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Nanoporous metal oxides are widely used for the development of various functional nanostructures. We 

report on the synthesis of sponge-like tin oxide films on copper foil by anodization of electrochemically de-

posited tin films. The thin films are functionalized using a surface-anchoring carbon precursor-polymer 

(poly(acrylonitrile-b-dopamine acrylamide)) followed by annealing at elevated temperature to convert the 

polymer coating into a carbonaceous coating. The as prepared and the carbon coated films are character-

ized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 

(SEM) and Raman spectroscopy. Subsequently, both SnOx films are employed as anode materials in lithi-

um ion batteries. Carbon coating has a beneficial effect on the battery performance with respect to the rate 

capability, increasing the capacity by 200 mAh g
-1
 for all applied current densities. After 20 cycles, coated 

samples show a reversible specific charge capacity of 497 mAh g
-1
. Ex situ scanning electron microscopy 

reveals the retention of the sponge-like morphology even after cycling. 

 

Introduction 

The interest in the synthesis of carbon-coated nanostructured materi-

als with a high surface area has increased during the last years due to 

their enhanced applications in various fields such as catalysis1,2 and 

electrochemical energy storage devices, especially lithium-ion bat-

teries (LIBs).3–6 Currently, LIBs are the leading energy storage de-

vices for portable electronics, and  attractive candidates for up-scaled 

applications such as electric vehicles. However, state-of-the art LIBs 

contain electrode materials with rather limited specific capacities, 

such as graphite on the anode side with a theoretical capacity of 372 

mAh g-1. Therefore, the exploration of new anode materials with 

higher specific capacities is indispensable, for instance, to increase 

the driving range of electric vehicles.  

 As alternative electrode materials, tin and tin oxides (SnO or SnO2) 

have attracted interest because of their theoretical specific capacity 

of 993 mAh g-1 (Sn), 1273 mAh g-1 (SnO), and 1494 mAh g-1 

(SnO2). As conversion-alloying compounds tin oxides undergo in a 

first step a conversion reaction to form elemental tin and Li2O, and 

in a consecutive reaction elemental tin and lithium are alloyed ac-

cording to7,8 

SnOx + 2xLi+ + 2xe− → Sn + xLi2O (1) 

Sn + yLi+ + ye− ↔ LiySn (0 ≤ y≤ 4.4) (2) 

However, these oxides suffer from the irreversible formation of Li2O 

and from immense volume changes during the (de-)alloying pro-

gress. Both processes lead to a capacity fading during electrochemi-

cal cycling.9-11 Thus, for such materials their morphology was found 

to have a high impact on the battery performance. Current approach-

es to address these issues range from the use of zero-dimensional 

nanoparticles to three-dimensional nano-sized morphologies with 

hollow structures,12-16 for instance hollow tin dioxide micro-

spheres.16 The motivation to create hollow structures is driven by the 

idea that the void space buffers the volume changes occurring during 

the conversion and alloying processes.17 Nanoporous tin oxides have 

been investigated recently, but suffered from rather short cycling 

lifetime.18–20 In addition to downsizing of active material, the appli-

cation of a carbon coating of the nano-sized particles lowers the in-

trinsically high electrical resistance within the electrode composite, 

thereby improving its battery performance.21 This has been demon-

strated for numerous active materials including tin oxides.5,9,22-24 

Herein, we report on the synthesis of a carbon-coated nanoporous 

SnOx films with sponge-like morphology, which was achieved by 

first electrodepositing Sn directly onto a Cu foil, which served as the 

current collector, followed by anodization of the Sn film in aqueous 

medium. There is no need with this approach for adding an electro-

chemically inactive binding material or additional slurry preparation 

steps, as commonly done when making battery electrodes.25-27 The 

advantage of its sponge-like morphology is the nanoporous structure, 

which is supposed to buffer volume changes during (de-)lithiation. 

In addition, the porous structure enables short diffusion pathways for 

the lithium ions due to its nanoscale dimensions. The nanoporous 

SnOx films were functionalized with block copolymers containing an 

anchor block and a graphitizable block, whereby the anchor block 

allows the carbon precursor polymer to bind onto the SnOx surface. 

Subsequent heat treatment converted the carbon precursor polymer 

into a carbonaceous coating.6,24,28 Polyacrylonitrile was used as car-

bon source. Due to the rather low pyrolysis temperature (350 °C) a 

flexible carbonaceous material (best described as cyclized polyacry-
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lonitrile) was obtained. A similar strategy was reported to buffer 

volume changes of silicon, another electrode material used as alloy-

ing anode in lithium-ion batteries.29 In this contribution we give a 

detailed structural and morphological characterization of the as-

synthesized as well as the carbon-coated material. Carbon-coated 

nanoporous SnOx films were employed as electrodes in lithium-ion 

batteries. The influence of the carbon coating was investigated by 

comparing as-anodized and carbon-coated materials. SEM and XRD 

were used to investigate the structure and morphology and of the 

SnOx electrodes. 

Experimental 

Synthesis of SnOx sponges on copper foil. Copper foil (Schlenk) 

was cut into round discs with diameters of 15 mm in diameter. After 

each preparation step, the discs were rinsed with ultrapure water and 

dried in ambient atmosphere at room temperature. The passivation 

layer on the surface was removed by immersing the discs in a solu-

tion consisting of 52.47 wt% methanol (≥ 99.8 %, Sigma-Aldrich), 

35.79 wt% 1-butanol (99 % extra pure, Acros Organics), 10.69 wt% 

perchloric acid (70% solution in water, Acros Organics) and 0.01 

wt% ultrapure water for 30s. For electrodeposition and anodization, 

a setup comprising a PTFE-cylinder and a copper block as anode 

was used. To deposit tin on the foil, a solution consisting of 0.22 mol 

L-1 tin (II) chloride dihydrate (≥ 99.99 %, Sigma-Aldrich), tri-

ammonium citrate (≥ 97 %, Alfa Aesar) and deionized water was 

filled into the cylinder. A constant current of 4 mA was applied for 

25 min using a Voltcraft PSP 1803 voltage source. After subsequent 

cleaning, an aqueous solution of 5.9 wt% oxalic acid dihydrate (≥ 

99.5 %, Sigma-Aldrich) was used for the anodization reaction. A 

constant anodic bias of 10 V was applied by a Voltcraft Digi 35 

voltage source for 6 min.  

Carbon coating of SnOx Sponges. The carbon precursor block co-

polymer was synthesized according to a previously reported synthe-

sis strategy.6 Acrylonitrile (AN) was polymerized by RAFT 

polymerization using 2-dodecylsulfanylthiocarbonylsulfanyl-2-

methyl propionic acid (DMP)30 as chain transfer agent and α,α-

azoisobutyronitrile (AIBN) as initiator. The ratio of AN:CTA:AIBN 

was set to be 250:1:0.1. For the block copolymerization, PAN was 

chosen as a macro-CTA, N-acryloxysuccinimide (NAS)31 as mono-

mer and 2,2-azobis(4-methoxy-2,4-dimethylvaleronitrile) (AMDV) 

as initiator. The molar ratio was NAS:PAN:AMDV = 25:1:0.2. The 

reaction was conducted in DMSO for 48 h at 30 °C. Finally, the re-

active ester was aminolyzed by the use of dopamine hydrochloride in 

DMSO resulting in P(AN-b-DAAM). 
1H-NMR (400 MHz, DMSO-d6) δ [ppm] = 6.20–6.70 (d, Ar-H), 

3.42 (s, CONH–CH2), 3.14 (s, CH of polymer backbone), 2.03 (s, 

CH2 of polymer backbone and CONH-CH-CH2). 

FT-IR: 2940 (C-H valence band), 2443 (nitrile valence band), 1702 

(NH amide band), 1520 (NH deformation band), 1444, 1384, 1282, 

1251 cm-1. 

The copper foil with the deposited SnOx sponges was dipped into 

1 mL of a 20 mg mL-1 solution of P(AN-b-DAAM) in DMSO. The 

foil was removed after 8 h from the solution and washed with DMF 

to remove unbound polymer. The sample was dried under vacuum 

and subsequently pyrolyzed. The heat treatment was conducted in 

two steps by first heating to 300 °C for 240 min and then heating to 

350 °C for 45 min. 

Structural and morphological characterization. XPS spectra were 

measured with a PHI 5600 Multi-Technique XPS using monochro-

matized Al Kα at 1486.6 eV. The crystal structure of SnOx (coated 

and uncoated, non-cycled) was examined via room temperature X-

ray diffraction on a Bruker D8 Discover diffractometer operated in 

reflection geometry with a CuKα1,2 X-ray source. Measurements of 

non-cycled and cycled electrodes were performed on a Bruker D8 

Advance with CuKα source (λ = 0.154 nm) between 10 and 85 ° (2θ) 

with a step size of 0.007177°. For the investigation of the surface 

topography a high-vacuum mode scanning electron microscope 

(SEM; FEI Quanta 200 FEG Environmental-SEM) at an acceleration 

voltage of 15 kV was applied. For cross-section measurements, sam-

ples were embedded in PMMA using a DuroFix-2 Kit by Struers 

GmbH. The PMMA cylinders were cut into disks of approx. 1 mm 

thickness with an EXAKT 300CP diamond band saw followed by 

gluing the disks on plexiglas slides and polishing on a Struers Roto-

Pol-31. For the polymer characterization, NMR (nuclear magnetic 

resonance) spectroscopy was conducted using a Bruker ARX 400, 

and FTIR spectroscopy (Fourier transform infrared) was carried out  

on a Jasco FT/IR 4100 spectrometer equipped with an ATR unit. 

Size exclusion chromatography (SEC) was performed with hex-

afluoroisopropanol as solvent. The detector system contained refrac-

tive index (Agilent) and UV-vis (Agilent) units. The calibration was 

done using polymethylmethacrylate standards, purchased from Pol-

ymer Standard Services. 

Electrochemical characterization of SnOx Sponge. The SnOx elec-

trode mass loading of was in the range of 2.77 – 3.00 mg. 

SwagelokTM-type cells were assembled in a glove box (MBraun) 

with water and oxygen contents lowerthan 0.1 ppm. Polypropylene 

fleeces (FS2190 Freudenberg, Germany) were used as separators. 

They were drenched with the 1M LiPF6 in ethylene carbonate: dieth-

yl carbonate 3:7 electrolyte. Lithium foil (Rockwood Lithium) was 

used as counter and reference electrodes; therefore, all potentials 

refer to the Li/Li+ redox couple. The electrochemical experiments 

were conducted at 20 °C ± 2 °C. A Maccor Battery Tester was used 

for galvanostatic cycling experiments. Cyclic voltammetry was per-

formed using a VMP3 potentiostat (BioLogic), applying a sweep rate 

of 0.05 mV s-1 in a potential range of 0.01 V to 3.0 V. 

Results and Discussion 

Structural and morphological characterization of the carbon 

coated SnOx sponges 

Tin films were electrodeposited from a solution containing tin(II) 

chloride and tri-ammonium citrate32 onto a copper (foil), which sub-

sequently acted as current collector for the electrochemical tests 

(Fig. 1). The SEM image of the deposited tin film is shown in Fig. 

2a. The surface shows a pre-structuring of tin resulting from single 

crystals grown together during tin deposition. The sponge-like SnOx 

film (SEM image in Fig. 2b) was formed during the anodization.33 

The oxygen evolution during the anodization inhibits regular pore 

growth; rupturing of the pores leads to the formation of a sponge-

like structure19,33 with pore diameters of 30-60 nm and wall thick-

nesses of 10-15 nm (Fig. 2c). 
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Fig. 1. Scheme showing the different steps of sample preparation (left) and 

magnification of the schematic sample structure (right). 

 
Fig. 2. SEM images of tin surface after deposition and anodization. a) Depos-

ited metallic tin with different oriented single crystalline tin domains, b) ano-

dized SnOx surface, c) high resolution image of sponge-like SnOx surface. d) 

cross sectional image. Top: Sponge-like nanoporous SnOx (grey), cracks 

from oxygen evolution breaking up into a regular tubular structure (black). 

Middle: Thin tin adhesion layer connecting nanoporous tin oxide to the un-

derlying copper support. Bottom: Copper support. e) High resolution cross 

sectional SEM image of the SnOx layer showing the nanoporosity. 

Cross section measurement of the anodized sample showed a na-

noporous SnOx film with a thickness of 20 - 25 µm (Fig. 2d-e). 

Longer (> 6 min) anodization times resulted in spallation of the ox-

ide layer, because oxygen evolution led to a detachment of the SnOx 

film from the copper foil once the reaction reached the bottom of the 

tin layer. Thus, anodization was interrupted shortly before the copper 

support was reached. Thus, a thin layer of non-oxidized tin remained 

at the bottom of the porous tin oxide granting the adhesion to the 

copper foil. 

The crystallinity of the film was investigated by XRD (Fig. 3). As 

commonly observed for SnOx, broad reflections appeared at 26.6 ° 

33.9 ° and 51.8 °, which can be attributed to SnO2.
34-36 Sharp reflec-

tions with low intensity at 30.6 °, 32.0 °, 43.8 ° and 44.9 ° originate 

from the metallic Sn layer. The remaining high intensity reflections 

at 43.2 °, 50.3 ° and 73.9 ° can be attributed to the copper support. 

Reflections from SnO could not be detected due to the highly amor-

phous nature of the film.37 The SnOx layer was functionalized with a 

block copolymer containing a suitable anchor group. The block co-

polymer comprised polyacrylonitrile (PAN) as carbon precursor 

block and a block containing a dopamine anchor groups for metal 

oxide surface binding.6,28,38 The reversible addition-fragmentation 

chain transfer (RAFT) polymerization based synthesis is illustrated 

in Fig. 4.  

 
Fig. 3. XRD patterns before (black) and after coating and annealing (orange), 

reference patterns of SnO2 (JCPDS 00-041-1445), SnO (JCPDS 01-085-

0423), Sn (JCPDS 01-065-0296) and Cu (JCPDS 01-070-3038). 

Briefly, the polyacrylonitrile block was synthesized in a first step 

with approx. ~70 repeat units (average) as confirmed by NMR spec-

troscopy (Fig. S1, Supporting Information).  

 

Fig. 4. a) Reaction scheme for the synthesis of P(AN-b-DAAM). b) IR spec-

tra of P(AN-b-NAS) (black) and P(AN-b-DAAM) (red). c) SEC of P(AN) 

(red) and P(AN-b-DAAM) (black). 

Dopamine was attached to the polymer after the block copolymeriza-

tion with a reactive ester monomer (average number of reactive ester 

monomer repeating units ~ 23, see NMR in Fig. S2) by aminolysis 

of the reactive ester to obtain poly(acrylonitrile-dopamine acryla-

mide) (P(AN-DAAM)) in the final step. The successful synthesis of 

the polymer was demonstrated by FTIR spectroscopy revealing the 

presence of the amide band (1702 cm-1) as a consequence of the at-

tachment of dopamine unit and the disappearance of the reactive es-

ter band (1654 cm-1) (Fig. 4b). Size exclusion chromatography 

(SEC) showed a shift to lower elution volumes after the block co-

polymerization (Fig. 4c), and NMR spectroscopy further proves the 

attachment of dopamine (Fig. S3, Supporting Information). 

After coating of the SnOx surface with polymer and subsequent heat 

treatment, the structural morphology of the embedded samples ap-

pears unchanged as shown by cross-sectional SEM (Fig. S4, Sup-

porting Information). In the X-ray diffractogram new reflections ap-

peared at 29.8 °, 57.3 °, 62.1 °, 62.5 ° and 67.8 ° (Fig. 3), which 
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could be assigned to tin(II) oxide (as the heat treatment increases the 

crystallinity of SnO). 

Energy dispersive X-ray (EDX) spectroscopy was used to further 

investigate the elemental composition of the sponge-like SnOx 

(Fig. 5). In contrast to the constant Sn:O ratio observed for the as 

anodized sample, which was determined to be approx. 1:1 through-

out the whole sample (Fig. 5a), the Sn:O ratio of the heat treated and 

carbon-coated sample was 1:1 in the vicinity of the Cu foil, but it 

increases when moving from the middle of the SnOx layer towards 

the open surface (see Fig. 5b). The observed oxygen content gradient 

is in contrast with previous reports showing an increased oxidation 

state of SnOx after heat treatment.39,40 However, this is explained 

considering that the heat-treatment involves  carbonization of the 

polymer coating in oxygen-free atmosphere, resulting in the genera-

tion of a reducing atmosphere.41  

Fig. 5. EDX cross-section analysis before (a) and after coating (b). Corre-

sponding SEM images are shown in Fig. S5 and S6.  

A carbon content ranging between 2.1 % and 3.6 % is detected 

throughout the cross section of the coated sample (Fig. 5b), confirm-

ing the homogeneous carbon distribution within the sponge, whereas 

no carbon signal was detected for the uncoated sample (Fig. 5a).  
The elemental composition of the film was studied by X-ray photoe-

lectron spectroscopy (XPS). High-resolution spectra of C and Sn 

before and after coating and annealing are shown in Fig. 6a-b. Rep-

resentative spectra are shown in Fig. 6c. For the non-coated sample, 

a low intensity carbon signal was detected. Since XPS is a surface 

sensitive technique and no carbon signal was detected in the EDX 

analysis we assume the signal to originate from adventitious carbon. 

Curve fitting reveal the typical peaks at 284.6, 286.2 and 288.9 eV 

resulting from C-C, C-O and C=O units, respectively.42 After coat-

ing, an increase of 18 % in intensity was observed for the C 1s-peak, 

while the intensity of the Sn 3d5- and O 1s-peak decreased. A slight 

shift to lower binding energies indicates a lower oxidation state of 

the carbon as expected for the polymer. Two additional signals ap-

pear at 287.7 and 292.6 eV. The first may be attributed to C-N bonds 

resulting from nitrogen incorporated in the conjugated organic struc-

ture of the coating after pyrolysis.43 A second signal originating from 

the C-N double bond is expected to appear at 285.9 eV. However, 

because of the large overlap with the C-O peak, this signal could not 

be resolved. Nevertheless, the increase in intensity of the C-O signal 

compared to the non-coated sample indicates an additional contribu-

tion from the C-N double bond in the coating. Furthermore, a N 1s 

peak was observed at a binding energy of 400.1 eV in the coated 

sample which did not appear in the uncoated one (Fig. 6d). As cya-

nide groups appear at lower binding energies and the peak is rather 

broad (FWHM = 3.4 eV), we assume it to be the result from an over-

lap of the C-N bond and double bond peaks as suggested by Boyd et 

al.44 The broad, low-intensity peak at 292.6 eV is the result of π-π* 

transitions (shake up) in the conjugated system.  

Fig. 6. XPS spectra before and after coating and annealing. (a-b) High-

resolution spectra from C1s and Sn3d peaks. c) Survey spectrum of an ano-

dized sample before (black) and after (red) coating and annealing. d) Magni-

fication of the N1s peak from survey spectrum.  

The Sn 3d5-signal consists of three components at 484.6, 486.3 and 

487.0 eV, which could be attributed to Sn(0), Sn(II) and Sn(IV) re-

spectively, further confirming the appearance of SnO in the sample. 

The ratio of Sn/Sn2+/Sn4+ was calculated to be 5%/78%/17%. The 

ratio of Sn to O was found to be 1:1.12, which is in good agreement 

with the results from EDX analysis. After carbon coating the Sn(II) 

signal increased to 85% while the Sn(IV) signal decreased to ≈ 11% 

corroborating the reduction of SnO2 during the heat treatment.  

The Raman spectrum in Fig. 7 shows the presence of two bands typ-

ically observed for carbonaceous materials, namely the D-band 

(1355 cm-1) and the G-band (1591 cm-1), which correlates to a delo-

calized sp2 π -bonding.45 As expected, none of these bands were ob-

served for the uncoated sample. 

               
Fig. 7. Raman spectrum of the SnOx sponge before (black) and after (red) 

coating. The coated sample shows the typical graphene D- and G-bands  at 

1355 cm-1 and 1591 cm-1. 

Electrochemical characterization of the carbon-coated SnOx 

sponges.  

Uncoated and coated SnOx films were subjected to electrochemical 

tests (cyclic voltammetry and galvanostatic cycling). A key feature 

of the application of these electrodes is the fabrication process for 

the electrodes, as in contrast to most of the literature on tin oxide 
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based materials require the use of binder and carbon particle addi-

tives, 12-16 and both of these electrochemically inactive components 

lower the total specific capacity based on the whole electrode mass. 

 Fig. 8 shows the cyclic voltammetry of uncoated and coated SnOx 

films. In the first cathodic sweep of the carbon-coated sponges a re-

duction peak at 0.9 V with a shoulder at 1.2 V was observed, which 

can be attributed to the partially irreversible stepwise formation of 

elemental Sn and Li2O (conversion reaction) as well as the well-

known solid electrolyte interphase formation due to electrolyte de-

composition.46-48 A shoulder at 0.45 V is followed by the main ca-

thodic peak at 0.15 V, whereby the electrochemical features occur-

ring in the range of 0.6 V to 0.01 V are attributed to the formation of 

LixSn alloys.49,50 

The main anodic peak at 0.55 V as well as a second peak at 1.28 V, 

are correlated to the stepwise dealloying processes of the LixSn al-

loys.49 The peak at 1.6 V is, however, due to the only partial recon-

version of Li2O into SnOx and Li.50,51 The second as well as the fol-

lowing cycles show some differences compared to the first cycle. 

The cathodic peak at 0.9 V is less pronounced, as the formation of 

irreversible Li2O and SEI takes place mainly in the first cycle. Fur-

thermore, the main cathodic signal is less pronounced. This might be 

explained by trapping of lithium ions within the composite resulting 

from structural reorganization especially occurring in the few initial 

cycles.52 Upon no change was observed for the main anodic peak, 

the intensity of the anodic peak at 1.28 V decreased and a second 

peak appeared at 1.8 V also due to the decomposition of Li2O.9   

  

Fig. 8. Cyclic voltammograms of uncoated (a) and carbon-coated SnOx (b). 

Compared to the carbon-coated SnOx sample, the uncoated sample 

shows similar features including an intense cathodic signal due to the 

SEI formation, a cathodic main signal due to the alloying as well as 

the de-alloying peaks. However, in the following cycles, the intensi-

ty of the cathodic peak at 1.2 V and the anodic peak at 1.8 V was 

strongly reduced. Thus, the partial decomposition of Li2O seems to 

be more reversible in the presence of the carbon coating.  

Fig. 9 compares the rate capability of the coated and uncoated SnOx 

sponge electrodes. At the applied specific currents of 50, 100, 200 

and 500 mA g-1 specific charge capacities of 400, 287, 220 and 102 

mAh g-1, respectively, were obtained for uncoated SnOx. Significant-

ly higher charge capacities, however, were attained by the coated 

SnOx electrodes (respectively 600, 505, 431 and 260 mAh g-1, i.e., 

more than 150 mAh g-1 higher), demonstrating once more the bene-

ficial effect of the carbon coating. The coulombic efficiency in the 

initial cycle was low for both the uncoated (68.3 %) and the coated 

(60.7 %) sample due to irreversible side reactions, including the 

electrolyte decomposition (SEI formation) and SnOx conversion to 

Sn and Li2O. The lower efficiency of the coated sample might result 

from a slightly increased surface area resulting from the coating pro-

cess. However, the coulombic efficiency increases rapidly for the 

coated material to 95.7 %, whereas the uncoated sample features 

coulombic efficiencies lower than 90 % for the first four cycles.  

Representative potential profiles of coated and uncoated sponges for 

different currents densities are shown in Fig. 9b and c, which are in a 

good agreement with the results from cyclic voltammetry. A voltage 

plateau at 0.45 V was observed during the discharge and a plateau at 

0.5 V during the charge due to the alloying and dealloying reactions. 

These plateaus are more pronounced at lower specific currents, and 

for the coated sample. Furthermore, in case of the coated sample a 

higher gain of specific capacity was observed during charge process 

in the region of 1.25 V to 2.0 V related to a higher reversibility of 

the Li2O conversion due to the presence of the conductive carbon 

coating.24 Fig. 9d shows 50 cycles of the carbon coated and uncoated 

SnOx sponges at 50 mA g-1. For the uncoated sponge-based electrode 

the charge capacity drop rapidly within the first 10 cycles from 880 

to 441 mAh g-1. In contrast, the initial charge capacity of the coated 

sample was lower (650 mAh g-1), but the capacity retention was 

higher, as the discharge capacity after 10 cycles was still 555 mAh g-

1. The specific capacity for the coated sample was up to the 50th cy-

cle, i.e., always about 120 mAh g-1 higher than for the uncoated ma-

terial. 

 
Fig. 9. C-rate performance of uncoated and carbon-coated SnOx sponges (a) 

and corresponding potential profiles at the different applied specific currents 

of uncoated (b) and coated (c) SnOx sponges. Shown are the cycles 5, 15, 25, 

and 35. (d) Cycling at a constant current density of 50 mA g-1; cut-off poten-

tials: 0.01 and 3.0 V. Potential of cycles 1, 2, 3, 5, 10, 15, 20 for uncoated 

SnOx (e) and coated SnOx (f) at 0.05 C. Cut-off potentials: 0.01 and 3.0 V vs. 

Li/Li+. 

Potential profiles of selected cycles are provided in Fig. 9 e and f. 

They show the enhanced cycling performance of the coated SnOx 

electrodes. For the uncoated SnOx sponge-based electrodes, the plat-

eau of the charge profile in the voltage region between 0.5 and 0.75 

V decreases. However, the decrease of the capacity above 1.0 V is 

more pronounced upon continuous cycling. In contrast, the plateau 

between 0.5 and 0.75 V related to the de-alloying reaction appears to 

be very reversible for the coated sample. 
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Electrochemical impedance spectroscopy measurements of pristine 

and coated samples were conducted (not shown) and only negligible 

differences could be observed. However, improved electrochemical 

performance by the application of a cyclized polyacrylonitrile coat-

ing due to enhanced mechanical properties, i.e. the ability to buffer 

volume changes, has been reported previously29 and might be a pos-

sible reason for the improved performance of C-SnOx. 

Compared to previous studies on nanoporous tin oxide produced 

with the same methodology and reporting capacities of about 230 

mAh g-1 after 20 cycles in the voltage range from 0.01 V to more 

than 2.0 V at 1C,18 sponge-like carbon coated SnOx showed a strong-

ly enhanced performance as anode material for lithium-ion batteries, 

exhibiting a discharge capacity of 497 mAh g-1 after 20 cycles.  

Compared with other morphologies such as hollow nanostructures, 

nanoboxes or nanoflowers, enhanced specific capacities could be 

obtained by the method reported here as demonstrated in Table S3. 

Additionally, it should be emphasized that the electrodes discussed 

in this article mainly consist of the active material (SnOx, 95-97 

wt.%) and no inactive material such as binder or carbon particles is 

required. In contrast to that, most previous reports apply only 70-80 

wt.% active material contents (tin oxides) (see Table S3), which 

lowers the specific capacity of the whole electrode composite.  

The morphology of the sponge-like structure was investigated after 

galvanostatic cycling by ex-situ SEM measurements (Fig. 10) for C-

SnOx samples after the first and fifth charges (delithiation). The im-

ages show the preservation of the sponge-like morphology upon con-

tinuous (dis-)charging moreover, the porous structure was still clear-

ly observable after cycling.  

 

Fig. 10. SEM images of C-SnOx electrodes after a) the 1st and b) 5th charges 

(delithiation) showing the preservation of the sponge-like morphology even 

after cycling. 

Ex-situ XRD measurements were performed to confirm the electro-

chemical process described before for SnO2. The XRD pattern of the 

first discharge (Fig. 12, see also Fig. S7) for the corresponding volt-

age profile) shows that SnOx was mainly decomposed building al-

loying products. Due to the amorphous character of the alloy, it can-

not be detected with XRD measurements, but deduced by the com-

parison with the electrochemical measurements (Fig. S7). Neverthe-

less, small fractions of Sn remain after the first discharge, indicating 

a certain amount of non-active material within the electrode. The 

XRD patterns of the first and of the fifth charge (Fig 12 and S7 for 

the voltage profile) show mainly Sn reflections, which is in accord-

ance to the reversible (de-)alloying reaction.46,59 However, no addi-

tional reflections or phases are visible after the 5th charge as the pro-

cess after the 1st charge is reversible. 

Conclusions 

We demonstrated the synthesis of carbon-coated sponge-like SnOx 

films on copper foil with enhanced performance as anode electrodes 

in Li-ion batteries. The porous SnOx films were prepared by deposi-

tion and anodization of Sn layers, followed by carbon coating, using 

a block copolymer as carbon precursor polymer and a thermal an-

nealing in oxygen-free environment. This procedure yields  thin ho-

mogeneous carbon-coating of the SnOx films. SEM/EDX, Raman 

spectroscopy and XPS confirmed the sponge-like morphology and 

the presence of the thin carbon film for the coated SnOx sample 

while XRD and XPS showed the tin oxide film to mainly consist of 

tin(II) oxide prior to the coating; partial reduction was observed dur-

ing the heat treatment. Electrochemical characterization of the bind-

er- and carbon particle free elctrodes showed that the coated SnOx 

sponge exhibits an increased specific capacity and higher cycling 

stability as compared to the non-coated sample. The porous structure 

of the SnOx film could be retained even upon cycling as proven by 

ex-situ SEM measurements. 

 

Fig. 11. XRD pattern of cycled electrodes after the first discharge, the first 

and the fifth charge. Reference pattern of Sn (JCPDS 00-001-0926) and SnO 

(JCPDS 00-013-0111). 
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