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lectrochemical reduction of CO2

beyond the two-electron transfer pathway on grain
boundary rich ultra-small SnO2 nanoparticles†

Chenglu Liang, ‡ab Byoungsu Kim, ‡cd Shize Yang, ‡e Yang Liu, ab

Cristiano Francisco Woellner, b Zhengyuan Li, b Robert Vajtai,b Wei Yang, *a

Jingjie Wu, *f Paul J. A. Kenis*cd and Pulickel M. Ajayan*b

Well crystallized and interconnected SnO2 nanoparticles (<5 nm) were synthesized via oxidation of

exfoliated SnS2 sheets. The SnO2 nanoparticles exhibit a high total faradaic efficiency (FE) of 97% towards

electrochemical reduction of CO2 at �0.95 V vs. the reversible hydrogen electrode (RHE). The main

product ratio of CO/HCOO� which intrinsically correlates to the surface SnOx/Sn ratio variation varies

with the applied potential. Beyond CO and HCOO� products formed via the two-electron transfer

pathway, hydrocarbons and oxygenates are produced. The formation of hydrocarbon (CH4) versus

oxygenate (C2H5OH) depends on the choice of electrolyte (KOH vs. KHCO3), both of which can reach

a maximal faradaic efficiency of 10%. The distinctive grain boundary and exposed corner/step sites in the

interconnected SnO2 nanoparticles contribute to the high FE of CO2 reduction and unique selectivity.
1. Introduction

Electrochemical reduction of CO2 to fuels and chemical feed-
stock provides an attractive option to relieve the climate crisis
and balance the carbon cycle to some extent. Developing effi-
cient and stable catalysts for CO2 reduction plays a decisive role
in the conversion of chemically inert CO2 to value-added
chemicals. Metals,1 metal complexes,2–4 and alloys5 have been
exploited as electrocatalysts for CO2 reduction in the past three
decades. Cu based catalysts have attracted extensive attention
because of their unparalleled ability of reducing CO2 to multi-
carbon products,6,7 especially ethanol and ethylene.8,9 Noble
metals such as Au,10 Ag11,12 and Pd,13 showed high selectivity for
CO production. Among the non-precious metals, the low cost
Sn-based catalysts exhibit high selectivity for formate,14,15
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a promising feedstock for ne chemicals.16 Although the
underlying mechanisms of Sn-based catalysts remain elusive
concerning the reaction pathways and the nature of active sites,
nanostructuring of tin and tin oxides has been experimentally
demonstrated to be an effective way to improve the overall
catalytic activities compared to their bulk counterparts. Xie
et al.15 developed metallic tin quantum sheets conned in gra-
phene, which showed an enhanced faradaic efficiency of
formate up to 89% with a current density of 21.1 mA cm�2 at
�1.8 V versus SCE (saturated calomel electrode). Apart from
using the Sn metal directly as catalysts, emerging evidence has
proved that Sn oxide-derived Sn exhibited even better CO2

reduction activity and tunable selectivity.17–19 Kanan et al.17

pointed out that SnO and SnO2 formed rapidly on the surfaces
of Sn when exposed to air.20 The SnOx layer persisted on elec-
trode surfaces under the reduction conditions, which was
essential for CO2 reduction on the Sn-based catalyst as the
etched electrode with fresh Sn0 resulting in exclusive H2

evolution. Modication of the nanostructure of the tin oxide
precursors18,21–24 has direct inuences on the electrocatalytic
performances of the reduced Sn catalysts. Further investiga-
tions on other oxide-derived metal catalysts including Au,25 Cu26

and Pb27 by Kanan's group conrmed that the microstructure of
metal oxides (e.g. high grain boundary density) determines CO2

reduction activity/selectivity.
Herein, we developed a new method to synthesize well

crystallized SnO2 nanoparticles from exfoliated single or few
layer SnS2 sheets obtained via a cryo-exfoliation method.28 The
as-obtained SnO2 nanoparticles combine the features of ultra-
small size (<5 nm) and high crystallinity, which is difficult to
J. Mater. Chem. A, 2018, 6, 10313–10319 | 10313
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Scheme 1 Schematic illustration of the synthesis of uniform SnO2

nanoparticles.
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achieve by traditional wet chemical methods including sol–
gel,29 hydrothermal processes,30 microwave heating methods,31

and sonochemical synthesis.32 These prior methods produce
SnO2 nanoparticles with a low crystallinity, thus further
annealing at higher temperatures was necessary to achieve
satisfactory crystallinity, which in turn resulted in crystal
growth to form bigger nanoparticles.29,31 In addition, our ultra-
small SnO2 nanoparticles are interconnected to each other to
form a distinguished grain boundary. The ultra-small SnO2

nanoparticles showed a high faradaic efficiency (FE) of �97%
for CO2 reduction at �0.95 eV vs. RHE. Most intriguingly,
hydrocarbons and oxygenates were rst formed beyond CO and
HCOO� on Sn-based catalysts, of which methane (CH4) or
ethanol (C2H5OH) is the main product with a yield up to a FE of
10% depending on the electrolyte. The reaction mechanism of
our catalyst, ultrasmall SnO2 nanoparticles, is different from
that of the traditional Sn catalyst. Our work suggests that elec-
trocatalytic activity and selectivity of Sn based catalysts toward
CO2 reduction can be tuned by nanostructuring.

2. Materials and methods
2.1 Synthesis of bulk SnS2

2 mmol SnCl4$5H2O and 15 mmol thioacetamide (CH3CSNH2)
were added to 80 mL distilled water. Aer vigorous stirring for
10 min to dissolve both SnCl4$5H2O and thioacetamide, the
mixture was transferred into a 100 mL Teon-lined autoclave,
sealed and heated at 180 �C for 24 h to form bulk SnS2. Aer
cooling down to room temperature naturally, the hydrother-
mally treated mixture was centrifuged to get the sediment of the
bulk SnS2 product. The bulk SnS2 was washed with distilled
water and absolute ethanol many times until the supernate of
the bulk SnS2 suspension became colorless with a pH value of
about 7. The as-obtained bulk SnS2 was dried at 50 �C for 48 h
and then the bulk SnS2 powder was annealed at 400 �C for 1 h
under the ow of argon protection to remove sulfur residual in
SnS2. And the bulk SnO2 was obtained by annealing bulk SnS2 at
500 �C for 3 h under air conditions.

2.2 Exfoliation of SnS2

The bulk SnS2 was rstly cryogenically treated followed by soni-
cation in H2O for 4 h. Aer sonication, the as-obtained suspen-
sion was centrifuged at 10 000 rpm for 30min to get the supernate
which contained mainly single or few layer SnS2 sheets.

2.3 SnO2 nanoparticles derived from SnS2 sheets

40 mL of the supernate of SnS2 sheets (�0.2 mg mL�1) was
mixed with 5 mL of 30 wt% H2O2 aqueous solution under stir-
ring. Then the mixture was transferred into a Teon-lined
stainless steel autoclave, sealed and heated at 200 �C for 24 h.
Aer the hydrothermal process, the SnS2 sheets were trans-
formed into well crystallized SnO2 nanoparticles.

2.4 Electrochemical measurements

The CO2 reduction reaction was conducted in an electro-
chemical ow cell employing SnO2 nanoparticle-based gas
10314 | J. Mater. Chem. A, 2018, 6, 10313–10319
diffusion electrodes. The schematic of the ow cell for CO2

reduction is presented in the ESI (Fig. S1).† The electrolysis was
performed in a potentiostatic mode with a full cell voltage
ranging from �1.65 to �3.5 V controlled using a potentiostat
(Autolab PGSTAT-30, EcoChemie) under ambient pressure and
temperature. While both the catholyte and anolyte were 1 M
KOH, the pH value of 1 M KOH was calibrated to be 13.48 by
using a pH meter (Thermo Orion, 9106BNWP). CO2 was
supplied to the cathode side. A syringe pump (PHD 2000, Har-
vard Apparatus) supplied the electrolyte (1 M KOH) to minimize
boundary layer depletion effects and supply fresh electrolytes
thereby helping to maintain the pH on the electrode surface.
Individual electrode potentials were recorded using multi-
meters (AMPROBE 15XP-B) connected to each electrode and
a reference electrode (Ag/AgCl; RE-5B, BASi) placed in the elec-
trolyte exit stream. The measured potentials aer iR compen-
sation were rescaled to the RHE using the equation E (versus
RHE) ¼ E (versus Ag/AgCl) + 0.209 V + 0.0591 V � pH. The
current reported here was obtained by averaging the span of
time (at least 180 s) for each applied voltage.

For each applied voltage, aer the cell reached the steady
state, 1 mL of the effluent gas stream was periodically sampled
and diverted into a gas chromatograph (Thermo Finnegan
Trace GC) equipped with both thermal conductivity and ame
ionization detectors, and a Carboxen 1000 column (Supelco).
Also, the exit catholyte was collected at each applied voltage
followed by identifying and quantifying using 1H NMR (nuclear
magnetic resonance, UI500NB, Varian). In addition to gaseous
products from the electrochemical CO2 reduction reaction, H2

was detected as the product of the competing hydrogen evolu-
tion reaction.

The working electrode was prepared by mixing 20 mL of the
catalyst suspension with 50 mL of Naon solution (0.5 wt%)
followed by sonication for 15 min. The catalyst ink was then
spray coated onto a gas diffusion layer (GDL, Sigracet 35 BC)
with an area of 0.5 mm� 2.0 mm, which was then dried for 24 h
before the CO2 reduction experiments. The counter electrodes,
anodes, were prepared by hand-painting of IrO2 catalyst ink
onto the GDL to reach a loading of about 1.5 mg cm�2.

3. Results and discussion

The synthetic process of SnO2 nanoparticles is displayed in
Scheme 1. SnS2 nanosheets were prepared by liquid phase
exfoliation of the bulk SnS2 powder in H2O. The thickness of
SnS2 nanosheets is in the range of 0.8–1.8 nm as shown in the
AFM prole (Fig. S2, ESI†), indicating the existence of single or
few layer SnS2 sheets. The TEM images of SnS2 sheets show the
This journal is © The Royal Society of Chemistry 2018
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nanosheet morphology (Fig. S2, ESI†). The XRD (Fig. 1a) and
Raman spectroscopy (Fig. 1b) results further conrm the
successful exfoliation of bulk SnS2 into SnS2 nanosheets. The
bulk SnS2 shows typical diffraction peaks at 15.0 (001), 28.2
(100), 30.2 (002), 32.1 (101), 46.1 (003), 49.9 (110), 52.4 (111),
62.9 (004), 67.1 (202) and 70.3� (113) for 1T-SnS2 (JCPDS no. 23-
0677). Aer exfoliation, the XRD diffraction pattern only shows
c-axis orientation peaks for h001i faces indicating the successful
exfoliation of bulk SnS2 into SnS2 nanosheets. The Raman
spectra of both bulk SnS2 and SnS2 nanosheets display a peak
centered at 314 cm�1 attributed to the A1g vibration mode of
SnS2.33 Then the exfoliated SnS2 sheets were used as precursors
to synthesize SnO2 nanoparticles by hydrothermal heating at
200 �C for 24 h in the presence of excess H2O2 aqueous solution
(oxidizing agent). The corresponding XRD pattern displays
diffraction peaks of only SnO2 (JCPDS no. 77-0450) at 26.5 (110),
33.9 (101), 37.9 (200), 51.9 (211), 54.9 (220), 57.9 (002), 61.8
(310), 64.6 (112), 66.2 (301), 71.4 (202) and 79.0 (321), which is
consistent with the XRD results of the bulk SnO2 obtained by
annealing bulk SnS2 at 500 �C for 3 h under air conditions,
indicating the formation of SnO2. The bulk SnO2 shows a main
Raman peak at about 635 cm�1 for the A1g vibration mode of
typical SnO2 along with two minor peaks at about 475 cm�1 and
775 cm�1 for the Eg and B2g modes, respectively.34 As
a comparison, the A1g vibration mode of SnO2 nanoparticles red
shis to 618 cm�1 and the peaks are broadened, both indicating
the nature of nanocrystalline materials.35 XPS spectra shown in
Fig. 1c and d further conrm the transformation of SnS2
nanosheets into SnO2 nanoparticles. The Sn3d spectra of SnS2
nanosheets show mainly the Sn(IV) feature of SnS2 at 3d3/2
495.3 eV and 3d5/2 486.9 eV. There are two shoulder peaks at
494.0 eV and 485.6 eV corresponding to Sn(II) species,36,37 which
is most probably due to the tendency of SnS2 to lose sulfur
atoms. Aer the SnS2 nanosheets were oxidized to SnO2, the
Fig. 1 (a) XRD patterns and (b) Raman spectra of exfoliated SnS2
nanosheets, bulk SnS2, SnO2 nanoparticles and bulk SnO2, (c) Sn 3d
XPS spectra of SnS2 nanosheets and SnO2 nanoparticles, (d) O 1s XPS
spectrum of SnO2 nanoparticles.

This journal is © The Royal Society of Chemistry 2018
Sn3d spectra show only the Sn(IV) feature of SnO2 at 495.8 eV and
487.4 eV for 3d3/2 and 3d5/2 binding energies, respectively.38 The
O 1s spectrum of SnO2 nanoparticles in Fig. 1d can be decon-
voluted into peaks at 530.2 eV for the lattice oxygen (Sn–O–Sn)
in SnO2, at 531.2 eV for Sn–O, and at 532.4 eV for the absorbed
surface oxygen.39,40 Besides, the S 2p XPS spectra shown in
Fig. S3† can provide further evidence for the complete trans-
formation from SnS2 to SnO2. The S 2p XPS spectrum of original
SnS2 nanosheets can be deconvoluted into two peaks at 162.9 eV
and 161.7 eV, corresponding to the 2p1/2 and 2p3/2 binding
energies of SnS2.37,41 When oxidized to SnO2 nanoparticles, the
sulde was transformed to sulfate which shows higher binding
energies at 169.8 eV and 168.6 eV for the 2p1/2 and 2p3/2,
respectively.42,43

Interestingly, the morphology of layered SnS2 nanosheets
was transformed into uniform nanoparticles of SnO2 aer the
hydrothermal reaction. TEM images of SnO2 nanoparticles are
presented in Fig. 2a–c with different magnications. Low
magnication view shows the aggregation of small nano-
particles. A single nanoparticle (diameter about 5 nm or
smaller) with well-dened crystal facets can be distinguished at
high magnications. The SnO2 nanoparticles (or grains) inter-
connect with each other to form a grain boundary (Fig. 2b, c and
S3†). The measured interplanar spacing is 0.335 nm, 0.264 nm
and 0.176 nm corresponding to the (110), (101) and (211) of
SnO2, respectively, which are consistent with the XRD results.
Electron energy-loss spectroscopy (EELS) of the sample (Fig. 2d)
displays two sharp peaks at 532 eV and 538 eV along with
a broad peak at about 555 eV, which agrees with the identity of
SnO2.44 AFM and more TEM pictures of SnO2 nanoparticles are
shown in Fig. S4,† displaying a typical morphology of nano-
particles. The SnO2 particles converted from bulk SnS2 showed
a morphology of aggregated particles with the size ranging from
Fig. 2 TEM image of SnO2 nanoparticles with (a) a low magnification,
(b) and (c) with a high magnification, and (d) electron energy-loss
spectroscopy (EELS) of SnO2 NPs.

J. Mater. Chem. A, 2018, 6, 10313–10319 | 10315
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200 nm to 500 nm as shown in the SEM image (Fig. S5†). The
crystallite size of bulk SnO2 particles was calculated to be
around 28 nm using the Debye–Scherrer equation from the XRD
results.

The electrocatalytic activity of SnO2 nanoparticles towards
CO2 reduction was evaluated in 1 M KOH electrolyte in a ow
cell which incorporates a gas diffusion electrode coated with
a SnO2 nanoparticle catalyst. The applied cathodic potentials
ranged from �0.20 to �1.10 V versus the reversible hydrogen
electrode (RHE). The overall faradaic efficiency (FE) of CO2

reduction increased as the potential was swept more negatively,
from 10% at�0.26 V to a maximum of 97% at�0.95 V as shown
in Fig. 3a. Interestingly, when the applied potential was more
positive than �0.62 V, CO was the only reduction product,
which is uncommon in Sn catalysts usually preferring HCOO�

selectivity. When the applied potential was negatively beyond
�0.62 V, HCOO� became the predominant product. The
maximum FE of HCOO� achieved a value of 74% at �0.73 V.
One exclusive property for SnO2 nanoparticles is that the total
FE of CO2 reduction reaches a maximum of 97% at �0.95 V.
Another unique selectivity for SnO2 nanoparticles is that trace
amounts of hydrocarbons (CH4 and C2H4 < 1% FE) emerged at
�0.73 and �0.8 V, respectively. On further increasing the
potentials to �0.95 V and �1.03 V, noticeable amounts of 7%
CH4 and 14% CH4 were detected, respectively, along with trace
amounts of C2H4, C2H5OH, CH3COOH and n-C3H7OH, which
was never reported for the Sn-catalyst for electrochemical CO2

reduction.
For the SnS2 nanosheet electrode (Fig. 3b), the H2 evolution

reaction dominates over CO2 reduction. Among CO2 reduction
products, HCOO�was themain product in the applied potential
range of �0.26 to �0.80 V, but only reached a maximum FE of
about 37% at �0.62 V. The dominant selectivity of HCOO� over
SnS2 nanosheets is consistent with typical Sn based catalysts.
For the bulk SnO2 particle electrode, CO appeared as the
primary product with a FE of about 32% at �0.45 V and then
Fig. 3 Faradaic efficiencies for CO2 reduction at various applied
potentials for (a) SnO2 nanoparticles, (b) SnS2 nanosheets and (c) bulk
SnO2 particles. (d) The CO2 current densities for three electrodes
evaluated in 1 M KOH electrolyte.

10316 | J. Mater. Chem. A, 2018, 6, 10313–10319
HCOO� became the major product at more negative potentials,
reaching a maximum FE of 42% at �0.74 V (Fig. 3c). Neither
SnS2 nanosheets nor bulk SnO2 particles yielded hydrocarbon
and oxygenate products. In addition, the maximum total FE of
CO2 reduction over either SnS2 nanosheets (�40%) or bulk SnO2

particles (�55%) is much lower than that for SnO2 nano-
particles (�97%). The unique selectivity to hydrocarbons/
oxygenates and high FE of SnO2 nanoparticles different from
the bulk counterparts is derived from their distinctive structure:
the active grain boundary and exposed corner sites and edge
sites in the reduced size (<5 nm). High density of grain
boundaries in SnO2 nanoparticles is responsible for the active
surfaces for enhanced CO2 reduction45,46 and the adsorption/
desorption of key intermediates like cCO2

� and CO at the
grain boundaries may be tailored towards the formation of
more reduced products like hydrocarbons/oxygenates.47 Like-
wise, the stabilization of the cCO2

� intermediate in the ultra-
small SnO2 nanoparticles over the bulk SnO2 or the SnS2 with
a larger size15,18 facilitated CO2 reduction over the competing
HER and contributed to the high FE (�97%) of CO2 reduction.

The current densities of CO2 reduction for three electrodes
are summarized in Fig. 3d. The current density of SnO2 nano-
particle electrode increased drastically with the applied poten-
tials beyond �0.62 V, and achieved beyond 100 mA cm�2 aer
�0.8 V. In contrast, the current density of CO2 reduction is only
34mA cm�2 at�0.8 V for SnO2 bulk particles and 17mA cm�2 at
�0.8 V for SnS2 nanosheets. The enhanced current density of
CO2 reduction for SnO2 nanoparticles is largely due to their
higher intrinsic activity towards CO2 reduction.

The linear sweep voltammetry (LSV) measurements were
rstly carried out in Ar2-saturated 1 M KOH and the results are
shown in Fig. S6.† As revealed by LSV, the SnO2 nanoparticles
exhibited the highest current density among the samples, which
was roughly 2 and 3 times larger than those of SnS2 sheets and
SnO2 bulk, respectively, indicating the high catalytic potential
in SnO2 nanoparticles. The comparison of LSV in Ar2 and CO2

saturated 0.1 M KHCO3 shows the typical increasing of current
density in the CO2 saturated electrolyte, a potential indicator of
CO2 reduction activity on SnO2 nanoparticles.

Also, the noticeable amounts of 5% CH4 and 14% CH4

detected at applied potentials of �0.95 V and �1.03 V respec-
tively, should be emphasized (Fig. S7†). It is interesting to nd
that when the SnO2 nanoparticle catalyst was tested in KHCO3

electrolyte, the selectivity for C2H5OH is higher over CH4,
reaching a FE of �6% at �1.05 V apart from the main products
of CO (FE of 35%) and HCOO� (FE of 19%) as shown in Fig. S8.†
While the applied potential was more negative (�1.21 V),
a higher FE of HCOO� (�40%) was achieved. Aer the elec-
trolysis of the SnO2 nanoparticle catalyst for 30 min, the FE of
C2H5OH increased from 6% to 10% at �1.05 V and from 3% to
6% at�1.21 V, possibly due to the surface component change in
the metastable SnOx layer aer electrolysis under reduction
potentials for 30 min. The potential of getting minor CO2

reduction products was reported in typical transition metal
catalysts with known high selectivity towards CO or HCOO� (ref.
48 and 49) by Jaramillo's group. They observed formate,
methane, methanol, and ethanol as minor products for an Ag
This journal is © The Royal Society of Chemistry 2018
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Table 1 Comparison of CO2 reduction performance for Sn-based electrocatalystsa

Catalysts Electrolytes
Potential at
FEmax (V vs. RHE)

FEmax (%)
�jCO2 reduction

(mA cm�2) Ref.CO HCOO�

100 nm Sn particles 0.5 M KHCO3 �0.9 Not reported 80 �12 55
Electrodeposited Sn particles (�500 nm) 0.1 M KHCO3 �1.19 Not reported 83.5 �7.6 56
Electrodeposited Sn (�1 mm thick) 0.5 M NaHCO3 �1.05 10 71 �10 14
In situ deposited Sn/SnOx thin lm
(a porous, particulate lm)

0.5 M NaHCO3 �0.7 �56 �40 3–4 17

Tin quantum sheets (�5 nm) 0.1 M NaHCO3 �1.15 Not reported >85 21.1 15
Nano-SnO2 (3–200 nm particles) 0.1 M NaHCO3 �1.15 Not reported 93.6 �9.8 18
Cu/SnO2 core/shell structure with 0.8 nm SnO2 shell 0.5 M KHCO3 �0.7 93 0 4.6 19
Cu/SnO2 core/shell structure with 1.8 nm SnO2 shell �0.9 <1 85 Not reported
Ultra-small SnO2 nanoparticles (<5 nm) 1 M KHCO3 �1.21 16 64 145 This work

1 M KOH �0.95 44 46 147

a Note: all the applied potentials were converted to the RHE scale. E(RHE)¼ E(Ag/AgCl) + 0.0591 V� pH + 0.209 V, E(RHE)¼ E(SCE) + 0.0591 V� pH
+ 0.242 V (01 M KHCO3/NaHCO3 pH ¼ 6.8, 0.5 M KHCO3/NaHCO3 pH ¼ 7.6, 1 M KHCO3 pH ¼ 9.2).
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catalyst,50 which usually produce CO as themain product. In our
work, it was found that the selectivity of the minor product was
inuenced by the electrolyte. When KOH was used as the elec-
trolyte, theminor product wasmainly CH4. In KHCO3 electrolyte,
C2H5OH emerged as the primary minor product. The inuence
of electrolytes can be ascribed to their different modulations of
the local pH value on the electrode surface, which in turn
inuences the availability of protons on the surface. The avail-
ability of protons and the H(ads) coverage on the electrode will
have a strong inuence on the protons involved in the CO2

reduction reaction and HER. In our system, the delicate catalyst–
electrolyte interplay may inuence not only the H(ads) coverage,
but also the C–C coupling between C1 species at an early stage. In
KOH electrolyte, the HER was suppressed due to the strong
alkaline condition and the consumption of OH� by reacting with
CO2(g) to form HCO3

� can lower the local pH value. However in
KHCO3 electrolyte, the FE of the HER increased, which increased
the local pH value by producing more OH�. Besides, the nega-
tively charged key intermediates, such as the adsorbed cCO2�

anion and the adsorbed (CO)2� anionic dimer are particularly
sensitive to pH and solvent effects, which may alter the reaction
probability between the C1 and C2 pathways.51

Apart from the minor products, CO or HCOO� was still the
main reduction product in our system. Comparison of FEs and
current densities of CO or HCOO� reported for Sn-based cata-
lysts is shown in Table 1. The analysis of the results in Table 1
indicates that the selectivity of CO andHCOO� could be tailored
by modifying the surface chemistry and structure of the Sn
catalyst. When the metal Sn (with a native SnOx layer) was used
directly as the catalyst, the main product is HCOO�. However,
when tin oxide is utilized as the catalyst, the CO product can be
predominant depending on the oxide thickness. An ultra-thin
layer of extrinsic SnOx favors the production of CO over
HCOO�, which was demonstrated in the cases of an in situ-
deposited Sn/SnOx thin lm17 (thickness of Sn/SnOx thin lm
was not mentioned in the work) and a Cu/SnO2 core/shell
structure with a 0.8 nm SnO2 shell,19 reaching a high CO FE
of�56 and 93, respectively. For our SnO2 nanoparticles, CO was
This journal is © The Royal Society of Chemistry 2018
the only reduction product of CO2 at low overpotentials (�0.26
to �0.62 V vs. RHE). With the potentials swept more negatively
beyond �0.62 V, the HCOO� emerged as the main product. The
switch of selectivity between CO and HCOO� may be related to
the chemical state of the Sn surface. At low overpotentials, the
applied negative potentials may not be able to achieve a high
degree of SnO2 reduction. Thus an ultra-thin metastable SnOx/
Sn layer was formed initially, which may lead to the high
selectivity of CO. When the potentials were swept more nega-
tively beyond �0.62 V, more SnO2 was prone to be reduced to
metal Sn, especially in the ultra-small SnO2 nanoparticles, and
the content of Sn in the metastable SnOx/Sn increased. As
a result, the high selectivity of HCOO� showed up like for other
typical Sn based catalysts. It is worthmentioning that even if the
applied potentials were much more negative than the standard
reduction potential of SnO2 (��0.35 V vs. RHE), a layer of
metastable SnOx still persists17,18,52–54 due to kinetic limitations.

4. Conclusion

Taking advantage of the ultra-thin exfoliated SnS2 nanosheet
framework, ultra-small, interconnected, and well crystallized
SnO2 nanoparticles (<5 nm) were synthesized via simple oxida-
tion. When used as an electrocatalyst for reduction of CO2, SnO2

nanoparticles exhibited a high total faradaic efficiency of 97% at
�0.95 V vs. the reversible hydrogen electrode (RHE) accompanied
by a high current density of 147 mA cm�2. In addition, except the
typical CO2 reduction products of CO and HCOO� for Sn-based
catalysts, CH4 and C2H5OH were detected in KOH and KHCO3

electrolytes, with a faradaic efficiency up to 10%. The unique
structure of interconnected SnO2 nanoparticles lead to a prom-
ising total FE of 97% at relatively low overpotentials and distinc-
tive selectivity that was never reported for other Sn-based catalysts.
The grain boundary between the crystallized SnO2 nanoparticles
may serve as active sites for the formation of hydrocarbons and
oxygenates. The surface SnOx/Sn ratio may play a key role in
determining the formation of CO versus HCOO�, which in turn
inuences the route to form hydrocarbons and oxygenates.
J. Mater. Chem. A, 2018, 6, 10313–10319 | 10317
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