UC Berkeley
UC Berkeley Previously Published Works

Title

Sulfur-Modulated Tin Sites Enable Highly Selective Electrochemical Reduction of CO2 to
Formate

Permalink

https://escholarship.org/uc/item/76z199tf

Journal
Joule, 1(4)

ISSN
2542-4785

Authors

Zheng, Xueli
De Luna, Phil
de Arquer, F Pelayo Garcia

Publication Date
2017-12-01

DOI
10.1016/j.joule.2017.09.014

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/76z199tf
https://escholarship.org/uc/item/76z199tf#author
https://escholarship.org
http://www.cdlib.org/

Joule

Breaking Compromises
in CO», Reduction

Brandon R. Sutherland'*

Electrochemical reduction of CO, to formate is a promising approach to utilize
intermittent renewable energy for high-value chemical storage and to mitigate
carbon pollution. Demanding applied targets for this process require that the
reaction is sustained at a high current density with near-unity product efficiency.
In this issue of Joule, Zheng and De Luna et al. show that incorporating sulfur
into tin catalysts greatly increases the reaction rate while maintaining high

selectivity and robust stability.

Despite pressure from climate policy
initiatives and growing economic incen-
tives for the adoption of renewable po-
wer, the world still largely relies on the
use of oil, natural gas, and coal to
meet its energy demands. These car-
bon-emitting fossil fuels still account
for >85% of global energy consumption
today," and even conservative esti-
mates have the total amount of avail-
able CO, at 5,000 gigatons—enough
to last until 2300 at current projected
consumption rates.” Even aggressive
targets such as the Paris Climate Agree-
ment® allow for ~700 gigatons of CO,
emissions from 2017 through 2100.*
What this means is that for the foresee-
able future, there will continue to be
significant CO; byproduct generation.

To abate the total amount of CO,
released into the atmosphere over the
next century, there is a need for a new
force to initiate a step-change in the
fossil fuel economy. There are many
parallel and compatible approaches
toward realizing this; for example, (1)
economic and politically driven incen-
tives to displace fossil fuels with renew-
ables; (2) technological breakthroughs
leading to large reductions in the
$/kWh of clean energy, such as solar
electricity; and (3) new technology
capable of cost-efficiently converting
CO;, into valuable chemicals such as
fuels or precursors for manufacturing.

Check for
Updates

In recent years—likely as a response to
the growing scientific body of knowl-
edge of climate change and its impact
on society—the chemical conversion
of CO; has seen a resurgence of inter-
est from the scientific community. The
electrocatalysis of CO, through a
reduction reaction (CO5RR) is an attrac-
tive approach as it operates at ambient
temperature and pressure and is
compatible with intermittent renewable
energy resources such as solar and
wind.

Still in its infancy in terms of commerecial
relevance, CO,RR stands to benefit
greatly from both increased founda-
tional understanding and continued
progress toward improving the effi-
ciency, stability, and scalability of the
process. CO; is a naturally stable and
chemically inert molecule that is chal-
lenging to reduce into molecular and
atomic constituents. The kinetics of
the reaction are slow; therefore, effec-
tive catalysts are needed to improve
the reaction efficiency. The specific
composition and design of a catalyst
governs the conversion rate, efficiency,
driving voltage, and selectivity toward a
given product.

The choice of product remains an
important consideration.

Higher-value products, such as longer-

point of

chain hydrocarbons, are challenging

Cell

to produce.
such as those based on a single carbon,

Lower-value products,

are more realizable based on current
technology, but only a few such prod-
ucts have any commercial interest.
Formate (HCOQ)) is one such product
as it is a valuable chemical used as a
fuel, for hydrogen storage, and as a
feedstock in chemical and drug
manufacturing.5 Some common cata-
lysts that efficiently produce formate
of Co,° Pd’/

and Sn.® However, to date, catalysts

include derivatives
that selectively produce formate in
lab-scale H-cells have only done so at
low current densities. Therefore, there
is a need for the development of new
catalysts that can selectively convert
CO; to formate at high reaction rates.

There are several key factors that deter-
mine the activity of catalysts, such as
the specific geometry, the exposed
crystalline facets, and the local coordi-
nation environment.” Active sites that
are undercoordinated often exhibit
reduced energetic barriers in the elec-
troreduction of CO,. Therefore, one
promising approach to improving cata-
lysts is to distort the lattice by intro-
ducing dopant atoms that reduce the
coordination of the active sites. In this
issue of Joule, Zheng and De Luna
et al. have taken this approach and
show that Sn-based catalysts for the
reduction of CO, to formate can be
greatly improved through the incorpo-
ration of a small amount of sulfur.”
When coated onto Au nanoneedles,
this sulfur-modulated Sn (Sn(S)) catalyst
demonstrates excellent catalytic prop-
erties for the reduction of CO, to
formate.

The authors first sought to understand
the role of the local environment of Sn
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Figure 1. Comparison of Optimized Sulfur-Modulated Tin Electrocatalytic Reduction to Formate

with Leading H-Cell Configuration Reports in Literature
(A and B) A simultaneously high (A) current density of 55 mA cm ™2 and (B) Faradaic efficiency of 93%
is achieved with Sn(S) deposited onto Au nanoneedles. References refer to citation number in

original manuscript. Acronyms in x axis defined as: NPs, nanoparticles; NPLs, nanoplatelets; GO,
graphene oxide; Rgo, reduced graphene oxide; and — implies that the product was derived from

the reagent.

on catalytic activity. Using density
functional theory (DFT) to model the
rate-limiting intermediates in the
electroreduction of CO, to formate
show that
formate production is preferred with

on a Sn slab, they

low incorporation of sulfur (3.8%-—
25%) into the tin lattice. It is also
shown that undesirable CO and H,
byproducts are
these conditions. This analysis moti-

unfavorable under

vates the fabrication and systematic

study of Sn(S) catalysts for CO,RR to
formate.
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The specific choice of substrate—its
composition and geometry—is one
critical point of control in the engineer-
ing of efficient catalytic systems. The
use of sharp nanoneedles has been pre-
viously shown to concentrate the elec-
tric field near the tip of the needle
through a field-induced reagent con-
centration (FIRC) mechanism, resulting
in high catalytic activity for CO, to
CO."" The authors therefore investi-
gated the synergy between Sn(S) and
Au nanoneedles. They used atomic
layer deposition (ALD) to deposit a

Cell

controlled and uniform layer of SnS,
onto these needles, followed by an
electroreduction step to reduce the
amount of sulfur to the desired low
range for optimal energetics for
formate production as determined by
their DFT investigation. Due to its high
degree of conformality, ALD is an ideal
tool to uniformly coat the sharp Au
nanoneedl|es.

The resulting films are polycrystalline
with approximate grain sizes of 5 nm.
The final material composition is in the
range of 3.2%-4.6% elemental sulfur,
as measured by X-ray photoelectron
spectroscopy. In situ X-ray absorption
spectroscopy reveals an oxidation state
between Sn® and Sn?* present at-0.7 V
versus reversible hydrogren electrode
in Sn(S) that is otherwise not observed
in Sn nanoparticles, suggesting that Sn
may exist in more oxidized forms
despite negative reducing potentials.
Based on this analysis, the authors pro-
pose that Sn(S) has more undercoordi-
nated sites than Sn nanoparticle
controls.

The CO2RR to formate of Sn(S) catalysts
on Au nanoneedles exhibits excellent
Faradaic efficiency (93%) and current
density (55 mA cm™) at a potential of
-0.75 V versus RHE for formate produc-
tion. This is significantly higher than
controls deposited onto Sn foil, or Sn
nanoparticles spin-coated onto Au nano-
needles. It is the highest current density
reported to date for CO,RR to formate
in H-cell configurations (Figure 1A), and
it achieves this without sacrificing high
Faradaic efficiency (Figure 1B). Stability
is a critical requirement for any CO,RR
catalyst, and the authors have demon-
strated that no degradation in current
density is observed over 40 hr of contin-
uous operation.

This work by Zheng and De Luna et al.
has shown the importance of the local
coordination environment in highly effi-
cient, selective, and stable Sn catalysts.
These results motivate several paths



Joule

forward for realizing effective CO,RR to
formate catalysis: (1) analogous studies
to reduce the coordination of other
non-noble metal catalysts with simple
binary stoichiometry tuning, (2) con-
tinued use of FIRC as a method to
realize high current densities without
sacrificing other key figures of merit,
and (3) the development of applica-
tion-relevant flow cell systems to further
scale the current density. On this basis,
the continued exploration of heteroge-
nous catalyst materials on nanostruc-
tured substrates for COLRR holds
promise in the future of clean energy.
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Better Semiconductor-
Catalyst Interfaces

Using Light

Qiushi Yin' and Craig L. Hill"*

Searching for stable and high-performing photoanode materials is a key
challenge for photoelectrochemical water splitting. In this issue of Joule, He
and coworkers report a novel interface between Ta3zNs and Co(OH), that forms
under photoelectrochemical conditions. A synergistic interaction between
semiconductor and water oxidation catalyst gives rise to improved perfor-
mances in both photovoltage and stability.

The photoelectrochemical splitting of
water or reduction of CO, by water
remains the principal, potentially prac-
tical approach to generate H, and
reduced carbon (“solar
fuel”). Effective PEC devices require

molecules

electrode materials that absorb light
intensely and broadly to generate
long-lived, charged-separated excited
states at the semiconductor-electrolyte
interface.” Compounding this fabrica-

Check for
Updates.

tion challenge is the requirement that
the oxidizing (photoanodic) surface
must catalytically oxidize water, and
the reducing (cathodic or photocatho-
dic) surface must catalytically reduce
water or CO,. Understanding how to
construct these semiconductor-catalyst
interfaces and control their charge
transfer properties is critical for the
scalable preparation of maximally effi-
cient and stable photocatalytic water

oxidizing electrodes and thus PEC
devices.?

Construction of a stable high-perfor-
mance photoanode for a functional
photoelectrochemical cell (PEC) re-
mains the key challenge for researchers
in the renewable energy field. Issues of
effective charge separation involving
the oxygen evolution reaction as well
stability of the
semiconductor material are crucial for

as the oxidative

achieving a high photovoltage. Many
of the relevant chemical interactions
dictating most of these properties
originate at the semiconductor/liquid
interface (SCLI). Major effort has been
dedicated to clarifying the specific
chemistry that occurs at the SCLI.

TasNs is a potentially attractive direct
bandgap semiconductor material for
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