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ABSTRACT: Increases in energy demand and in chemical
production, together with the rise in CO2 levels in the
atmosphere, motivate the development of renewable energy
sources. Electrochemical CO2 reduction to fuels and chemicals
is an appealing alternative to traditional pathways to fuels and
chemicals due to its intrinsic ability to couple to solar and wind
energy sources. Formate (HCOO−) is a key chemical for many
industries; however, greater understanding is needed regarding
the mechanism and key intermediates for HCOO− production.
This work reports a joint experimental and theoretical
investigation of the electrochemical reduction of CO2 to
HCOO− on polycrystalline Sn surfaces, which have been
identified as promising catalysts for selectively producing
HCOO−. Our results show that Sn electrodes produce HCOO−, carbon monoxide (CO), and hydrogen (H2) across a range
of potentials and that HCOO− production becomes favored at potentials more negative than −0.8 V vs RHE, reaching a
maximum Faradaic efficiency of 70% at −0.9 V vs RHE. Scaling relations for Sn and other transition metals are examined using
experimental current densities and density functional theory (DFT) binding energies. While *COOH was determined to be the
key intermediate for CO production on metal surfaces, we suggest that it is unlikely to be the primary intermediate for HCOO−

production. Instead, *OCHO is suggested to be the key intermediate for the CO2RR to HCOO− transformation, and Sn’s
optimal *OCHO binding energy supports its high selectivity for HCOO−. These results suggest that oxygen-bound
intermediates are critical to understand the mechanism of CO2 reduction to HCOO− on metal surfaces.
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■ INTRODUCTION

With large increases in CO2 concentrations in the atmosphere
and its detrimental effect on the global environment,1 it is
paramount that viable means of capturing, storing, and
converting carbon dioxide be developed.2 While carbon
sequestration and storage (CCS) technologies have advanced
greatly in recent years,3,4 there remains a demand for feasible
pathways for converting CO2 into useful fuels and chemicals.5

The electrochemical conversion of CO2 into fuels and
chemicals is promising because electroreduction of CO2 can
occur at atmospheric pressures and temperatures, making it
ideal for large-scale implementation and integration.6−8

Partnering electrochemical CO2 conversion technologies to
renewable energy sources could generate carbon-neutral fuels
that could be appealing alternatives to fossil fuels. Furthermore,
converting CO2 into commodity chemicals could serve as a
carbon sink by sequestering the CO2 in the atmosphere into

ethylene,9 acetic acid,10 and formic acid,11 all of which are
produced globally at the commercial scale.
While research over the past several decades has shown that

the CO2 electroreduction reaction (CO2RR) can occur on
various metals and produce a host of products,12−14 selectivity
to particular fuels and chemicals remains a challenge.
Furthermore, it has been widely reported that on low roughness
factor polycrystalline metal catalysts large overpotentials (>500
mV) are required in order to reach moderate CO2 reduction
selectivity and activity.12,15 Of these products, formate
(HCOO−) is a valuable two-electron product used in a variety
of industries and whose production has increased greatly in the
past 10 years.11 Sn electrodes have emerged as attractive
candidates for CO2 reduction on a large scale,16−18 given the
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relative abundance of Sn in the Earth’s crust19 and high
selectivity for CO2 reduction to formate (HCOO−).16,17,20−23

The selectivity for HCOO− on Sn and other formate-producing
catalysts has yet to be fully determined.
Several possibilities have been represented in the literature

for how Sn reduces CO2 to HCOO−. Early CO2 studies
proposed that HCOO− could be made via a one-electron
transfer to CO2, forming a CO2

•− radical anion24−26 that would
exist freely in solution; a subsequent proton transfer from water
would form HCOO•, and a second electron transfer results in
the HCOO− product. Experimental works on Sn electrodes
have used Tafel slopes to support this mechanism,16,18

suggesting that the initial one-electron transfer to CO2
•− is

the rate-limiting step in the reaction. Recent theoretical
calculations have proposed that HCOO− production occurs
through proton-coupled electron transfer (PCET) on the
electrode surface27,28 and that HCOO− production on a variety
of metal surfaces can occur through both the *COOH and
*OCHO intermediates. To date, many questions remain as to
why Sn exhibits a high selectivity for formic acid production in
comparison to other CO2 reduction catalysts.
In this study, the catalytic activity of Sn electrodes is

investigated for the CO2RR in aqueous electrolyte as a function
of potential. By comparing the production of HCOO− on Sn
electrodes with that of other metal catalysts active for the
CO2RR, and by performing density functional theory (DFT)
calculations to estimate the binding energies of various
intermediates on these metal surfaces, we propose a means to
understand how Sn is selective for the CO2RR to HCOO−.

■ EXPERIMENTAL METHODS
All electrochemical experiments were performed using a
continuous flow electrolysis reactor previously reported.29

The compartments were filled with 0.1 M KHCO3 electrolyte
(Sigma-Aldrich, 99.99% metals basis) and constantly purged
with CO2 (5.0, Praxair) at 20 sccm. The pH of the electrolyte
was consistently measured to be 6.8 before and after each
CO2RR experiment, and a Ag/AgCl reference electrode
(Acumen) was used for all experiments. Finally, the compart-
ments were separated by an anion exchange membrane
(Selemion membrane, AMV).
Electrolysis of CO2 on Sn electrodes were performed using a

Biologic VMP3 potentiostat with an electrochemical impedance
spectroscopy (EIS) capable channel. The resistance across the
cell was measured; for all experiments, 85% of the ohmic loss
was compensated by the potentiostat, and the remaining 15%
was manually compensated after each experiment. All potentials
shown in this work are versus the reversible hydrogen electrode
(RHE). Furthermore, experiments using Ar instead of CO2 to
show that CO2 was the primary reacting species were
conducted in a manner similar to that for the CO2 electrolysis
experiments (Figure S1 in the Supporting Information). The
quantification of gas and liquid products were performed in a
fashion similar to that described in our previous work.30

Previous reports show that the activity of Sn for CO2RR
depends greatly on the treatment performed on the surface
before electrolysis.15,16 For this study, a high-purity Sn foil
(99.99%) was purchased from Alfa Aesar and mechanically
polished. The Sn foils were then electropolished in 0.1 M HCl
at a potential of −3.0 V vs a graphite counter electrode placed
at a distance of 2 cm from the foil. The foils were then rinsed
and inserted into the electrochemical cell. This pretreatment
removed all excess oxide from the surface, leaving only a native

oxide on the Sn electrodes (Figure S2 in the Supporting
Information). This oxide layer was removed in the electro-
chemical cell via cyclic voltammetry (Figure S3 in the
Supporting Information), where a reductive feature at −0.3 V
vs RHE was observed. This feature is representative of the
reduction of Sn2+ to metallic Sn.31

Binding energies of adsorbates on the (211) facet of FCC
transition metals were obtained from density functional theory
(DFT) calculations by Peterson et al.32 Binding energies of
adsorbates on the Sn were calculated using a methodology
almost identical with that used for the (211) facet for transition
metalsplane-wave periodic DFT calculations performed
using the DACAPO code with Vanderbilt ultrasoft pseudopo-
tentials.33,34 A plane-wave energy cutoff of 340 eV and a density
cutoff of 640 eV were used. The RPBE exchange-correlation
functional was chosen for compatibility with the (211) facet
energies as well as its minimal errors for chemisorption
energies.35 The Brillouin zone was sampled with a 4 × 4 × 1
Monkhorst−Pack k-point set.36 Each slab used a 3 × 3 unit cell
with four layers−two layers frozen at the bulk lattice constant
and two layers allowed to relax freely.

■ RESULTS AND DISCUSSION
The selectivity of Sn electrodes toward HCOO− as a function
of potential is depicted in Figure 1. Only hydrogen (H2),
HCOO−, and carbon monoxide (CO) were detected; no
further reduced products were observed from the polycrystal-
line Sn electrodes. The partial current densities of HCOO− and
H2 (Figure 1A), normalized to the geometric surface area, show

Figure 1. Partial current densities (A) and Faradaic efficiencies (B) for
formate, CO, and hydrogen produced on polycrystalline Sn. The Sn
electrode is selective toward hydrogen at the earlier overpotentials but
becomes selective to formate around −0.8 V vs RHE. A maximum
Faradaic efficiency to formate is observed around −0.9 V vs RHE
before mass transport of CO2 becomes the rate-limiting step for
CO2RR.
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an overall increase in current density as the potential becomes
more cathodic. The total Faradaic efficiency for all potentials
measured ranged from 90% to 110%. Both H2 and HCOO

− are
first detected at −0.44 V vs RHE with H2 as the major product,
while the first potential where CO is detected is at −0.59 V vs
RHE. No products are detected before −0.44 V, and the only
Faradaic current measured before this potential is the reduction
of the native oxide layer of Sn.37 HCOO− becomes the major
product at −0.8 V and reaches a maximum Faradaic efficiency
of 70% between −0.9 and −1.0 V, whereas CO reaches a
maximum Faradaic efficiency of 17% at −0.76 V. As the
overpotential increases with potentials more negative than −1.0
V vs RHE, the partial current density for HCOO− plateaus
because, at higher CO2RR current densities, mass transport
becomes limiting. In our electrochemical cell, this mass
transport limit is ∼8−10 mA/cm2 14 for 2e− CO2RR products.
Methane, methanol, and other further reduced products were
not detected. The electrochemical results are consistent with
previous studies on Sn electrodes,12,15,16,38−40 demonstrating a
high selectivity for HCOO− production.
In light of these results, it is important to consider possible

mechanisms and pathways. Tafel slope analysis can be helpful
in understanding aspects regarding the hydrogen evolution
reaction (HER). Several reports have extrapolated this type of
analysis to derive mechanistic information from Sn electro-
des,16,18 particularly on whether the first step is a proton-
coupled electron transfer (PCET) or a transfer of one electron
to the CO2 molecule. However, in this work, we focus on
gaining insights by directly comparing the CO and HCOO−

production of Sn electrodes to other polycrystalline metal foil
catalysts. The CO and HCOO− partial current densities of the
metals selected for this comparisonAg, Au, Cu, Zn, Pt, and
Niare taken from our previous studies utilizing the same type
of electrochemical cell.14,29,30 A consistent potential of −0.9 V
vs RHE was selected for all metals included in this study; at this
potential, only two-electron products (i.e., H2, CO, HCOO

−)
are measured on all metals except Cu. Furthermore, this
potential is in the kinetic-limited region for each catalyst,
allowing for us to analyze the intrinsic activity of each metal
without any effect of CO2 mass transport limitations.
First, we examine the case of CO production. Figure 2 plots

the calculated binding energies of *COOH on each metal

surface along with each metal’s experimentally measured partial
current densities toward CO. A trend in activity is observed in
the form of a volcano plot for CO2RR to CO. The Sabatier
principle, which states that binding to key intermediates that is
neither too strong nor too weak leads to maximum activity, is
evident in Figure 2. This volcano plot is very similar to those in
previous reports14 using CO* binding energies as a descriptor
and further supports the hypothesis that CO2 reduction to CO
proceeds through a carbon-bound *COOH intermediate,
supporting the notion of *COOH as a descriptor for CO
production. Sn appears on the weak-binding leg of the volcano
due to its weak interaction with COOH*, suggesting that
CO2RR to CO on Sn occurs through a pathway similar to that
hypothesized on transition metals.27,41

A similar approach was utilized to understand the key
intermediate for HCOO− production. Using *COOH binding
energies as a descriptor, the partial current densities of HCOO−

have been plotted (Figure S4 in the Supporting Information).
No clear volcano trend is observed, indicating that *COOH
may not be the key intermediate for HCOO− production.
Moreover, metals with similar *COOH binding energies (e.g.,
Sn and Ag) exhibit vastly different partial current densities for
HCOO−, which is unexpected if *COOH is the main
intermediate for CO2RR to HCOO−. As no correlation is
observed between *COOH binding energies and HCOO−

activity, *COOH binding energy is not likely the key descriptor
for the reduction of CO2 to HCOO−, unlike the case for CO
production.
Figure 3 plots HCOO− partial current densities at −0.9 V vs

RHE versus *OCHO binding energies instead, to establish

whether HCOO− production proceeds through an oxygen-
bound intermediate. Indeed, a clear volcano trend is observed
among all (Figure 3). Au, Ag, Pt, and Cu are on the weak-
binding side of the volcano, indicating that *OCHO may not
interact strongly enough with the surface to lead to high
selectivity to HCOO−. Ni and Zn are on the strong-binding
side of the volcano, indicating that *OCHO binds too strongly
to the surface for further reduction to formate. Sn appears near
the top of this volcano, implying that Sn has a near-optimal
binding energy of the key intermediate *OCHO to produce

Figure 2. Volcano plot using *COOH binding energy as a descriptor
for CO partial current density at −0.9 V vs RHE. Sn appears on the
weak-binding leg of the volcano, suggesting that *COOH binding
energy is a key intermediate for CO2 reduction to CO on Sn.

Figure 3. Volcano plot using *OCHO binding energy as a descriptor
for HCOO− partial current density at −0.9 V vs RHE. Sn appears near
the top of the volcano, suggesting that *OCHO is a key intermediate
for CO2 reduction to HCOO− on Sn.
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HCOO−. This volcano suggests that *OCHO is a key
intermediate for HCOO− production on transition metals as
well as Sn and provides an explanation for Sn’s high selectivity
toward HCOO−. While *OCHO has been suggested as a
possible intermediate for HCOO− production on Cu42 and
other metals,28 no other experimental work to date has
established *OCHO as the primary intermediate for HCOO−

production on a wide range of metals or proposed a possible
explanation for Sn’s selectivity to HCOO−.
Several additional insights can be obtained from Figures 2

and 3 about metal selectivity toward 2e− products (i.e., H2, CO,
and HCOO−). For the metals that are not near the peaks of the
*COOH and *OCHO volcanos (e.g., Pt, Ni), the major
product being produced at −0.9 V vs RHE is H2; this is
unsurprising, as neither of these catalysts have optimal binding
energies for either HCOO− or CO production. With regard to
the CO2RR, both Pt and Ni produce more HCOO− than CO.
As both Pt and Ni have a very strong binding affinity for
carbon-bound intermediates such as *COOH and *CO, it is
likely that CO poisons the metal surface and limits the amount
of CO produced on these electrodes. For the metals that are
not near the peak of the *OCHO volcano but near the peak of
the *COOH volcano (e.g., Au, Ag), the major product being
produced at −0.9 V vs RHE is CO, with only a small amount of
HCOO− being detected. This suggests that, although the
*COOH binding energies for most of the metals in this study
are weaker in comparison to *OCHO, kinetic limitations that
are not captured in the electronic energy calculations might
play a nontrivial role in determining selectivity for these metals.
For instance, metal cation interactions on Au and Ag could alter
the electrode surface in a way that would lead to lower barriers
for *COOH adsorption,43 limiting the production of HCOO−

and leading to the high selectivity of CO. For these metals with
low binding affinity to oxygen but near-optimal carbon binding
affinity, it appears that the *COOH pathway to CO is
preferable to the *OCHO pathway to HCOO−. From these
observations, it seems that, regardless of *COOH binding
energy, if a metal is not near the peak of the *OCHO volcano,
HCOO− production is greatly reduced in comparison to other
2e− products.
However, for the metals that are near the peak of the

*OCHO volcano but not near the peak of the *COOH
volcano (e.g., Cu, Zn), the major product formed on these

surfaces is H2. Furthermore, on Zn the major CO2RR product
is CO, whereas the major CO2RR product on Cu is HCOO−.
Zn could be limited in its production of HCOO− due to its very
strong *OCHO binding energy, which could lead to a higher
Faradaic efficiency for hydrogen evolution. While it has been
shown that Zn binds CO very weakly,14 Zn has an intermediate
*COOH binding energy due to a bidentate interaction with the
surface. Both carbon and oxygen binding energies play a role in
determining *COOH binding energy on Zn, which explains
why it does not sit on the weak-binding side of the *COOH
volcano. Cu, having an intermediate *COOH binding energy
and sitting on the weak-binding side of the *OCHO volcano,
also produces methane and ethylene at this potential. On the
basis of these results, Cu binds *OCHO weakly enough for
HCOO− production to not dominate the CO2RR (although it
is the major CO2RR product at this potential) but has an
intermediate *COOH binding energy to the surface for further
reduced products to be observed. Along with a high
overpotential for the hydrogen evolution reaction,27,28 Cu
seems to have a combination of binding energies that enables it
to produce >2e− products. For the metals that are near the peak
of both the *COOH and *OCHO volcanoes (e.g., Sn, In), the
major product formed on the electrode surface is HCOO−

(Figures S5 and S6 in the Supporting Information). For Sn, the
*OCHO pathway for HCOO− production dominates over the
*COOH pathway for CO production. The *OCHO volcano
suggests that oxygen-bound intermediates interact more
strongly with the Sn surface than carbon-bound intermediates
and steer Sn’s selectivity to HCOO− over CO.
These results suggest that, for the metals shown in Figures 2

and 3, CO production occurs primarily through a key carbon-
bound intermediate, *COOH, and HCOO− production
proceeds primarily through a key oxygen-bound intermediate,
*OCHO. It is important to consider both *COOH and
*OCHO binding energies for these pathways, as the two
energies do not scale (Figure S7 in the Supporting
Information). Figures 2 and 3 underscore the importance of
both carbon and oxygen affinities for understanding the
CO2RR. Additionally, these results are consistent with recent
operando spectroscopic techniques that have reported observ-
ing *OCHO on Sn electrodes.40,44 While it has been suggested
that HCOO− could be generated through the *COOH
intermediate,28 particularly on transition-metal surfaces with

Figure 4. Mechanism that includes pathways for CO and HCOO− production from CO2. CO2 may bind to the electrode surface in an initial
electrochemical step via the carbon or the oxygens (resulting in a single adsorption intermediate, *COOH, or a bidentate *OCHO intermediate,
respectively). The second electrochemical step results in the production of CO or HCOO−. For metals that are far from the optimal *OCHO
binding energy but near the optimal *COOH binding energy, it is possible that *COOH may be the intermediate for HCOO− production.
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very low binding affinity to *OCHO (e.g., Au, Ag), our results
do not indicate any relationship between *COOH binding
energy and HCOO− production (Figure S4 in the Supporting
Information).
From a combination of the insights gained from the *COOH

and *OCHO volcanoes, a mechanism for CO2RR to 2e−

products is presented in Figure 4. The first PCET can take
place either on one of the oxygens, resulting in a carbon-bound
COOH* (top path), or on the carbon atom, resulting in an
oxygen-bound OCHO* (bottom path). The second electro-
chemical step for the top and bottom paths leads directly to
*CO and *HCOOH, respectively. The final step of desorption
results in either CO or HCOO− being released from the surface
of the electrode. These results provide new insights into the
CO2RR on metal catalysts to 2e− products.

■ CONCLUSIONS
We have reported the catalytic activity of Sn electrodes for CO2
reduction as a function of potential. Using an electrochemical
cell designed for high sensitivity to identify and quantify the
products of the CO2RR, we note that the only products
observed are H2, CO, and HCOO−. HCOO− was confirmed as
the major CO2RR product formed on Sn and was the dominant
product over H2 at potentials more negative than −0.8 V vs
RHE. We have compared the production of CO and HCOO−

on Sn to that of other metals to examine trends in behavior.
DFT calculated *COOH binding energy emerges as a
descriptor for the CO2RR to CO, resulting in a clear volcano
trend and suggesting that *COOH is a key intermediate for
CO production. However, *COOH binding energies do not
describe HCOO− production across the metals in this study,
suggesting that HCOO− does not primarily proceed through
this carbon-bound intermediate. Instead, we find that *OCHO
binding energies accurately describe the behavior of the CO2RR
to HCOO− across the range of metals, resulting in a clear
volcano trend. Furthermore, Sn is located near the top of the
volcano, indicating that it has a near-optimal *OCHO binding
energy for the production of HCOO−. These results under-
score the importance of surface oxophilicity in describing the
activity and selectivity of metal catalysts for CO2 reduction.
Establishing trends in CO and HCOO− production that
incorporate the appropriate descriptors is helpful for designing
catalysts that can achieve high selectivity to HCOO−, CO, and
other products of interest.
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