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ABSTRACT: Electrochemical reduction of carbon dioxide to organic chemicals provides a value-added route in mitigating 
greenhouse gas emission. We report a family of carbon-supported Sn electrocatalysts with the tin size varying from single 
atom, ultra-small clusters to nano-crystallite. High single-product Faradaic efficiency (FE) and low onset potential of CO2 
conversion to acetate (FE = 90 % @ -0.6 V), ethanol (FE = 92% @ - 0.4 V), and formate (FE = 91% @ -0.6 V) were achieved 
over the catalysts of different active site dimensions. The CO2 conversion mechanism behind these highly selective, size-
modulated p-block element catalysts were elucidated by structural characterization and computational modeling, together 
with kinetic isotope effect investigation. 

INTRODUCTION 

Electrochemical CO2 reduction reaction (CO2RR) to form 

organic liquids such as ethanol, acetate, or formate offers 

an economic path to mitigate the greenhouse gas emission 

at scale when coupled with renewable but intermittent 

electricity generated from solar or wind. 1-14 To achieve 

CO2RR to various organics with high single-product selec-

tivity at low overpotential is essential in reducing separa-

tion cost and energy consumption. However, these conver-

sion reactions often involve escalating numbers of proton 

coupled electron transfers (PCET) and carbon-carbon cou-

pling, rendering them more technically challenging com-

pared to more robust two-electron conversion to single-

carbon products such as CO 15-25. In this study, we report 

the design and synthesis of a family of carbon-supported 

tin electrocatalysts with the metal active size systemati-

cally varying from the atomically dispersed, ultra-small 
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clusters to nano-crystallites.  We observed nearly unit sin-

gle-product selectivity of CO2RR to acetate, ethanol, or for-

mate at the record low overpotentials in the kinetic region 

modulated simply by the tin active site dimension. As an 

abundant p-block element, this study shows that tin (Sn) 

could serve as another low-cost alternative in the electro-

catalyst materials library for CO2 conversion to multi-car-

bon liquid organics. Tin as a main group element augments 

the current transition metal-based materials with new pro-

spect in promoting atomic orbital-molecular interaction 

during the catalytic reaction. Structural characterization 

and computational modeling revealed that carbon-carbon 

coupling and PCET can be modulated by the size and the 

electronic structures of tin, which ultimately altered the 

electrocatalytic CO2RR pathways. A kinetic isotope effect 

(KIE) study by exchanging H2O with D2O of the electro-

lyte found major shift in the conversion product make-up 

as the function of electrochemical potentials during 

CO2RR. 

Sn metal crystallite has been found effective in 

converting CO2 to formate and CO 26-31, both are 2-electron 

processes without the C-C bond formation. Converting 

CO2 to multi-carbon (C2+) organics, however, requires sig-

nificantly higher numbers of PCET (for example, 12 elec-

trons for ethanol and 8 electrons for acetate) and C-C cou-

pling between the reaction intermediates. In this study, we 

found that Sn could mechanistically achieve high FEs to C2 

chemicals such as acetate (FE = 90 % at -0.6 V), or ethanol 

(FE = 92% at - 0.4 V), in addition to formate (FE = 91% at -

0.6 V) by simply tuning the metal site dimension through 

controlling the tin loading in the catalyst. All the electro-

chemical potentials described in this study refer to the re-

versible hydrogen electrode (RHE) unless otherwise indi-

cated.  

 

RESULTS AND DISCUSSION 

We adopted our previously reported amalga-

mated lithium metal (ALM) synthesis method 32 and pre-

pared a series of carbon (Vulcan XC-72) supported cata-

lysts of different Sn dispersion and cluster size. The active 

center size control was achieved by applying different 

amounts of metallic Sn into the molten lithium (Li) during 

the amalgamation step (Fig. 1a, 1b, 1c). Sn was found to be 

uniformly dissolved and atomically dispersed at all load-

ings after quenching the molten lithium to solid at room 

temperature, determined by X-ray absorption spectros-

copy (Fig. S1).  After converting Li to LiOH under humidi-

fied air, the Sn/LiOH mixtures were blended with XC-72, 

followed by leaching away LiOH by water, transferring Sn 

over the carbon surface. During the transfer process, for-

mation of additional hydroxyl and carboxyl groups oc-

curred as the result of reactions between strong alkaline 

solution with carbon (Fig. S2), which helped to anchor 

highly dispersed Sn over carbon.  All steps after quenching 

were performed at the ambient temperature without ag-

glomeration. This distinctive feature is in stark contrast to 
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the conventional catalyst preparation method using chem-

ical precursors followed by high temperature reduction, 

which often causes random metal size distribution through 

agglomeration.  

Seven supported catalysts, Sn/C-x with nominal 

tin loading of x wt.% where x from 0.12 to 12, were prepared. 

At the lowest loading of 0.12 wt.%, Sn in Sn/C-0.12 is in a 

highly dispersed atomic form, as is shown by high-angle 

annular dark-field aberration-corrected scanning trans-

mission electron microscopy (HAADF-STEM) (Fig. 1d).  As 

the loading increased by ten folds to 1.2 wt.%, Sn atoms in 

Sn/C-1.2 start to assemble to ultrasmall clusters, while the 

surface of atoms remains exposed (Fig. 1e). Further in-

crease of Sn loading by another ten folds to 12 wt.% leads 

to the formation of 3 to 5 nm metal crystallites in Sn/C-12, 

as is shown by the bright field transmission electron mi-

croscopy (TEM) 26 (Fig. 1f and Fig. S3). Powder X-ray dif-

fraction (PXRD) detected no scattering peak from Sn re-

lated species in Sn/C-0.12 and Sn/C-1.2, consistent with the 

highly dispersed ultrasmall metal active sites in the ab-

sence of long-range pattern in these catalysts. In contrast, 

Sn metal and Sn oxides were observed in Sn/C-12, indicat-

ing the formation of large crystallites as the Sn loading in-

creased (Fig. S4).  

The coordination structures surrounding Sn in 

Sn/C-0.12, Sn/C-1.2 and Sn/C-12 were analyzed by the radial 

distribution function (RDF) extracted from the extended x-

ray absorption fine structure (EXAFS) and the electronic 

structure of Sn in these catalysts were investigated by x-ray 

absorption near edge structure (XANES).  The RDF of the 

first coordination shell of Sn in Sn/C-0.12 is predominantly 

Sn-O with a coordination number (CN) of 3.7 (±0.3), simi-

lar to that of Sn(II) acetylacetonate, or Sn(AcAc)2, in which 

tin is ligated by four oxygen (Fig. 1g, Fig. S5a, Table S1). The 

electronic structure of Sn in Sn/C-0.12 in XANES mimics 

that of Sn(AcAc)2 with tin being in +2 oxidation state (Fig. 

S6a). Combined coordination and electronic structures 

lead to a DFT simulated µ-oxo Sn-O-Sn active site which 

will be discussed below.  As the Sn loading increased, the 

Sn-Sn peak appears in the RDF of Sn/C-1.2 while Sn-O peak 

decreased (Fig. 1h, Fig. S5b). The EXAFS analysis showed 

CNs of 2.1 (±0.7) for Sn-O and 2.3 (±0.4) for Sn-Sn shells 

(Table S1), respectively, and XANES showed a mixture of 

Sn(0) and Sn(II) oxidation states (Fig. S6b), suggesting the 

presence of ultrasmall Sn-Sn cluster (3 ~ 4 atoms) ligated 

by O at the exterior. Further increase of Sn loading ren-

dered more metallic tin in the catalyst. This was reflected 

by the trace amount Sn-O and dominant Sn-Sn peak inten-

sity in Sn/C-12 (Fig. 1i, Fig. S5c) with the CN of 3.2 (±1.1) for 

Sn-Sn (Table S1).  In addition, the XANES of Sn/C-12 resem-

bled more closely to that of Sn foil (Fig. S6c). The gradual 

transition from fully oxidized to nearly all reduced Sn ob-

served by EXAFS and XANES agreed well with the HAADF-

STEM results. The existence of oxygenated Sn(II) in these 
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catalysts is also evidenced by x-ray photoelectron spectros-

copy (XPS) (Fig. S7) and Raman study (Fig. S8), respec-

tively.   

The change in Sn dispersion resulted in different 

active site structures which, in turn, completely altered the 

CO2RR pathways. The electrocatalytic performances were 

evaluated by linear sweep voltammetry (LSV), cyclic volt-

ammetry (CV) and chronoamperometry test in 0.1 M 

KHCO3 electrolyte solution on a catalyst-coated rotating 

disc electrode (RDE) in a single cell and on a catalyst 

coated carbon paper in the cathodic chamber of a H-cell, 

respectively 32,33. In comparison, RDE is more beneficial in 

improving mass transport and reducing unintended side 

reactions by uncovered carbon.  LSVs over Sn/C catalysts 

from 0 to -1.3 V showed enhanced current densities in the 

CO2 purged electrolyte over that of purged by Ar, indicat-

ing the direct CO2RR through solvated CO2 34 (Fig. 2a, 2b 

and 2c). Similar observations were also found in the CVs 

between CO2 and Ar saturated electrolytes (Fig. S9). As a 

baseline comparison, the electrode containing XC-72 

treated by the same ALM process except without adding Sn 

yielded much lower current density with H2 being the 

dominant product. No C2 compounds was observed (Fig. 

S10 and Fig. S11). Fig. 2d showed the FEs of the direct 

CO2RR product distributions and total current densities at 

applied potentials from -0.4 V to -1.2 V over Sn/C-0.12. The 

NMR identified acetate as the predominant chemical in the 

electrolyte (Fig. S12a) with its FE reaching 90.0% at a low 

potential of -0.6 V, representing a record of direct electro-

catalytic conversion of CO2-to-acetate. The partial current 

density for acetate formation at -0.6 V is listed in Table S2. 

The catalyst maintained stable current at different cell po-

tentials from -0.3 to -1.2 V (Fig. S13a) during the chronoam-

perometric measurements and the FE for acetate was 

found nearly constant over an extended period of 26 hours 

(Fig. S13d).   

As Sn loading in the catalyst increased to 1.2 %, 

the makeup of the CO2 conversion products altered signif-

icantly. Fig. 2e shows the FEs for CO2RR product distribu-

tions as the function of cell potentials from -0.3 V to -1.2 V 

over Sn/C-1.2 and ethanol was found to be the major prod-

uct detected by NMR (Fig. S12b).  The onset potential for 

ethanol formation as low as -0.3 V was observed with a de-

cent FE of ~ 32%. The FE for ethanol reached 92% at -0.4 

V, representing the highest value for direct CO2-to-ethanol 

conversion at the lowest overpotential reported by the lit-

erature. Very good catalyst stability measured at different 

current densities was also demonstrated at various poten-

tials from -0.3 to -1.2 V (Fig. S13b) and FE of conversion to 

ethanol was found nearly constant over an extended period 

of 26 hours (Fig. S13e). To validate the long-term catalyst 

stability at high potential therefore high current density, 

we also measured the CO2RR on Sn/C-1.2 at -1.0 V for 20 

hours.  The result still shows the stable FEs although the 

dominant product was formate at this potential (Fig. S14).   

Further increase of Sn loading by another factor of 
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10 pivots CO2RR catalysis yet to another path.  Fig. 2f shows 

the FEs and product distributions at the applied potentials 

from -0.3 V to -1.2 V over Sn/C-12. Formate now represents 

the main product from the NMR analysis (Fig. S12c). The 

onset potential for formate formation as low as -0.3 V was 

detected with a FE of ~ 26%, and the FE increased to 91% 

at -0.6 V. Chronoamperometry study found the excellent 

catalyst stability at various potentials from -0.3 to -1.2 V 

(Fig. S13c) and FE maintained nearly constant over a 22-

hour span at -0.6 V (Fig. S13f). Our observation of the ef-

fective conversion of CO2 over large crystallite Sn is con-

sistent with previous studies. 26,29  

We should point out an important observation 

that, under more negative cell potential, formate becomes 

the dominate product during CO2RR over all these cata-

lysts. As we will discuss below, this could be attributed to 

the impact of conversion path under higher reaction rate.  

ALM synthesis offered a versatile control and con-

tinuous tunability of the metal dispersion in the catalyst. 

To understand the transition between different CO2RR 

mechanisms as the metal dispersion changes, the catalysts 

with nominal Sn loadings of 0.54 wt.% (Sn/C-0.54), 0.71 

wt.% (Sn/C-0.71), 2.6 wt.% (Sn/C-2.6) and 4.3 wt.% (Sn/C-

4.3) were also studied (Supporting Materials and Meth-

ods). For each catalyst, LSVs and CVs in CO2 and Ar purged 

electrolyte (Fig. S15), FEs, electrochemical surface area 

(ECSA, Table S3) and the product distribution, as well as 

chronoamperometry at different electrode potentials were 

measured (Figs. S16, S17, S18, S19).  LSVs over these cata-

lysts showed the rise of CO2RR current density with the in-

cremental increase of the Sn loading, as one would have 

expected. The FEs and CO2RR product distribution at dif-

ferent potentials, however, revealed changing trends as the 

Sn loading thereby the metal dispersion varied. To this 

end, we produced three 3-dimensional contour plots be-

tween FE, cell potential and the Sn loading for CO2RR to 

acetate, ethanol and formate, respectively (Fig. 3a, 3b, 3c). 

 The FE for acetate formation shows a sharp, 

“spire-shaped” peak at ca. 90% with a narrow potential 

window centered at -0.6 V at the lowest Sn loading (0.12 

wt.%). The FE response for the conversion to ethanol be-

comes broader with a “hill-shaped” contour. While the 

highest FE of 92% already occurs at the onset potential of -

0.4 V and declines relatively slowly with the decrease of the 

cell voltage, the Sn loading centers at 1.2 wt.% with broader 

width compared to that in acetate. Finally, the FE response 

to the formate formation has a “slope-shaped” contour of a 

broad cell voltage window. The preferred Sn loading is at 

the high end of 12 wt.%, opposite to that of acetate and eth-

anol formations. Note that this size-modulated conversion 

selectivity in Sn-based catalysts is very different from that 

observed for Cu-based catalysts. High CO2RR to ethanol 

was achieved under low Cu loading with atomically disper-

sion. However, the increase of the Cu active site dimension 

at higher metal loading caused the formation of a mixture 
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of multiple compounds without a dominant single product 

FE. 32 

 We also drew the Tafel plots for the formation of 

acetate, ethanol and formate over the catalysts with differ-

ent Sn loadings (Fig. 3d, 3e, 3f) and obtained the reaction 

rates from the Tafel slopes through linear extrapolation 

over the “kinetic region” (Table S4 and Table S5). For 

CO2RR to acetate, the Tafel plot of Sn/C-0.12 separates 

from the others. It shows the lowest Tafel slope (168 

mV/dec), therefore the highest kinetic rate at lower over-

potential (η) compared to others. For CO2RR to ethanol, 

the Tafel plot of Sn/C-1.2 has the lowest slope (175 mV/dec) 

and it groups closely with those of Sn/C-2.6 and Sn/C-4.3. 

For CO2RR to formate, Sn/C-12 shows the lowest overpo-

tential and the highest current density despite that the 

Tafel slope is similar to others. The increase of overpoten-

tial is seen as the loading of Sn decreases in the catalyst. 

The Tafel plot study suggests that kinetics of CO2RR to all 

three organics is also sensitive to Sn size. Among these 

Tafel plots, Sn/C-0.12 that has the highest FE for CO2-to-

acetate conversion, exhibits the lowest slope thus fastest 

rate (Fig.3d), while Sn/C-1.2 that has the highest FE for 

CO2-to-ethnaol conversion, shows the lowest slope thus 

the fastest rate (Fig. 3e).   

 The electrocatalyst activities measured by RDE for 

various catalysts were also repeated in the H-cell study. 

Since the anodic and cathodic chambers are separated by 

an anionic exchange membrane (Selemion AMV), H-cell 

measurement excludes the concern that the organics pro-

duced at the working electrode may undergo a secondary 

oxidation at the counter electrode, as that could possibly 

occur in RDE. In our experiment, one side of the carbon 

paper was coated by CO2RR catalyst whereas the other side 

was sealed by watertight epoxy to minimize the hydrogen 

formation over the uncovered portion of the paper at high-

reductive potential. We repeated the measurements of the 

conversion product distributions and FEs and found them 

in general agreement with the RDE results except at high-

negative potentials (Fig. S20). We attribute this difference 

to two possible causes: one is from limited CO2 concentra-

tion in the electrolyte therefore insufficient mass transfer 

to catalyst layer at higher overall reaction rates; the other 

one is from the residual gas production promoted by car-

bon alone at the edge of the carbon paper that cannot be 

fully sealed by the epoxy.   

To decipher the nature of the active sites, in situ 

X-ray absorption spectroscopy (XAS) (EXAFS and XANES) 

at Sn K-edge were carried out to probe the electronic and 

coordination structures of the Sn catalyst under CO2RR po-

tentials in an operando electrochemical cell containing 0.1 

M KHCO3 solution purged by flowing CO2 32. Data for 

Sn/C-1.2 and Sn/C-12 were acquired and analyzed whereas 

Sn/C-0.12 was not due to its metal loading too low to gen-

erate suitable data quality. XANES and EXAFS analyses of 

Sn/C-1.2 under the open circuit voltage (OCV) in the pres-

ence of CO2 purging indicates that Sn is in +2 oxidation 
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state coordinated by 3.3 (±0.3) oxygen. (Fig. S21a and b, Ta-

ble S6), which is higher than 2.1 in the “as-synthesized” cat-

alyst (Table S1). We ascribe this to the additional oxidation 

and water ligation during the ink preparation by ultrason-

ication at ambience, which insert O into Sn-Sn bond, lead-

ing to increased Sn-O coordination. Upon initiating 

CO2RR to ethanol at -0.4 V and to further lowering the po-

tential to -0.9 V, Sn(II) gradually reduces to Sn(0) reflected 

by decreasing “white-line” intensity and formation of Sn-

Sn shell with CN to 2.4 (Table. S7), almost restored to 2.3 

in the “as synthesized” catalyst (Table S1).  Similar effect 

was also found on Sn/C-12 sample after ink processing, 

which led to the oxidation at the Sn metal cluster surface. 

XANES and EXAFS show that a significant fraction of Sn 

was already in the metallic form at OCV (Fig. S21c, Fig. 

S21d). By applying cell potential to -0.6 V and subsequently 

to -1.0 V, more Sn(II) are reduced to Sn(0) and CN of Sn-Sn 

increased to 4.8, indicating that metallic Sn as the active 

center for the conversion to formate (Table. S7). Structural 

characterizations of XAS of the electrocatalysts through 

20-hour CO2RR were also evaluated after the samples were 

taken out of the H-cell (Fig.S22). As an example, we also 

conducted a post-mortem HAADF STEM study on Sn/C-

1.2 (Figure S23) and found a similar morphology to that of 

“as synthesized” catalyst shown in Fig. 1e.  

 To understand the electrocatalytic mechanism 

behind the size modulated CO2RR selectivity, we studied 

the catalytic pathways over the corresponding active sites 

of these three representative catalysts using density func-

tion theory (DFT). Representative Sn structural models 

(Fig. S24) were built on hydroxylated graphene surface 

based on the XAS studies. Under the ultralow loading 

(Sn/C-0.12), only Sn-O but no Sn-Sn bond was applied to 

construct a Sn2O2 cluster model with a µ-oxo Sn-O-Sn 

structure, based on the ex-situ XAS study (Fig. 1g, Fig. S6a, 

Table S1). The calculated equilibrium distance between 

two Sn atoms is this µ-oxo complex is 3.29 Å with tin being 

in +2 oxidation state. Higher CN observed for Sn-O shell 

than that described by the model in the “as synthesized” 

Sn/C-0.12 can be ascribed to adsorption by H2O to the un-

saturated Sn in the complex. These H2O could be replaced 

by the adsorbate species during CO2 reduction (See Fig. 

S25), and vice versa, therefore were not included in the 

model.  

For Sn/C-1.2 of higher metal loading, a model con-

sisting of triatomic Sn cluster bonded by two O from the 

hydroxylated graphene, Sn3O2, was proposed. The active 

site contains both metallic Sn(0) and oxidized Sn (II) with 

highly under-coordinated Sn-Sn bonds, consistent with 

both EXAFS and XANES analyses (Fig. 1h and Fig. S6). 

These modelled structures are fully relaxed and found to 

be stable energetically, in comparison with other structural 

variations (Fig. S26, Table S8).  

Under very high tin loading (Sn/C-12), Sn takes 

the form of metallic nanoparticles with size ranging from 3 

~ 5 nm.  We expect it behaves similarly to Sn metal, where 
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we choose Sn (001) surface to simulate its catalytic activity. 

Since CO2RR to formate over metallic Sn has been well 

studied 32, our calculation has focused on conversion 

mechanism for C-C coupling over the ultralow and me-

dium Sn loading catalysts.  

Gibbs free energies for the most thermodynami-

cally favorable reaction pathways of forming acetate and 

ethanol under different cell potentials were calculated for 

Sn/C-0.12 and Sn/C-1.2, respectively (Fig. 4). Competitive 

pathways together with all the corresponding structures of 

intermediate states are also presented (Fig. S27, Fig. S28, 

Fig. S29, Fig. S30, Fig. S31 and Table S9). For Sn/C-0.12, the 

limiting potential UL of forming CH3COOH over 

Sn2O2@G is calculated to be -0.82 V (Fig. 4a), which is by 

far more favored than the formation of CH3CH2OH over 

Sn2O2@G (UL = -1.61 V, Fig. S32, Fig. S33). The formation 

of these C2 products is featured by sequential reduction of 

two CO2. The first CO2 is reduced as HCOO* forming a 

bidentate binding configuration with the two Sn atoms 

(Fig. 4d) in the Sn2O2 cluster, whose energy is significantly 

lower than that of COOH* (Fig. 4c). After three more (H+ 

+ e‒) pair transfer, HCOO* is reduced to H2CO* with only 

one oxygen binding to one Sn atom (Step 5). This compu-

tation-postulated intermediate is experimentally validated 

by using H2CO as the feeding reactant in electrocatalytic 

reduction reaction (see Supporting Materials and Meth-

ods, and Fig. S34). The second CO2 is now reduced and ad-

sorbed as COOH* with its C atom binding to an O atom 

bridging the two Sn atoms in the cluster.  The C-C coupling 

occurs as H2CO* + COOH* → OCH2COOH* (Step 6), lead-

ing to the formation of CH3COOH with an activation bar-

rier Ea of 0.54 eV (between Step 6 and 7). The intermediate, 

COOH*, is critical for acetate formation. Note that the sec-

ond CO2 cannot bind in a stable HCOO* form.  

To form CH3CH2OH, COOH* needs to be further 

reduced. The elementary step COOH* + H+ + e‒ → CO* + 

H2O turns out to be the rate limiting step with an endo-

thermic free energy change of 1.61 eV (Fig. S32, Fig. S33. Fig. 

S27 shows the comparison of the HCOO* and COOH* 

pathways for Sn2O2@G catalyzed CO2 reduction, indicat-

ing HCOO* is the slightly more favorable based on ther-

modynamics. In contrast, the supported Sn3O2 cluster does 

not show any feasible pathway to CH3COOH. Despite that 

the free energy of the adsorbate HCOO* is much lower 

than that of COOH* (Fig. 4c), the overall rate limiting po-

tential favors the COOH* pathway (Fig. S29 and Fig. S30) 

of the sequential reduction of two CO2 (Fig. 4b). The rate 

limiting step is the removal of the OH* group: OH* + H+ + 

e‒ → H2O with UL = -0.73 V, which is more favorable than 

that of the HCOO* pathway (UL = -0.95 V for the step 

H3CO* + HCOO* + H+ + e‒ → H3CO* + HCOOH*). The C-

C coupling occurs as HCO* + CO* → HCOCO* with an ac-

tivation barrier Ea of 0.35 eV (from Step 6 to 7).  Although 

the rate limiting (maximum energy uptake) steps are iden-

tified to be later steps on the reaction pathways presented 

in Fig. 4, i.e. step 7→8 (0.82 eV) for the reactions on 
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Sn2O2@G and step 14→15 (0.73 eV) on Sn3O2@G. There are 

energy demanding steps equally important occur at much 

earlier steps, step 4→5 (0.77 eV, H2COOH* → H2CO*) for 

the reactions on Sn2O2@G and step 5→6 (0.72 eV, HCO* + 

COOH*+ H+ + e‒ → HCO* + CO* + H2O) for the reactions 

on Sn3O2@G. For high loading such as Sn/C-12, formate is 

the primary product as demonstrated by our Sn (001) sur-

face model (Fig. S35), as previously reported for Sn metals 

32. The free energy change of forming bidentate HCOO* on 

Sn (001) is relatively low (-0.21 eV, Fig. 4c), which leads to 

a low limiting potential of -0.51 V to form HCOO+ (aq). On 

the other hand, the weak binding also inhibits the for-

mation of multi-carbon products, because strong binding 

between the unsaturated metal sites and reaction interme-

diate at proximity is essential to complete multiple (H+ + 

e‒) transfers and C-C coupling 35,36. Under the low Sn load-

ings (modelled by Sn2O2@G and Sn3O2@G), our study iden-

tified that the strong binding through unsaturated Sn 

and/or O centers leads to the energetically more favorable 

reduction beyond HCOOH under relatively low potentials 

(0.7~0.8 V), and the competing among C-C coupling and 

surface HCOOH desorption may dictate the selectivity to-

wards C2 products (Figs. S36, S37). These calculated mech-

anisms agree well with our experimental observation on 

the general trend in product selectivity.  

The DFT calculation also provides an important 

insight on our experimental discovery. In analyzing acetate 

versus ethanol formation, the model shows a strong de-

pendence of the catalytic pathway on the size of Sn active 

site. In CO2RR to acetate, the active site is two bidentate 

Sn atoms ligated by one bridging O and one anchoring O. 

Such unique site can only form at very low Sn concentra-

tion and will transform quickly to Sn cluster as the loading 

increases, therefore should have a narrow range of catalytic 

selectivity and sharp FE response profile as the function of 

the catalyst loading, as is seen by the “spire-shaped” peak 

in Fig. 3a. In CO2RR to ethanol, a triatomic Sn cluster 

model was proposed in our simulation. In fact, a similar 

result may also likely be obtained when the cluster is re-

placed by a tetratomic Sn moiety (the calculation not 

shown) etc., when the cluster contains highly exposed Sn 

atom with unsaturated ligation site. The concentration of 

Sn in the catalyst therefore could have slightly broader 

range, as is reflected by the “hill-shaped” contour in Fig. 3b. 

As Sn loading grows higher, the ratio of uncoordinated 

edge atoms over those at the crystallite surface decreases 

rapidly and becomes insignificant as the metal loading fur-

ther increases. The catalytic activity will be dominated by 

the atoms on the lattice surface at a wide range of Sn con-

centration at higher loading, shown by the “slope” in Fig. 

3c.  

Another important insight derived from the DFT 

calculation is the product distribution at high-negative po-

tentials. A rapid increase of the formate formation after po-

tential lowered to -0.8 V and beyond was found over both 
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Sn/C-0.12 (Fig. 2d) and Sn/C-1.2 (Fig. 2e) catalysts, respec-

tively. This observation is in fact consistent with our DFT 

calculations, which shows the formate formation is com-

peting with both acetate and ethanol (Table S10) and the 

branching reaction to formic acid occurs at step 4 along the 

reaction coordinate (Fig. S36 and Fig. S37).  

Although the formate formation is less energeti-

cally preferred compared to forward reactions to form ace-

tate or ethanol, it does have nearly zero energy barrier and 

can complete the catalytic process after the desorption of 

formic acid. At low-negative potential, the conversion 

number at each active site per unit time, or turnover fre-

quency (TOF), is low, and the catalysis can follow more en-

ergetically preferred paths along the reaction coordinate to 

complete C-C coupling and acetate or ethanol formation. 

At high negative potential, however, TOF accelerates, and 

the resident time required for the multiple PCET steps 

needed for C2 chemical formation becomes too long com-

pared to the more robust two proton/electron path for the 

formic acid formation, which can also terminate the reac-

tion by desorption to the end-product. Although the par-

tial current densities for both acetate and ethanol for-

mation continuously increase as the cell potential becomes 

more negative (Fig. 2d and 2e), the branching reaction to 

formic acid accelerates even faster, which releases the re-

action intermediate bottleneck by shortchanging to a two-

electron process and subsequently alters to the overall con-

version product mix.  The more negative the potential is, 

the faster TOF is, and the more branching to formate oc-

curs. To quantify the branching rate, or reaction path for 

that matter, requires more detailed kinetic study, which is 

beyond the scope of this work.   

As an initial experiment to probe the PCET in 

CO2RR kinetics, we conducted a kinetic isotope effect 

(KIE) study by replacing H2O with D2O in the electrolyte 

and re-measured FEs over Sn/C-0.12 and Sn/C-1.2 around 

the voltages for optimal acetate and ethanol formations. 

Interestingly, we found that, by simply switching from H2O 

to D2O while keeping other experimental conditions un-

changed, led to complete alterations of the CO2RR product 

makeups. In the case of Sn/C-0.12, the dominant conver-

sion product gradually shifted from acetate (8 H+/e- pair 

transfer) to formate (2 D+/e- pair transfer) as potential be-

came more negative (Fig. S38a), whereas for Sn/C-1.2, the 

main product switched from ethanol (12 H+/e- pair trans-

fer) to acetate (8 D+/e- pair transfer) (Fig. S38b), respec-

tively. In both cases, conversions to the products using less 

protons and electrons take over, signifying a major influ-

ence on the PCET electrocatalytic trajectory.  

This observation shed a very interesting light be-

hind the CO2RR kinetics. Although in-depth theoretical 

and experimental interrogations are beyond the scope of 

the current work, we postulated a simple kinetic argument 

based on the recent development in PCET transition state 

theory. 38,39 KIE originates from the difference between pro-

ton and deuteron in tunneling probabilities due to the 
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overlap of reactant and product proton/deuteron wave-

functions. Deuterium bond in the transition state complex 

(D-Complex) has a reduced mass nearly twice as large of 

that of hydrogen bond (H-Complex), leading to narrow 

quantum level spacing and higher population of excited vi-

brational states.  The vibrational frequency of H-Complex 

(H-C) should be ~ 21/2 faster than that in D-Complex (D-C). 

In a classical sense, this could be interpreted that the for-

ward reaction of capturing another proton-electron pair at 

the transition state is faster in H2O compared to D2O elec-

trolyte, when other chemical environments remain the 

same. Such a rate difference should occur at every PCET 

step along the reaction coordinate, leading to the prefer-

ential formation of molecule requiring higher number of 

H+/e- pair transfers (ethanol) in H2O compared to that of 

requiring lower number (acetate) in D2O when the differ-

ence in kinetic barriers between the competing paths are 

low. A table of KIEs for the formation of ethanol, acetate 

and formate as the function of cell potential over Sn/C-1.2 

is provided (Table S11) 

These observations on altering CO2RR pathways 

by slightly changing cell potential or by using deuterated 

water are highly intriguing. They suggest the existence of 

multifaceted reaction trajectories at energy levels very 

close to each other, as are shown by the examples of our 

DFT calculations (Fig. S36 and S37). Such observations are 

very new, only found in the CO2 electrocatalytic conversion 

with multiple PCETs. We anticipate this study will trigger 

more follow-up theoretical and experimental studies in un-

derstanding the complexity of the CO2RR reaction path-

ways.   

 

CONCLUSIONS 

We demonstrated in this study that the paths of the elec-

trochemical conversion of CO2 to organics, including C2 

chemicals such as acetate and ethanol, can be modulated 

by the dimension of Sn active sites with very high selectiv-

ity (FE > 90%) and low onset potentials. The new ALM syn-

thesis offered a unique low temperature method of prepar-

ing the Sn catalysts with continually tunable active center 

size, leading to multiple 3-D response contours between 

FE, catalyst loading and operating potential; and their tran-

sitions from one to another. Advanced structural charac-

terization, combined with computational modeling, re-

vealed the nature of the catalyst site, reaction intermedi-

ates and energetics as the catalytic mechanism. Further-

more, the free energy diagram, conversion pathways under 

different cell potentials, as well as KIE suggest that they 

could impact the electrocatalysis trajectory in the compli-

cated reaction networks during CO2RR toward C2 chemi-

cals. Direct conversion to C2+ organics with high FE and low 

overpotential represents an important direction of inte-

grating CO2 as the future feedstock in the chemical pro-

duction while reducing its environmental impact to the 

global climate change. Our study provided several insights 

on the catalytic mechanism which could stimulate future 
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exploration on new CO2RR catalyst design and synthesis, 

as well as the conditions for kinetics enhancement.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Syntheses of Sn/C catalyst with different metal dispersion using ALM method leading to the catalysts with high selectivity 
of CO2 conversion to (a) acetate, (b) ethanol and (c) formate: HAADF-STEM images (d) Sn/C-0.12, (e) Sn/C-1.2 and bright field 
TEM image of (f) Sn/C-12, showing the migration from the isolated Sn atoms (in yellow circles) to the ultrasmall Sn clusters (in 
red circles), and to Sn nano-crystallites; Radial distribution functions from EXAFS analysis of Sn/C-0.12 (g), Sn/C-1.2 (h) and Sn/C-
12 (i).  
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Figure 2. Electrocatalytic CO2RR measurement. LSVs of (a) Sn/C-0.12, (b) Sn/C-1.2, and (c) Sn/C-12 in Ar and CO2 saturated 0.1 
M KHCO3 from 0 to -1.3 V (scan rate: 2 mV/s); FEs and the product distributions under different polarization potentials over (d) 
Sn/C-0.12, (e) Sn/C-1.2, and (f) Sn/C-12 (stacked bar chart) and the geometric partial current densities, J, toward (d) acetate, (e) 
ethanol, and (f) formate formation (blue line-stars). Red bars represent the combined standard errors from all the product meas-
urements while the black bars indicate the standard errors for acetate, ethanol and formate measurements, respectively. All FEs 
are calculated from chronoamperometry measurements.  
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Figure 3. Dependence of CO2RR selectivity and kinetics on the operating potential and Sn loading. 3-dimensional plots of FE as 
the functions of Sn loading and operating potential for the formation of (a) acetate over Sn/C-0.12, (b) ethanol over Sn/C-1.2 and 
(c) formate over Sn/C-12. Tafel plots of the formation of (d) acetate, (e) ethanol and (f) formate over the catalysts of different Sn 
loadings. 
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Figure 4. DFT calculations. (a) Calculated reaction pathway of electrochemical reduction of CO2 to acetic acid on Sn2O2@G at 0 
V and -0.82 V applied voltage. (b) Calculated reaction pathway of electrochemical reduction of CO2 to ethanol on Sn3O2@G at 0 
V and -0.73 V applied voltage. “*” denotes the catalytic site. All the electrochemical reaction steps involve transfer of a (H+ + e-) 

pair to the reaction site. (c) Calculated free energies of first hydrogenation of CO2 to form HCOO* (GHCOO*) or COOH* 

(GCOOH*) vs. GH*. Results are presented for both the first and the second CO2 molecule.  (d) Calculated structures of im-
portant intermediates for forming acetic acid on Sn2O2@G and ethanol on Sn3O2@G. Symbols: C in gray (small), Sn in gray 
(large), O in red, H in blue.  
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