well as diffusion kinetics because of 

the presence of bimodal pores which provides continuous electron path. The bimodal 

micropores and mesopores in carbon matrix have the accessibility of electrolyte to SnO2, 

improving overall electrochemical performance and therefore SnO2@C composite is suitable 

as electrode material for supercapacitors.  

 

Keywords: SnO2@C beads, mesoporous, bimodal porosity, Pseduocapacitance, 

Supercapacitor. 
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1. Introduction 

The superior properties of carbon-based materials such as high specific surface area, 

chemical stability, good electrical conductivity, tunable pore size etc. have made them the 

most widely used electrode materials for supercapacitors [1]. Among the various carbon 

materials such as activated carbon [2], carbon nanofibers [3], graphene [4], carbon nanotubes 

[5] etc. mesoporous carbon plays a significant role in improving the electrochemical 

performance of supercapacitors due to their mesoporous structure. The mesopores facilitate 

the rapid ion transportation at the electrode-electrolyte interface [6]. There are different ways 

of synthesizing mesoporous carbons such as sol-gel process [7], template-based method [8], 

and carbonization followed by activation of carbon precursors containing pore-forming agent 

[9]. Evolution of carbon with controllable pore structure is complex in the case of sol-gel and 

carbonization processes [10]. Synthesizing mesoporous carbon with controlled pore structure 

is possible using templating technique. Hard templates such as SAB-15, MCM-48 (ordered 

mesoporous silica molecular sieves) are generally used to synthesize mesoporous carbon 

[11]. Apart from mesopores, micropores also contribute significantly towards the formation 

of an electrical double layer due to the high specific surface area of the electrode [12]. 

Therefore, the presence of both mesopores (for rapid ion transport) and micropores (for 

charge accumulation) with interconnected nature are necessary for improving the 

electrochemical performance of the carbon electrode. The interconnected porosity helps in 

providing a continuous path for ion transport. 

 Although the carbon-based materials are widely used electrode materials for 

supercapacitors, their use is restricted in certain applications due to its low specific 

capacitance and energy density. The specific capacitance of carbon can be improved by 

combining it with pseudocapacitive metal oxides such as RuO2, MnO2, NiO, Co3O4, Fe2O3 
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and SnO2 [13]. Among the well-known metal oxides, SnO2 has gained more attention due to 

its n-type semiconductor nature (having wide energy gap (Eg = 3.62 eV, at 300 K)), high 

specific capacitance, low cost and non-toxic. It can be used in a wide range of electrolytes 

such as an acidic, neutral and aqueous electrolyte [14]. SnO2 is widely used electrode material 

for supercapacitor application due to its low electron chemical potential which results in fast 

redox and high chemical stability [15]. There are several reports on C-SnO2 composite 

materials which exhibited excellent electrochemical performance. Ordered mesoporous 

carbon and SnO2 composite showed a specific capacitance of 200 F g-1 at 5 mV s-1 and stable 

over 500 cycles due to confinement of nanosized SnO2 in the mesoporous carbon and shorter 

diffusion path provided by mesoporous carbon [16]. The direct channels for electron 

transport provided by SnO2 nanoflowers in SnO2-graphene composite show a specific 

capacitance of 126 F g-1 at 0.2 A g-1 current density and stable over 2000 cycles [17]. SnO2 

nanoparticles anchored on graphene composite synthesized via chemical reduction method 

with a specific surface area of 241.32 m2g-1 retains 95% of initial capacitance (205 F g-1) after 

1000 cycles at 10 mA g-1 [18]. The excellent performance of the composite is due to the 

spacer effect of the SnO2 nanoparticles and electrical double layer capacitance from graphene. 

The morphology of SnO2 dots on uniformly anchored over activated porous carbon 

nanofibers processed through hard templating method showed a high specific capacitance of 

225.4 F g-1 at 1 A g-1 current density [19]. A report on 2D SnO2 nanoplatelets decorated on 

graphene (Surface area 560 m2g-1) displayed high specific capacitance of 294 F g-1 at 2 A g-1 

with 100 % capacitance retention for first 200 cycles and 90 % after 2000 cycles due to 

increase in the surface to the surface contact area between graphene and SnO2 nanoplatelets 

which improved the diffusion kinetics [20]. SnO2/CNFs composite was fabricated by 

electrospinning followed by solvothermal method.  Due to high-level exposure of SnO2 

nanoparticles on the surface of the composite, a specific capacitance of 187 F g-1 at 20 mV s-1 
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was observed [21]. A composite of functionalised carbon cloth @ SnO2 showed a specific 

capacitance of 197 F g-1 at 1 A g-1. Carbon cloth acts as conductive channels for the fast 

transfer of electrons and ions and SnO2 nanoclusters facilitate the charge storage [22]. Core 

shell SnO2/SWCNTs synthesized by electrodeposition method exhibited a specific 

capacitance of 320 F g-1 at 6 mV s-1. The SWCNTs in the core-shell nanowires provides the 

electronic conductive channels due to the excellent conductivity of SWCNTs [23]. The 

composite rGO/SnO2 synthesized via chemical route showed 348 F g-1 at 50 mA g-1. SnO2 

acts as spacer between the graphene layers as well as maximizes the hydrophilic nature which 

improves electrochemical performance [24]. Hydrothermally synthesized flower-like 

SnO2/graphene [25] exhibited 396 F g-1 at 4.5 A g-1, with a capacitance retention of 92.6% 

even after 10 000 cycles. The specific surface area and morphology of SnO2 in the composite 

also affect the electrochemical performance. 

In this study, we report SnO2@C composite synthesized using commercial porous 

polymer beads by one pot, scalable and simple impregnation method. The polymer beads act 

as a template as well as a carbon precursor. The advantage of using these polymer beads is, 

they have a high specific surface area, interconnected porosity and well-defined pore size 

[26]. The small pore size of polymer beads can prevent rapid crystal growth of SnO2 which 

increases the specific surface area of the electrode.  The high specific surface area can 

accumulate more electrolyte ions at the electrode-electrolyte interface which leads to higher 

specific capacitance. There is an in-situ evolution of carbon and SnO2 during carbonization 

which leads to a strong interaction between carbon and SnO2 and may further help in rapid 

electron transfer throughout the whole electrode. It can further improve cyclic stability and C 

rate performance. 
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2. Experimental 

2.1. Synthesis of SnO2@C composite 

SnO2@C composite was synthesized by the impregnation method. Amberlite XAD-

16N (Alfa Aesar), porous polymeric beads of polystyrene were used as carbon precursor. 

These porous beads were chosen because they are designed to use in size exclusion 

chromatography having interconnected pores with an average pore diameter of ⁓10 nm and 

high surface area.  Before the synthesis of SnO2@C composite, these porous polystyrene 

beads were washed repeatedly with DI water to remove salts such as NaCl and Na2CO3. 1 g 

of wet amberlite XAD-16N beads were added to 1.4 g (0.0062 moles) of SnCl2.2H2O (Alfa 

Aesar) dissolved in 5 ml of absolute ethanol. The suspension was then sonicated for 15-20 

min using bath sonicator to ensure infiltration of metal chloride solution into the porous 

beads. After sonication, the suspension was agitated 24 h to allow sufficient time for 

impregnation. The impregnated beads were then dried in a hot air oven at 60 °C for 24 h. The 

drying step allows the tin precursor to infiltrate and fill the pores within polymer beads by 

capillary action. Accordingly, the amount of SnCl2 needed to fill the pores was calculated 

based on the pore volume of the polymer beads specified by the supplier. The dried 

impregnated beads were carbonized at 700 ℃ for 1 h with a heating rate of 5 °C min-1 under 

argon atmosphere using tubular furnace (Sigma Scientific Instruments Pvt. Ltd, Chennai, 

India) to form porous SnO2@C composite. During carbonization, the polymer converts into 

carbon and impregnated SnCl2.2H2O converts into SnO2 yielding a porous SnO2@C 

composite. For comparison, we have washed the polymer beads repeatedly with DI water and 

dried in a hot air oven at 60 °C for 24 h. The dried polymer beads are directly carbonized at 

650 ℃,700 ℃, 800 ℃ without infiltrating the tin precursor under argon atmosphere are 

denoted as C-650 ℃, C-700 ℃ and C-800 ℃. For the comparison electrochemical 

performance C-700 ℃ sample was used and is denoted as the reference carbon. 
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2.2. Structural and physical characterizations 

The crystallinity of SnO2@C composite was studied using XRD (X-ray 

diffractometer) and Raman spectroscopy. XRD pattern was acquired using Rigaku ultima IV 

X-ray diffractometer, equipped with Cu–kα radiation (wavelength, λ= 1.54 Å) source. Bruker 

(SENTERRA) micro Raman spectrometer with the excitation laser source of wavelength 532 

nm was used to record the Raman spectra. Morphological analyses were carried out using 

field emission scanning electron microscope (FE-SEM) (JEOL JSM-7800F) and transmission 

electron microscope (TEM) (JEOL JEM 2100). Nitrogen sorption studies (BET analysis) of 

carbonized samples were performed using Quantachome ASiQwinTM instrument. The sample 

was degassed at 300 °C for 4 h before the BET analysis. Thermal degradation behaviour of 

SnO2@C samples was assessed by using SDT Q600 TGA analyser (TA instruments). 

Thermogravimetric analysis (TGA) of the sample was carried out till 900 °C in air. The 

surface analysis of elements was analysed by elemental mapping and X-ray photoelectron 

spectroscopy (XPS). XPS measurements were carried out using ESCA+, (Omicron 

nanotechnology, Oxford Instruments Plc., Germany) equipped with monochromic AlKα 

(1486.6 eV) X-ray beam radiation operated at 15 kV and 20 mA, binding energy was 

calibrated vs. carbon (C1s = 284.6 eV). XPS data were deconvoluted using Origin 8.0 

software. 

2.3. Electrochemical characterizations 

The capacitive behaviour of carbon and SnO2@C beads was carried out by using 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) measurements and 

electrochemical impedance spectroscopic studies (EIS) in a three-electrode setup using 1M 

KOH electrolyte. At 25oC, 1 M KOH shows specific conductivity of 0.2153 S cm-1. KOH in 

the aqueous medium has the sizes of 3.31 Å (K+) and 3.0 Å (OH-). K+ has the highest ionic 

conductivity after H3O+ among cations and OH- has the highest ionic conductivity among 
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anions. The platinum sheet used as a counter electrode, C-SnO2 or reference carbon coated on 

to graphite sheet used as working electrode, and Hg/Hg2Cl2 acts as a reference electrode. In 

this experiment graphite sheet (Graphite India) used as a current collector for the working 

electrode. The area of the working electrode was 4 cm2 (2 cm × 2 cm) with active material 

loading is about 0.9 mg cm-2. The working electrode was prepared by using 80 % of 

Carbon/SnO2@C or reference carbon calcined at 700 oC as active material, 10 % of carbon 

black (Super P, C65) conductive additive and 10 % of Polyvinylidene fluoride (PVDF) 

(Kureha KF Polymer 9300 PVDF) binder in dimethylformamide (DMF) (Sigma-Aldrich) 

solution. These materials were ball milled together to form a thick slurry which is coated onto 

the graphite sheet using a doctor blade, followed by drying at 100 oC for 12 h under vacuum. 

The CV and GCD performances were measured in potential range in between -0.7 to 0 V.  

All the electrochemical experiments were characterized by using a cell test system (Solartron 

analytical, Oak Ridge, TN, USA) model 1470E coupled with an FRA model 1455A. The EIS 

responses were recorded under the fully discharged condition within the frequency range of 1 

MHz and 10 mHz at an amplitude of 5 mV. Further, the obtained EIS data were analysed 

using Z-view software (Scribner Associates, USA). 

3. Results and discussions 

3.1. Structural and physical characterizations 

The synthesis of SnO2@C composite from porous polymer beads precursor is 

illustrated in scheme 1. The phase identification of SnO2@C composite shown in the XRD 

pattern in Fig. 1a confirms the tetragonal rutile phase of SnO2 (JCPDS number 41-1445) [27]. 

The diffraction peaks of carbon are not distinguishable in XRD pattern which indicates that 

carbon may be poorly crystalline or glassy. The average crystallite size of SnO2@C 

calculated from FWHM value of (110) peak using the Scherrer equation was found to be 16 
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nm. The Raman spectrum (Fig. 1b) of SnO2@C composite shows Raman bands around 467 

cm-1 and 622 cm-1 which can be attributed to the Eg and A1g modes of the SnO2 phase [28] 

[29] [30]. Among Eg and A1g modes, A1g mode is seen prominently. Additionally, bands at 

1590 cm-1 and 1330 cm-1 which are typical for sp2 carbons are also observed [31]. The 1590 

cm-1 band corresponds first-order scattering of the E2g symmetry of sp2 bonded carbon atoms 

in a 2-dimensional hexagonal lattice (G-band) [32]. Whereas, the D-band at 1330 cm-1 is 

characteristic of defects or disorderness in the sample, corresponding to breathing mode with 

A1g symmetry [33]. 

The Supplementary Fig. S1 shows Raman spectra of SnO2@C composite and carbon 

without SnO2. The ID/IG ratio of carbon without SnO2 is 1.60 in relation to SnO2@C 

composite of 2.45, indicating an increase in the disorderness due to SnO2 incorporation. The 

ID/IG ratio indicates that carbon exists in a predominantly glassy form [34]. 

Thermogravimetric analysis (TGA) was performed to determine the content of tin oxide in 

the SnO2@C composite (Fig. 1c). A small weight loss of 3.9 wt. % till 150 ℃ is attributed to 

the removal of moisture from the sample, and significant weight loss from 375 ℃ to 665 ℃ 

corresponds to the decomposition of carbon in the presence of air. After 665 ℃, temperature 

stable up to 900 ℃ indicates no weight loss in the sample. 50 wt. %. of SnO2 and 46.1 wt. % 

of carbon is calculated from the TGA graph.  

The porous structure and specific surface area (SSA) of SnO2@C composite are 

determined by using Brunauer-Emmett-Teller (BET) method shown in Fig. 1d. The isotherm 

of commercial polymer beads used in this synthesis shows typical type-IV isotherm which is 

a characteristic of a mesoporous sample with an SSA of 753 m2/g (Supplementary Fig. S2 

(a)). The pore size distribution evaluated from Barrett-Joyner-Halenda (BJH) method) is 

shown in Supplementary Fig. S2 (b) which indicates a maximum number of pores with pore 

size in the range of 10-12 nm. Similar to polymer beads, the SnO2@C composite also shows 
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Type-IV isotherm with an SSA of 286 m2g-1 and micropore surface area of 167 m2g-1 (Fig. 1d 

and Fig. S2(c)). Fig. 1d inset and Fig.S2(d) shows that the pore size distribution from the BJH 

method exhibits a bimodal distribution of pores with pore sizes of 1.8 nm and 10 nm, i.e. a 

combination of mesopores and micropores. The details of SSA and pore characteristics of 

polymer beads and SnO2@C composite are summarized in Table. 1. The decomposition of 

the polymer during the carbonization process may be responsible for the presence of 

micropores in the SnO2@C composite. The presence of mesopores facilitate rapid ion 

transport and act as ion reservoirs of electrolyte and consequently reduce the diffusion 

distances of ions to the carbon surface, ensure high rate capability and high power density 

[35]. The micropores exhibit high capability for charge accumulation at the electrode-

electrolyte interface. There is a slight decrease in the pore size and increase in the 

microporosity. The polymer beads are infiltrated with SnCl2.2H2O which decomposes during 

carbonization and creates porosity which is evident from the high magnification TEM image 

(Fig.3b). To understand the role of presence of tin precursor on porosity and surface area of 

carbonized sample, polymer beads without infiltration with SnCl2 were carbonized at 

different temperatures. The detailed pore analysis of polymer beads and reference carbon 

beads are mentioned in Table.S1 and Fig.S2 (e) and (f).  Supplementary Fig.S2 (e) and (f) 

show the BET isotherms and pore size distribution of beads carbonized at 650 ℃, 700 ℃ and 

800 ℃ without SnCl2 infiltration. The SSA of C-650 ℃, ℃, C-700 ℃ and C-800 ℃ samples 

were found to be 304 m2g-1, 317 m2g-1and 342 m2g-1 respectively, which are less than the 

SSA of polymer beads. Furthermore, the isotherms of carbonized beads shown in the 

Supplementary Fig. S2 (e)) are non-identical with that of polymer beads. The pore size 

distribution from the BJH method (shown in Supplementary Fig. S2 (f)) exhibits a maximum 

number of pores with a pore size of 1.9 nm, indicating the majority of micropores. The 

increase in the micropores is due to the shrinkage of the pore size after heat treatment. The 
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beads carbonized at 800 ℃ shows high SSA compared to beads carbonized at 650 ℃. This 

may be due to the partial decomposition of polymer beads at 650 ℃. It is evident from these 

results that carbonization of polymer beads without infiltration with the tin precursor leads to 

collapse of pore structure of the polymer beads which results in loss of pore geometry and 

specific surface area.  

 

Table 1. Comparison of porous characteristics of polymer beads and SnO2@C composite. 

Sample Isothe
rm 

SBET  

(m2 g-1) 

Smicro 

(m2 g-

1) 

Vt 

(cm3 g-1) 

Vmic 

(cm3 g-1) 

 

Vmeso 

(cm3 g-

1) 

Vmicro/
Vt (%) 

Vmeso/Vt 
(%) 

Polyme
r beads 

Type-
1V 

753 85 1.56 

 

0.031 1.52 2 98 

SnO2@
C 

Type-
1V 

286 167 0.35 0.087 0.26 25 75 

SBET: Specific surface area by the BET method, Smicro: Micropore surface area evaluated by t-

plot method, Vt: Total pore volume, Vmic: Micropore volume, Vmeso: Mesopore volume. 

 

The spherical morphology of the polymer beads is shown in Fig.S3(a). The porous nature of 

the polymer beads is observed at high magnification image (Fig.S3(b)). Fig.S3(c) shows the 

morphology of the beads carbonized at 650 ℃. The particle size of the beads decreases after 

carbonization due to shrinkage. Fig.S3(d) depicts a higher magnification image of carbonized 

beads which do not show clear porosity due to collapse of pore structure after heat treatment. 

The morphology of SnO2@C composite shown in the SEM image of Fig. 2 a-b and 

Fig.S3(e)reveals that even after carbonization of polymer beads, SnO2@C composite still 

retains the spherical morphology of the precursor beads with smooth exterior surface 
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indicating the absence of excess SnO2 deposition on the surface. The elemental distribution 

using energy dispersive spectroscopy (EDS) analysis (Supplementary Fig. S4) shows even 

distribution of Sn, O and C on the surface of SnO2@C beads. During sample preparation, 

some of the beads were intentionally broken to observe the distribution of SnO2 in the interior 

parts of the beads as well as to assess if any uneven shrinkage occurred during carbonization. 

Fig. 2c shows the low-magnification image of broken beads which shows even morphology 

devoid of any cracks. Higher magnification images of the broken part of SnO2@C beads (Fig. 

2d and S3(f)) reveal granular morphology with homogenous porosity indicating that 

carbonization does not lead to uneven shrinkage or cracks. The morphology of SnO2@C 

composite is further characterized by TEM as shown in Fig. 3. It shows that SnO2 

nanoparticles are evenly distributed in the porous carbon indicating homogenous 

impregnation of Sn precursor during synthesis (Fig.3a) As shown in the inset to Fig. 3a, the 

average particle diameter of these SnO2 nanoparticles based on 100 measurements was found 

to be 7.1 ± 2.8 nm. The size of the SnO2 nanoparticles is within the pore size of the precursor 

polymer beads (10-12 nm) indicating a restricted crystal growth of SnO2 nanoparticles. Some 

of the SnO2 particles may coalesce and form elongated rod like particle and can be trapped 

inside the pore of the bead which is shown in supplementary Fig.S5. The circled regions 

indicate coalesce of two particles and representing as a single elongated particle. The 

elongated particle shows two crystallites having lattice fringes oriented in the same direction. 

The d-spacing of the two crystallites corresponds to (110) reflection of SnO2. The coalesce 

elongated particle size is found to be 14 nm which might be the reason for higher crystallite 

size of SnO2 obtained from the XRD. 

The infiltration of tin precursor in the beads creates porosity which is shown in 

Fig.3b. Further, the in-situ evolution of carbon and SnO2 from their precursors during 

carbonization leads to the strong interaction of SnO2 with the carbon and may help in rapid 
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electron transfer throughout the whole electrode. Fig. 3c displays high magnification image 

of individual SnO2 nanoparticle with well-defined lattice fringes indicating that these 

particles are well-crystallized. The interlayer spacing between the lattice fringes of SnO2 is 

about 0.334 nm (inset of Fig. 3c) which corresponds to the d-spacing between (110) planes of 

the SnO2 and is consistent with the d-spacing of SnO2 calculated from XRD. Fig. 3c shows 

that carbon consists of nano graphitic domains. The interlayer spacing between the lattice 

fringes of carbon layers is 0.35 nm indicating the disordered structure of the carbon which 

supports the findings from Raman studies. The selected area electron diffraction (SAED) 

pattern of SnO2 (Fig. 3d) shows a well-resolved set of concentric rings, corresponding to 

(110), (101) and (211) planes of SnO2. The bonding and the oxidation state of elements in 

SnO2@C composite were analyzed by XPS as shown in Fig. 4. The survey spectrum of Fig. 

4a confirms the presence of C, O and Sn elements [14]. The core-level spectrum of Sn3d (Fig. 

4b) exhibits two peaks: the main peak (3d5/2) and a satellite peak (3d3/2) with binding energies 

of 487.59 eV and 496.09 eV, respectively which are assigned to +4 oxidation state of Sn. 

There are no peaks of other chemical oxidation states of Sn indicating the presence of Sn4+
 in 

the composite. The peak distance between Sn3d5/2 and Sn3d3/2 is 8.5 eV. The peak position 

and peak distance are identical to the binding energies reported for SnO2 [36]. The 

deconvoluted C 1s spectrum of Fig. 4c consists of six peaks: peaks at a binding energy of 

283.2 eV, 284.6 eV, 285.9 eV, 287.4 eV, 288.9 and 291.83 eV corresponds to sp2 binding 

energy peak of C-C molecular bond , C-  C (sp2 bonded), C-C, C=O, O-C=O and π-π* 

respectively [37–39]. The deconvoluted O 1s spectrum (Fig. 4d) consists of three peaks 

centred at binding energies of 531.5 eV, 532.5 eV and 533.5 eV, corresponding to O-

Sn/C=O, C-O-Sn/C-O-C/C-OH, and O-C=O functional groups, respectively [19, 21]. 
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3.2. Electrochemical performance studies 

The polymer beads after carbonization undergo structural collapse and result in loss of 

SSA. Therefore, the electrochemical characteristics of reference carbon and SnO2@C 

composite are performed using the aqueous three-electrode system. Electrochemical 

performances as CV and charge-discharge studies of reference carbon sample as shown in 

Supplementary Fig. S6. The CV curves deviate from rectangular behaviour (Supplementary 

Fig. S6a) at high scan rates. At low scan rates of 1 mV s-1 (Supplementary Fig. S6b), the CVs 

are quasi-rectangular in shape. The deviation at a high scan rate is due to kinetics limitations, 

as electrolyte ions are not accessed at the interior of the active material.  SnO2@C capacitive 

behaviour was studied in the potential range between -0.7 to 0 V in 1 M aqueous KOH 

electrolyte solution. CVs at scan rates of 1, 5, 10, 20, 40, 60, 80 and 100 mV s-1 of SnO2@C 

composite electrode is shown in Fig. 5a. The CV curves are not perfectly rectangular (Fig. 

5a) indicates both electric double-layer capacitors (EDLC) due to carbon and 

Pseudocapacitive behaviour due to SnO2. At low scan rates of 1 mV s-1 (Fig. 5b), the CVs are 

quasi-rectangular in shape and as the scan rate increases deviation from the rectangular shape 

is observed. The deviation at high scan rate is due to kinetics limitations, as electrolyte ions 

are not accessed at the interior of the active material. CV curves at various scan rates do not 

exhibit the redox peaks because of more utilization of the active material and therefore it is 

charged and discharged completely. Redox behaviour depends on insertion-de insertion of 

ions from the electrolyte.  

The specific capacitance of SnO2@C composite is investigated from the charge-

discharge profiles. The charge-discharge profiles are asymmetric and time duration is long in 

comparison to normal EDLC as it exhibits typical pseudo capacitive property. The specific 

capacitance of the SnO2@C composite is calculated by the following formula [40]. 
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Where     is the specific capacitance, I is current density, ∫Adt is the integral area, V is 

discharge voltage range excluding voltage (IR) drop. 

SnO2@C galvanostatic charge-discharge profiles measured at various current 

densities (shown in the Fig. 5c) shows specific capacitance of 432, 343, 326, 306 and 280 F 

g-1 at current densities of 1,2,3,5 and 10 A g-1, respectively, which is superior to many 

SnO2@C composites reported in the literature (shown in Table.2). As the current density 

increases specific capacitance decreases due to electrolyte containing positive ions (K+) 

approach the only outer surface of the electrode (characteristic of redox behaviour), whereas 

at low scan rates positive ions (K+) will easily enter to the interior of the electrode which 

leads to higher specific capacitance. In basic (KOH) medium, Pseudo capacitive origin comes 

from the K+ ion of the electrolyte solution electrochemically adsorbed onto the surface of the 

SnO2.  The surface of the SnO2 particles was adsorbed and desorbed as per the following 

equation. 

                               ↔                                                
The specific capacitance of pure SnO2 (in KOH electrolyte) reported in the literature is shown 

in supplementary Table.S2.   Based on the literature reports pure SnO2 influences around 30-

50 % the total capacitance of the composite. Adsorption and desorption processes possess 

charge–storage property signifies an improvement in the kinetics of the composite electrode. 

Charge –discharge profiles (Fig. 5c) having a sudden voltage drop observed during the initial 

stages of the discharge cycle is due to IR drop (internal resistance) of the electrode. As 

current density increases voltage drop increases and decreases the specific capacitance. The 

electrochemical performances of beads carbonized at 700 oC (reference carbon) were carried 
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similar to SnO2@C. The electrochemical performance such as cyclic voltammetry (CV) and 

galvanostatic charge-discharge curves are shown in Supplementary Fig. S6.  Supplementary 

Fig. S6c shows the carbon sample measured at 1 and 2 A g-1 delivers specific capacitances of 

35 and 3 F g-1, respectively, Further, at higher currents, no capacitance is observed.  This 

could be due to more voltage drop ((IR) detected during the discharge.  A comparison of 

specific capacitances of SnO2@C and Carbon samples in Supplementary Figure S6d shows 

specific capacitance of 432 and 35 F g-1 at 1 A g-1. In as-synthesized SnO2@C composite, in-

situ evolution of carbon and SnO2 from their precursors during carbonization leads to the 

strong interaction of SnO2 with the carbon and helps in rapid electron transfer throughout the 

electrode. Subsequently, it helps to increase the specific capacitance of the material. 

Moreover, Polymer beads after carbonization undergo decomposition which results in the 

structural collapse, which results in very less specific capacitance in reference carbon. In 

overall, the contribution of carbon in SnO2@C composite is very low. Comparison of the 

specific capacitance of the reference Carbon and SnO2@C composite calculated from the CV 

curves is shown in  supplementary figure S7. 

C-rate performances of SnO2@C composite electrode shown in Fig. 5d demonstrates 

that after cycling high current densities (5 and 10 A g-1) when back to a low current density of 

charge-discharge studies, the electrodes exhibit good capacity retention indicating good 

stability of these electrodes at low and high rates. 
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Table 2. Comparison of Electrochemical characteristics of SnO2@C composite. 

Composite Synthesis 

Method 

Scan 
rate / 

Current 
density 

Electrolyte Specific 
capacitance 

(F g-1) 

Capacitance 
retention 

(%) 

References 

SnO2@C chemical 5 mV 
s-1 

1M 

H2SO4 

37.8 - [41] 

SnO2@carbon 
aerogel 

Sol-gel method 10 mA 
g-1 

1M 

H2SO4 

69.8  [42] 

SnO2@CNF Electrospinning 1 A g-1 1M 

H2SO4 

118 94.6 % after 
10000 
cycles 

[43] 

SnO2 
@Graphene 

 

Chemical 0.2 A 
g-1 

1M 

H2SO4 

126 98.2% after 
2000cycles 

[17] 

SnO2@MWCNT Sonochemical 1 A g-1 4.5 M 

H2SO4 

133.33 - [44] 

C@SnO2 Chemical 2 A g-1 4.5 M 

H2SO4 

150 ˃90% after 
1000 cycles 

[45] 

SnO2 
@Graphene 

 

Chemical 1 A g-1 6 M KOH 184 - [46] 

FCC@ SnO2 solvothermal 1 A g-1 1 M 
Na2SO4 

197.7 95.5% after 
5000 cycles 

[22] 

SnO2@RGO Sol-gel-thermal 
reduction 

2 mV 
s-1 

PVA/KOH 229.1 80% after 
1000cycles 

[47] 
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Charge storage mechanism in SnO2@C composite materials can be evaluated by the formula 

b
avi                                                                                                         

 a, b were the adjustable parameters. These parameters were obtained by the linear plot 

between the log i vs log v as shown in Fig. 6a. When b =1, it is capacitive and b = 0.5 typical diffusion-

controlled charge storage [52]. SnO2@C composite electrodes show the b value in the range 

between the 0.38-0.49 at a scan rate of 5 to 100 mV s
-1

, which confirms the charge storage 

mechanism in SnO2@C composite electrodes corresponds to diffusion-controlled charge storage 

phenomenon.  (shown in Table.3). Pseudocapacitive charge storage is mainly attributed from the 

surface reactions occurs in the SnO2@C composite. 

SnO2 nanosheets 
@Carbon cloth 

 

Chemical 1 A g-1 0.5 M 
LiNO3 

247 76.9% after 
10 000 
cycles 

[14] 

SnO2@rGO Dynamic self 
assembly 

5 mV 
s-1 

2 M KOH 257 90% after 
1000 cycles 

[48] 

SnOX @CNF Electrospinning 1 mV 
s-1 

1 M KOH 289 88 % after 
5000 cycles 

[15] 

SnO2@Graphene solvothermal 10 mV 
s-1 

1 M 
H2SO4 

363.3 - [49] 

SnO2 
@Graphene 

hydrothermal 4.5 A 
g-1 

1M 

H2SO4 

396 92.6% after 
10000cycles 

[25] 

SnO2@C 
microspheres 

Chemical 1 A g-1 1 M KOH 420 91 % after 
2000 cycles 

[50] 

 SnO2 
@Graphene 

 

Chemical 1 mV 
s-1 

6 M KOH 818.6 95.1% after 
1000cycles 

[51] 

SnO2@C beads Chemical 1 A g-1 1 M KOH 432 95.5 % after 
2000 cycles 

Our work 
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Table 3. b value calculated from the slopes of log i vs log v presented in Fig. 6a. R2, the 

goodness of linear fit is also presented for clarity 

Voltage R2 b- value 

0 0.99808 0.47436 

-0.1 0.9948 0.49856 

-0.2 0.99576 0.49009 

-0.3 0.99499 0.45706 

-0.4 0.99555 0.38747 

 

Cycle stability of the electrode at 2 A g-1 charge-discharge (Fig. 6b) shows the 

electrodes shows 95.5 % capacity retention at the end of 2000 cycles. The small capacitance 

fade in the charge-discharge cycles is due to the degradation of the material such as 

dispersion or dissolved in the electrolyte, irreversible surface changes, etc.  Charge-discharge 

curves before and after 2000 cycles is shown in Supplementary Fig.S8. The material shows 

very stable electrochemical performance for 2000 cycles with little decay. During 2000 

cycles the IR drop increases a little in relation to the 1st cycle.  The enhanced cyclic stability 

is due to restricted crystal growth of SnO2 as well as diffusion kinetics because of the 

mesoporous structure of carbon and SnO2 exist in the SnO2@C composite. During cycling, it 

absorbs more amount of electrolyte and enhances more charge storage property of the 

composite. 

The Ragone plot of the composite electrode (w.r.t. various current densities) is 

evaluated by using the following equations from charge-discharge curves is shown in Fig. 6c 
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Where E, P, C, ΔV and Δt represents energy density (Wh kg-1), power density (W kg-1), 

specific capacitance (F g-1), electrochemical potential window in V and time (seconds) 

respectively. 

SnO2@C composite electrode delivers an energy density of 29.4 W h kg-1 at a power 

density of 417 W kg-1. When power density reaches 3292 W kg-1 the energy density is 19 W 

h kg-1 at 10 A g-1 current density. The energy and power densities of SnO2@C of the present 

work is compared with the previous literature reports is shown in Supplementary Table. S3. 

Improved electrochemical performance of SnO2@C composite electrode is attributed due to 

SnO2 which are distributed on to the carbon matrix and prevent the agglomeration of the 

particles and enhances the double-layer capacitance. Good interfacial contact between the 

SnO2 and carbon particles, accessibility of electrolyte ions into the pores, spherical 

morphology of carbons having the mesopores and micropores which are favourable for more 

charge storage and facilitate the ion transport and thereby shows improved electrochemical 

performance.  

Nyquist plots of the SnO2@C composite electrodes before and after 2000 cycles are 

shown in Fig. 6d. The solution resistance (equivalent series resistance (ESR)) which consists 

of the ionic resistance of the electrolyte, intrinsic resistance of active material, and contact 

resistance of the active material/current collector found to be 0.14 ohm cm2, 0.88 ohm cm2 

before and after cycling, respectively. Low ESR value shows the good conductivity of the 

electrode during cycling.  The little change in charge transfer resistance (Rct) before and after 

cycling, 5.64 and 6.63 ohm cm2, respectively further supports good stability and improved 

electrochemical performances. 
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The overall enhanced electrochemical performance is due to the formation of the 

mesoporous structure of SnO2 and carbon existed in the SnO2@C beads. Ease of access for 

the more electrolyte ions towards the electrode can be guaranteed by the unique mesoporous 

structure, electrolyte ions (K+ and OH-) are more utilized in the spherical SnO2@C beads. 

The improved specific capacitance is attributed to the pseudocapacitive behaviour of SnO2 

and EDLC behaviour of C in 1 M aqueous KOH electrolyte solution. 

3.3 Teardown analysis 

Fig. 7a and 7b show the FESEM images of SnO2@C composite before and after 2000 

cycles, respectively. The morphology of SnO2@C remains unchanged indicating good 

stability of the electrode for 2000 cycles. This is due to the restricted crystal growth of SnO2 

in the porous carbon matrix. There is little change in the morphology after cycling, due to K+ 

ion adsorbed/desorbed on the surface of the electrode. This is further supported by EDAX 

analysis which shows about 7.7 % K+ ions in the matrix (Table.4). The increase in oxygen wt 

% (Table .4) after cycling is due to adsorption-desorption of OH- in the matrix.  

Table 4.  Elemental compositions of SnO2@C composite before and after cycling from EDS. 

 

 

 

 

 

 

 

Element Before cycling (wt.%) After cycling (wt.%) 

C 41.3 35.30 

O 8.7 10.7 

Sn 50 46.3 

K 0 7.7 
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4. Conclusion 

In this work, the porous SnO2@C composite is synthesized by a simple impregnation 

method. The SnO2 nanoparticles are uniformly distributed into the pores of the polymer beads 

resulting in the mesoporous SnO2@C composite. SnO2@C composite electrode delivers 

superior specific capacitance of 432 F g-1 at 1 A g-1 current density in 1M KOH electrolyte. 

The improved specific capacitance is attributed to the pseudocapacitive behaviour of SnO2 

and EDLC behaviour of carbon. The mesoporous structure of carbon and SnO2 provides 

continuous electron path and improves the electrochemical performance. The bimodal 

distribution of pores in the carbon matrix delivered a double porous electrode structure and 

allows full accessibility of electrolyte ions to SnO2, enhancing the overall electrochemical 

performance. The SnO2@C composite displays 95.5% capacitance retention for 2000 cycles. 

It also delivers an energy density of 29.4 Wh kg-1 and power density of 417 W kg-1 at 1A g-1 

current density. 
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Scheme.1. Schematic representation of the synthesis of SnO2@C composite obtained from 

porous polymer beads 

   

Fig. 1. (a) XRD of SnO2@C composite, (b) Raman spectrum of SnO2@C composite, (c) 

TGA of SnO2@C composite, (d) BET Isotherm and the inset shows the pore size distribution 

of SnO2@C composite. 
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Fig. 2. (a) and (b) FESEM Images of SnO2@C beads at different magnifications, (c) FESEM 

Image of broken SnO2@C beads and (d) High magnification image of the broken part of 

SnO2@C bead 
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Fig. 3. (a) Low-magnification TEM image of SnO2@C composite and inset shows particle 

size distribution of SnO2, (b) TEM image of SnO2@C showing porosity (c) High 

magnification TEM image of SnO2@C showing the lattice fringes of carbon and SnO2(inset), 

and (d) SAED pattern of SnO2. 
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Fig. 4. (a) XPS survey spectrum of SnO2@C composite, (b) XPS spectrum of Sn 3d of 

SnO2@C composite, (c) C 1s spectrum of SnO2@C composite, and (d) O 1s spectrum of 

SnO2@C composite. 
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Fig. 5. CVs at (a) High, (b) Low scan rates, (c) Galvanostatic charge-discharge curves of 

SnO2@C at different current densities, (d) Rate capability performance of SnO2@C 

composite in 1 M KOH solution. 
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Fig. 6. (a) Linear fit of log i vs log v obtained from the CV curves from Fig. 5b at different 

scan rates, (b) Cycling performance of SnO2@C beads at a current density of 2 A g-1, (c) 

energy density vs. power density, (d) Nyquist plots of SnO2@C beads in the frequency range 

between 1 MHz and 10 mHz before and after 2000 cycles. 
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Fig. 7. FESEM image shows the teardown analysis of SnO2@C composite (a) before cycling 

and (b) after 2000 cycles, EDS showing the elemental composition of SnO2@C composite (c) 

before cycling and (d) after 2000 cycles. 
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