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CO, reduction reactions (CO,RR) powered by renewable electricity can directly convert CO, to hydrocarbons and fix the
intermittent sustainable energy in portable chemical fuels. It is of great importance to develop advanced catalysts that can boost
CO,RR with high activity, selectivity, and efficiency at low overpotentials. Here, we report the solution synthesis using H,O, to
modify the surface structures of gold multi-twinned nanoparticles (AuMPs) and create tensile surface steps. Calculations
predicted significantly enhanced CO, adsorption and boosted CO,RR capabilities with inhibited hydrogen evolution reaction
activity for the tensile surface steps with modified electronic structure. The H,O,-treated AuMPs with surface steps and 3.83%
tensile lattices showed much higher activity and selectivity at lower overpotentials for CO,RR than pristine gold nanoparticles.
The CO-production current density reached about 98 mA cm ” with a Faradaic efficiency of 95.7% at —0.30 V versus reversible
hydrogen electrode in the flow cell, showing a half-cell energy efficiency as high as ~83%. Our strategy represents a rational
catalyst design by engineering the surface structures of metal nanoparticles and may find more applicability in future electro-

catalysis.

gold nanoparticles, tensile lattice, surface steps, electrocatalysis, CO, reduction

Citation:

Chen LW, Hao YC, Li J, Hu L, Guo Y, Li S, Liu D, Zhu Z, Wu SQ, Huang HZ, Yin AX, Wang B, Zhang YW. Multi-twinned gold nanoparticles with

tensile surface steps for efficient electrocatalytic CO, reduction. Sci China Chem, 2022, 65: 2188-2196, https://doi.org/10.1007/s11426-022-1315-x

1 Introduction

Electrochemical reduction of carbon dioxide (CO,) to carbon
monoxide (CO) represents a crucial route for the renewable
C, transformation [1-3]. Efficient CO, reduction reaction
(CO,RR) requires higher activity and selectivity at lower
overpotentials, which, however, has been limited by the
considerable kinetic barriers for CO, activation and the in-
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tense hydrogen evolution reaction (HER) competitions [4—
7]. Gold (Au) electrocatalysts have been studied intensively
nowadays for promoting the CO,-to-CO conversion [8-23].

To date, two major strategies have been developed to
modulate Au-based electrocatalysts. The first one is to
modify their surface geometric structures, such as
morphologies [14,16], sizes [13], grain boundaries [15,18],
and surface defects [8,20]. The second one is to tailor their
surface electronic structures by decorating Au nanoparticles
(AuNPs) with other molecules [17,22] or substrates [23].
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Such results suggest that the CO,RR reactivity of Au-cata-
lysts could be generally promoted by creating more surface-
active sites with higher intrinsic activities by modifying their
geometric and electronic structures. However, comprehen-
sive and thorough studies on the fundamental principles for
CO,RR on Au surfaces remain elusive. Practical Au-cata-
lyzed CO,RR applications with high energy efficiency still
require the systematic optimization of both the catalytic
centers and the reaction interfaces.

Here, we report the synthesis of free-standing Au multi-
twinned nanoparticles (AuMPs) with tunable surface dis-
locations and tensile lattices through a solution approach
involving hydrogen peroxide (H,0,) as a structure modify-
ing agent. Transmission electron microscopy (TEM) char-
acterizations, spectroscopic measurements, and
computational studies revealed that the H,O,-modified
AuMPs (denoted as H-AuMPs) exhibited high-density sur-
face dislocations and tensile lattices (Figure 1a). The mod-
ified surface geometric and electronic structure thereby
selectively strengthened the adsorption of CO, species and
boosted the rate-determining step (RDS) of CO,RR on Au
surfaces. As a result, the H-AuMPs with the lattice tension of
3.83% showed a CO partial current density (jco) of
10 mA cm ~ at just —0.175 V versus reversible hydrogen
electrode (vs. RHE) in the membrane flow cell (Figure 1b),
exhibiting an overpotential as low as 65 mV for CO,RR.
Even higher and stable j-; (~98 mA cmfz) and Faradaic ef-
ficiency (FE, ~96%) can be achieved at —0.30 V vs. RHE,
with a half-cell energy efficiency as high as ~83% in long-
term (> 40 h) CO,RR tests.

2 Experimental

2.1 Materials
Gold(IIT) chloride trihydrate (HAuCl,3H,0, >49.0% Au
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Figure 1 Schematic illustration for the strategy of promoting CO, re-
duction with optimized catalysts and reaction interface. (a) The existence of
twin boundaries, surface steps, and tensile strain modifies the surface
geometric and electronic structures of Au catalysts for promoted CO, re-
duction. (b) Schematic for the reaction interface modification. The Au
catalysts were loaded on the gas-diffusion layer that can facilitate the dif-
fusion of CO, gas to the catalyst surface (color online).
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basis), sodium borohydride (NaBH,, 99%), deuteroxide
(D,0), and Nafion (5% in methanol) were purchased from
Sigma-Aldrich (USA). Ethylene glycol (99%), potassium
bicarbonate (KHCO;, >99.9%), and carbon black (acetylene
black, 50% compressed, >99.9%) were purchased from Alfa
Aesar (USA). Oleylamine (OAm, C,gH3;N, Cig: 80%—90%)
was purchased from Energy Chemical (China). Hydrogen
peroxide (H,0,, 30 wt%) was purchased from Tianjin
Fengchuan Chemical Reagent Co. Ltd. (China). Cyclohex-
ane (C¢H,;,) and absolute ethanol (C,HsOH, 99.5%) were
purchased from Beijing Tong Guang Fine Chemicals Com-
pany (China). All chemicals were used as received without
further treatment. All glassware was cleaned using aqua re-
gia, followed by rinsing with copious amounts of ultrapure
water. Ultrapure water (18.2 MQ cm at 25 °C) obtained by a
Milli-Q system was used in all experiments.

2.2 Synthesis of H-AuMPs

Typically, 4 mg of HAuCl,;-3H,0 was added into a 25 mL
round bottom flask containing 9.5 mL of OAm. The mixture
was sonicated at room temperature until the chloroauric acid
was completely dissolved. Then, the mixture solution of
0.30 mL of H,0, and 0.20 mL of H,0 was dropwise added
into the flask. The mixture was sonicated until the precipitate
was fully dissolved and then stirred and refluxed at 120 °C
for 30 min. The solution gradually turned from pale yellow
to cloudy, became colorless after about 5 min, and finally
became deep red.

2.3 Synthesis of P-AuMPs

Typically, 4 mg of HAuCl,-3H,0 was dissolved in 10 mL of
OAm under sonication. The solution was stirred and heated
at 120 °C for 30 min. The solution turned from pale yellow
to colorless and then dark red.

2.4 Collecting and washing of AuMPs

After reacting for 30 min, 30 mL of absolute ethanol was
poured into the reaction solution to quench the reaction. The
products were separated by centrifugation (8,000 r mim ',
10 min). The precipitates were washed (with cyclohexane
and ethanol) and centrifuged (8,000 r min "', 10 min), and
then redispersed in cyclohexane.

2.5 Loading AuMPs on carbon black (CB) supports

Typically, 18 mg of CB was added to 4 mL of cyclohexane
and ultrasonicated for 40 min. Afterwards, the as-prepared
AuMPs (dispersed in cyclohexane) were added dropwise
under vigorous stirring. The solution was sonicated for
40 min and centrifuged at 9,000 r mim ' for 8 min. The
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precipitates were collected and dried at 40 °C in a vacuum
oven. The as-obtained H-AuMPs/CB and P-AuMPs/CB
catalysts were heated at 200 °C in air with a tube furnace for
1.5 h to remove the organic residuals adsorbed on the Au
surfaces.

2.6 Synthesis of AuNPs/CB catalysts

Typically, 18 mg of CB was fully dispersed in 10 mL of
anhydrous ethylene glycol and sonicated for 3 h, followed by
the addition of 400 pL of 25.4 mM HAuCl, ethylene glycol
solution. The mixture solution was then vigorously stirred at
room temperature for 40 min and sonicated for another
3 min. After that, 1.2 mL of 0.1 M freshly prepared, ice-cold
NaBH, ethanol solution was injected into the mixture solu-
tion dropwise under vigorous stirring (1,200 r mimfl). After
another 30 min of continuous stirring, the final product was
collected by centrifuge, washed with ethanol three times, and
finally dried at 40 °C under vacuum. The as-prepared powder
was annealed at an elevated temperature of 500 °C for 1 h in
a tube furnace in air with a heating rate of 5 °C min”.

2.7 Characterizations

Powder X-ray diffraction (PXRD) was performed on a Ri-
gaku MiniFlex 600 diffractometer with a Cu-Ka X-ray ra-
diation source (4 =0.154056 nm) at the scan rate of 1° min .
X-ray photoelectron spectroscopy (XPS) measurement was
obtained by a Thermo VG ESCALAB-250 system with Al-
Ko and Mg-Ka sources operated at 15 kV. The binding en-
ergies were referred to the C 1s peak (284.8 ¢V) from ad-
ventitious carbon. Inductively coupled plasma-optical
emission spectrometry (ICP-OES) was measured on an
Agilent ICP-OES 720 spectrometer. The Au L-edge XAFS
spectra were obtained at beamline BLO1C1 of the “National”
Synchrotron Radiation Research Center (NSRRC, Taiwan,
China). The samples were measured in the fluorescence
mode by using a solid detector to collect the data. Gold foil
was used as standard reference material for these measure-
ments. Athena and Artemis codes were used to extract the
data and fit the profiles. For the X-ray absorption near-edge
structure (XANES) part, the experimental absorption coef-
ficients as a function of energies u(E) were processed by
background subtraction and normalization procedures and
reported as normalized absorption for all the measured
samples and standard references. Transmission electron mi-
croscopy (TEM) studies were performed on a JEM-2100
(JEOL) microscope operated at 200 kV, and a Tecnai G2 F30
(FEI) microscope worked at 300 kV. For atomic resolution
imaging, the measurements were performed on an FEI Titan
Themis at 200 kV with spherical aberration corrected under
high-angle annular dark-field scanning TEM (HAADF-
STEM) mode.
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2.8 Electrolysis tests in H-type cell

General electrochemical measurements were carried out in a
three-electrode system with an H-type electrolysis cell. The
cathodic and anodic compartments were separated by a
Nafion 115 proton exchange membrane. The membrane was
pretreated in 5% H,0, solution (80 °C, 1 h), soaked in 0.5 M
H,SO, solution (80 °C, 1 h), immersed in ultrapure water
(80 °C, 1h), and then washed with ultrapure water several
times before use. A platinum plate (1 x 1 sz) and a satu-
rated calomel electrode (SCE) were used as the counter
electrode and the reference electrode, respectively. All po-
tentials were measured against the SCE and converted to the
RHE scale according to the Nernst equation.

Catalyst inks were prepared by dispersing 10 mg of Au/CB
catalysts in the mixture of 80 uL of Nafion, 0.75 mL of
isopropanol, and 0.25 mL of water under sonication
(40 min). The working electrode was made by applying
about 175 pL of the catalyst ink on the carbon paper (Toray
TGP-H-060) with an effective electrode geometric area of
1 x 1 cm” and a metal (Au) loading of about 0.16 mg cm .

Freshly prepared 0.5 M KHCO; aqueous solutions were
used as electrolytes. The electrolytes were purged with high-
purity (99.9999%) argon for at least 40 min and then with
high-purity (99.999%) CO, for another 40 min before the
CO,RR tests. During electrolysis tests, the cathodic elec-
trolyte was magnetically stirred at 800 r mim ' and bubbled
with CO, gas at 60 mL mim . An online gas chromatograph
(GC, Shimadzu GC-2014C) equipped with a packed column
(MS-13X), a thermal conductivity detector (TCD), and a
flame ionization detector (FID) was used to quantify the
gaseous products. And the possible liquid products were
analyzed by 'H nuclear magnetic resonance (NMR). A 90%
ohmic resistance correction was applied in all the measure-
ments. All tests were conducted at ambient pressure and
room temperature unless other noted.

2.9 Electrolysis tests in flow cells

A membrane flow cell composed of a gas-diffusion electrode
(GDE) and an anion exchange membrane was used. An SCE
was fixed in the cathode chamber as the reference electrode,
and a platinum plate was fixed in the anode chamber as the
counter electrode. A freshly prepared 0.5 M KHCO; solution
was used as the cathodic electrolyte and was circulated
(20 mL mim_l) through the electrochemical cell using a
peristaltic pump.

Catalyst inks were prepared by dispersing 10 mg of Au/CB
catalysts in the mixture of 80 pL of Nafion, 1.5 mL of iso-
propanol, and 0.50 mL of water under sonication for 40 min.
Additional CB inks were prepared by dispersing 4 mg of CB
in the mixture of 100 pL of Nafion, 1.50 mL of isopropanol,
and 0.50 mL of water under sonication for 1 h. The GDE was
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made by seriatim applying about 1.25 mL of the catalyst ink
and 1.05 mL of the CB ink on the carbon-based gas-diffusion
layer (GDL) substrate (Freudenberg, Germany) by vacuum
filtration with an effective electrode geometric areca of
3.14 cm’ (diameter = 2 cm) and a metal (Au) loading of
about 0.19 mg cm .

During the CO,RR tests, high-purity (99.999%) and pre-
humidified CO, gas was delivered to the cathode with a
constant flow rate of 60 mL mim ' monitored by a mass flow
controller. Similarly, the gaseous and liquid products were
quantified by the online GC and NMR, respectively. A 90%
ohmic resistance correction was applied in all the measure-
ments. All tests were conducted at ambient pressure and
room temperature unless other noted.

3 Results and discussion

3.1 Electrocatalyst synthesis and characterization

We prepared the H-AuMPs by reducing chloroauric acid
(HAuCl,) in a mixture of OAm, H,O, and H,0,. TEM study
showed the freestanding and monodispersed H-AuMPs with
a size distribution of 9.6+1.9 nm (Figure 2a and Figure S1
(Supporting Information online)). What is more, the obvious
fringes showed by TEM and the widened diffraction rings
revealed by the selected area electron diffraction patterns
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(Figure 2b and Figure S2) suggested the highly dislocated
surface features of the H-AuMPs [24,25]. In comparison,
pristine AuMPs (denoted as P-AuMPs, Figures S2-S4)
prepared in sole OAm (without H,O or H,0,), as well as
ordinary gold nanoparticles (denoted as AuNPs, Figures S5
and S6) prepared by reducing HAuCl, with strong reductant
sodium borohydride (NaBH,), showed relatively smooth
surfaces with fewer surface defects. High-resolution TEM
(HRTEM) images suggested the existence of abundant
stacking faults intersecting with each other on the surface of
H-AuMPs (Figure 2b), which may create dense surface de-
fects [26]. Aberration-corrected high-angle annular dark-
filed scanning TEM (AC-HAADF-STEM) images (Figure
2c¢, d) revealed the surfaces steps on H-AuMPs, which could
thereby create catalytically active sites due to their under-
coordinated chemical states [2,15,18].

X-ray diffraction (XRD) patterns (Figures S7 and S8)
suggested the existence of tensile lattice in the as-obtained
H-AuMPs. Compared to the P-AuMPs and AuNPs with
standard lattice spacings for Au (PDF#04-0784), the Au
(111) and (200) diffraction peaks for H-AuMPs were sig-
nificantly shifted to lower angles (Figure S7), suggesting the
stretched lattices for H-AuMPs [27]. Therefore, in synthesis,
with strong redox and etching activity, hydrogen peroxide
could perturb the nucleation and growth stage of Au nano-
crystals, triggering the formation of high-density stacking
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Figure 2 Morphology and structure characterization of H-AuMPs. (a) TEM image, (b) HRTEM images, and (c, d) AC-HAADF-STEM images for the as-
prepared H-AuMPs. The arrows in (c) denote the surface atomic steps. The red lines in (d) indicate the grain boundaries of H-AuMP. (e, f) Integrated pixel
intensities of H-AuMPs and P-AuMPs for 10 periods along the Au (111) and (200) directions, respectively. Scale bars: (a) 20 nm, (b) 2 nm, (¢) 1 nm, and (d)

2 nm (color online).



2192 Chen et al. Sci China Chem

faults (Figures S9, S10) [28]. Such abundant stacking faults
thereby endowed the H-AuMPs with more lattice distortions
and surface defects compared with the P-AuMPs [29].

The XRD patterns reflected the averaged lattice para-
meters and suggested the general trend of lattice stretching
for H-AuMPs. More detailed information was provided by
the AC-HAADF-STEM images showing the precise surface
structures of nanoparticles [29,30]. As shown in Figure 2d,
the H-AuMP was enclosed by the basal (111), (100) planes
and the stepped (211) facets. Moreover, measurements of the
(111) and (200) lattice spacings revealed significant differ-
ences between the H-AuMPs and the P-AuMPs/AuNPs
(Figure 2e, f and Figures S11-S13). The (111) and (200)
lattice spacings for P-AuMPs and AuNPs were about 0.235
and 0.204 nm, respectively, both of which were well con-
sistent with the standard lattice spacings for Au (PDF#04-
0784). By sharp contrast, the H-AuMPs exhibited the aver-
aged spacings of 0.244 and 0.211 nm for Au (111) and (200)
planes, respectively, indicating the existence of ~3.83%
tensile change on the surfaces of H-AuMPs. In short, we
have prepared three typical Au nanocatalysts, among which
the twinned H-AuMPs possessed high-density surface steps
and tensile lattices, the twinned P-AuMPs showed mostly
smooth surfaces and normal lattices, and the single-crystal-
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line AuNPs exhibited smooth surfaces and pristine lattices.

3.2 Mechanism investigation

The surface electronic structures of the Au nanocrystals
would be significantly altered by incorporating tensile lat-
tices. As expected, X-ray absorption near-edge structure
spectroscopy (XANES) and X-ray photoemission spectro-
scopy (XPS) studies suggested that all three samples (i.e., H-
AuMPs, P-AuMPs, and AuNPs) comprised the same pure
Au’ phase (Figures S14 and S15). However, the valence band
(i.e., 5d band) of the H-AuMPs was clearly shifted upward
compared with that of P-AuMPs, AuNPs, and the standard
reference, according to the surface valence band spectra
(Figure 3a) and the density functional theory (DFT) calcu-
lations (Figure 3b). The tensile change of 3.83% could shift
the 5d band centers of the Au (111) and (211) planes upward
by 0.09 and 0.12 eV, respectively. According to the funda-
mental principles of surface chemistry and coordination
chemistry [31], the upward shift of the outermost d-bands of
transition metals would thereby push more portion of the
anti-bonding states for the metal-adsorbate bonds above the
Fermi level. As a result, the anti-bonding states would be less
occupied, and the adsorption between the metal surface and
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Figure 3 X-ray photoelectron spectra and density functional theory calculations for the surface electronic structures, CO, adsorption, and reaction
coordinates on different Au particles. (a) Surface valence band photoelectron spectra of H-AuMPs, P-AuMPs, AuNPs, and the standard Au foil reference. All
the spectra are background corrected. The d-band and its center of gravity for H-AuMPs exhibited obvious migration to the Fermi level (£r) compared with
that for P-AuMPs, AuNPs, and the standard Au foil reference. (b) DFT-calculated projected density of states (PDOS) for Au 5d bands of Au (111) and Au
(211) surfaces with the tensile strain of 0 (corresponding to P-AuMPs and AuNPs) and 3.83% (corresponding to H-AuMPs), respectively. The centers of the
d-bands were also labeled. (¢) The intensity changes in O 1s core-level XPS spectra induced by CO, adsorption on three catalysts. (d, ) Schematic energetics
of elementary reaction steps for CO,RR (d) and HER (e) at 0 Vvs. RHE on flat Au (111) facet and stepped Au (211) facet with/without 3.83% tensile lattice

(color online).
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the adsorbates would be thereby strengthened [32]. In the
case of CO,RR, the surface atoms of H-AuMPs would then
bond with the adsorbates (e.g., *CO,) much more strongly
than that of P-AuMPs and AuNPs due to their upshifted 5d
bands [33,34]. Enhancing CO, adsorption on Au surfaces
would theoretically promote CO,RR since Au showed rela-
tively weak adsorption to CO, species and was located on the
right side of the volcano plot for CO,RR [35,36].

The theoretically predicted strengthened CO, adsorption
on H-AuMPs was supported by the CO,-adsorption-induced
differential XPS spectra. As shown in Figure 3c, the O 1s
core-level XPS spectra could be de-convoluted into two
oxygen species, the physically adsorbed CO, (533.4 V) and
the chemically adsorbed CO{L species (531.2 eV) [37]. The
portions for COZ(); species were much higher on H-AuMPs
than that on the other two samples. That is, with abundant
surface defects and tensile lattices, H-AuMPs exhibited
much stronger chemical bonding with CO, than P-AuMPs
and AuNPs.

We employed DFT calculations to predict further the ad-
sorption and electrocatalytic conversion of CO, on Au sur-
faces [38—44]. According to the TEM analysis, the flat
surface of obtained three Au catalysts mainly exposed the
(111) facet (Figures S11-S13), while the stepped surface of
H-AuMPs predominantly exposed the (211) facet (Figure
2d). Therefore, the structure-sensitivity of CO,RR was stu-
died on both flat (111) and stepped (211) Au surfaces with/
without 3.83% tensile lattices. We calculated the most stable
adsorption structures and energetics of *CO,, *COOH, and
*CO for CO,RR (and *H for the competing HER) on the Au
(111) and (211) facets with and without tensile lattice (see
Calculation Methods and Figures S16, S17 for details on the
construction of these models and the respective optimized
lattice constants). The free energy diagrams of CO,RR and
HER on these model surfaces are reported in Figure 3d and
3e, respectively (Tables S1-S6 list the calculated Gibbs free
energy and relevant parameter).

Generally, the electrocatalytic reduction of CO, to CO on
Au surfaces in aqueous solutions would comply with the
following steps [13,35,36]:

* 4+ CO, — *CO, (1)
*CO, + H' (aq) + ¢ — *COOH )
*COOH + H' (aq) + ¢ — *CO +H,0 (3)
*CO — * + CO (4)

where the asterisk (*) denoted a catalytically active site at the
surface. According to previous reports, the CO, adsorption
strength could be used as a descriptor for CO,RR on Au
surfaces as Au was located on the right side of the CO,RR
volcano plot and exhibited weaker adsorption of CO, species
[9,35,36]. Notably, the tensile Au surface exhibited sig-
nificantly promoted CO, adsorption with both experimental
(Figure 3c) and theoretical (Figure 3d) evidence. Moreover,
the potential-determining step (PDS) was the first one-
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electron transfer path (Figure 3d). The tensile facets could
lower the free energy requirement for the PDS and thus
enhance the CO,RR reactivity. Especially, the tensile stepped
Au (211) facet, showing the lowest PDS energy barrier of
0.46 eV (at 0 V vs. RHE), would hold the possibility to boost
the CO, reduction process significantly (Figure 3d). On the
other hand, for the proton involved CO,RR, an efficient
catalyst needed not only to promote the adsorption and ac-
tivation of CO, but also to inhibit the direct reduction of H"
to H, (i.e., HER). As shown in Figure 3e, the tensile effect
could obviously increase the energy barrier for HER on both
the flat Au (111) facet and the stepped Au (211) facet, in-
dicating that HER should be effectively inhibited on the H-
AuMPs. Similar inhibition of HER by tensile strain could be
found in Pd and Cu catalysts [32,45—47], showing that strain
engineering could benefit CO,RR electrocatalysis indirectly
by suppressing the competing HER.

3.3 CO,RR performance in H-type cell

The CO,RR performances for different catalysts (i.e., H-
AuMPs, P-AuMPs, and AuNPs) were first tested in a two-
component, three-electrode electrochemical cell with 0.5 M
potassium bicarbonate (saturated by high-purity CO,) as
electrolyte. XPS survey revealed that no nitrogen residuals
on the surface of AuMPs could be detected, suggesting the
removal of possible OAm species on the catalyst surface
(Figure S18). The working electrode was prepared by ap-
plying catalysts on hydrophobic carbon paper (CP, the ef-
fective geometric area was fixed at lcmz) with a metal
loading of about 0.16 mg cm . The cathodic electrolyte was
magnetically stirred at 800 r min ' and bubbled with high-
purity CO, gas at the flow rate of 60 sccm (standard cubic
centimeter per minute) during electrolysis tests. The gas
products were measured by online gas chromatography
(GC), and the liquid products were analyzed by 'H nucleic
magnetic resonance (NMR). The linear sweep voltammetry
results of CO,RR on AuNPs, P-AuMPs, and H-AuMPs
(Figure 4a) revealed that the onset of CO, reduction on H-
AuMPs required a much smaller overpotential than that on
the other two samples. CO production could be detected on
H-AuMPs with an FE of ~8% and a jco of ~0.3 mA cm
when the cathodic potential was set at —0.15 V vs. RHE, with
the corresponding overpotential of only 40 mV (Figure 4b,
c). In sharp contrast, detectable CO,RR on P-AuMPs and
AuNPs was observed at the cathodic potential of —0.30 V vs.
RHE, with the overpotential of 190 mV (Figure 4b and
Figures S19, S20). Moreover, H-AuMPs exhibited the
highest FE and j-, values among the three catalysts at all
tested cathodic potentials (—0.15 to —0.6 V vs. RHE). The FE
value for CO production on H-AuMPs catalyst was increased
rapidly as the cathodic potential decreased from —0.15 to
—0.25 V vs. RHE and then maintained above 90% in a wide
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Figure 4 CO, electroreduction on Au catalysts tested in an H-type cell. (a) Linear sweep voltammetry (LSV) curves for electrocatalytic reactions on
AuNPs, P-AuMPs, and H-AuMPs in Ar- and CO,-saturated 0.5 M potassium bicarbonate (KHCO;) solution. (b) Faradaic efficiencies and (c¢) CO partial
current densities vs. the potential over different samples in an H-type cell. (d) The ECSA-normalized CO partial current densities at —0.30 and —0.35 Vvs.
RHE on three catalysts. (e) Tafel plots for the conversion of CO, to CO on three catalysts. (f) Apparent activation energies (E,,,) for CO,RR on different
catalysts (at 0.5 Vvs. RHE). The E,,, values were derived from the slope of their Arrhenius plots (color online).

potential window. At —0.3 V vs. RHE, H-AuMPs exhibited
the maximum FE of 96.4% with a jco of ~19 mA ¢cm . In
contrast, P-AuMPs and AuNPs showed the FE of ~12% and
~9%, and the jo of ~0.16 and ~0.12 mA cm > at—0.3 V vs.
RHE, respectively (Figure 4b, c). In addition, given the si-
milar electrochemical active surface area (ECSA) (Figure
S21), the H-AuMPs exhibited an ECSA-normalized jqq
(2.05 mA cmfz) at—0.3 V vs. RHE, which was more than 100
times higher than that on P-AuMPs (0.018 mA cm_z) and
AuNPs (0.016 mA cmﬁz) (Figure 4d). These results clearly
suggested that the highly dislocated Au surfaces with high-
density steps and strong tensile lattice can boost CO,RR
efficiently. The Tafel slopes for CO formation on H-AuMPs,
P-AuMPs, and AuNPs were 39, 114, and 112 mV dec |,
respectively (Figure 4¢). The Tafel slope of 114 and 112 mV
dec' measured on the P-AuMPs and AuNPs agreed well
with prior reports [12,20], suggesting that the first one-
electron transfer step would be the RDS for the reaction
[12,16,20,22]. However, the much lower Tafel slope of 39
mV dec”' obtained for the H-AuMPs indicated a much faster
first-electron transfer step [12,16] and therefore boosted
CO,RR on H-AuMPs. Additional evidence could be found in
the apparent activation energy (£,,,) for CO,RR on the three
catalysts at —0.5V vs. RHE (Figure 4f). P-AuMPs and
AuNPs exhibited similar E,,, for CO,RR (49.4 and
50.3 kJ mol ', respectively). In contrast, H-AuMPs showed a
much lower E,,, of about 12.6 kJ mol ', further highlighting

app

that the rich surface steps and tensile lattice could alter the
RDS and decrease the overall kinetic barriers for CO,RR on
Au surfaces. Therefore, proved by both calculation and ex-
periments, creating surface steps and tensile lattices on Au
catalysts can modify the electronic structures of the catalytic
sites, strengthen the adsorption of CO, species, lower the
reaction energy barrier, and promote CO,RR efficiently.

3.4 CO,RR performance in a gas flow cell

As reported [48-50], the CO productivity of CO,RR would
be (partially) limited by the sluggish CO, diffusion in aqu-
eous solutions. To boost the CO,-to-CO conversion further,
we then applied the H-AuMPs to the GDE with a mass
loading of 0.19 mg cm  and measured CO,RR in a flow cell
(Figure S22). The GDE was made by seriatim applying the
catalyst ink and another carbon black (CB) ink on the car-
bon-based gas-diffusion layer (GDL) substrate by vacuum
filtration. The additional layer of CB would help maintain
the hydrophobicity of the reaction interface to avoid GDL
flooding during CO,RR tests [48]. In typical CO,RR tests,
high-purity (99.999%) pre-humidified CO, gas was deliv-
ered to the cathode with a constant flow rate of 60 sccm.
The GDE-supported H-AuMPs exhibited a significantly
boosted and stable total current density of ~105 mA cm’”
with the FEqq of ~95% at —0.3 V vs. RHE during the long-
term (> 40h) stability test (Figure 5a). The jqq
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Figure 5 CO, electroreduction on GDE-supported H-AuMPs in a flow cell. (a) Total chronoamperometry curve (left axis) and Faradaic efficiency for CO
and H, production (right axis) vs. time on H-AuMPs in the flow cell at the cathodic potential of —0.3 Vvs. RHE. (b) FE of CO and half-cell energy efficiency
(EE, left axis) and CO partial current density for CO,RR on H-AuMPs at various cathodic potentials (with iR correction) in the flow cell. The flow rate for
humidified CO, was fixed at 60 sccm for panels (a, b). (¢c) CO partial current density and (d) corresponding Faradaic efficiency on H-AuMPs catalysts at
various cathodic potentials in the flow cell with different CO, flow rates. (¢) Faradaic efficiency (left axis) and corresponding CO partial current density (right
axis) on H-AuMPs catalysts in the H-cell and flow cell, respectively (color online).

(~98 mA cmfz) exceeded 5 times that (~19 mA cmfz) ob-
tained in the conventional H-cell at 0.3 V vs. RHE. The
FEqo on GDE-supported H-AuMPs was increased rapidly as
the cathodic potential decreased from —0.15 to —0.25 V vs.
RHE and then held above 90% in a wide potential window
from —0.275V to —0.7 V vs. RHE. Notably, at —0.3 V vs.
RHE, the H-AuMPs exhibited a maximum half-cell energy
efficiency (EE) as high as ~83% with an FE of 94.7% and a
Jco 0f 98.4 mA cm’’ (Figure 5b). Moreover, the j could be
further elevated to nearly 1 A cm at—0.7 V vs. RHE with an
FE 0f 90.7% and an EE of ~63% (Figure 5b), providing the
opportunity to promote CO production by simply applying
more negative cathodic potentials while maintaining high
selectivity.

Notably, the optimal CO productivity and selectivity could
be achieved at a relatively low CO, feed flow of 60 sccm
(Figure 5c, d). Increasing the flow rate from 20 to 60 sccm
could significantly enhance the CO,RR reactivity, while
elevating the flow rate to 80 sccm showed no further no-
ticeable enhancement in FE or effective current density for
CO. As shown in Figure Se, although FE ., values were
similar in the flow cell and the H-cell, the production rate for
CO was significantly boosted in the flow cell. That is, fa-
cilitating the mass transfer of CO, with the GDE and flow-
cell configuration could significantly promote the CO,RR
activity of H-AuMPs. As a result, the H-AuMPs represented

one of the most efficient CO,RR electrocatalysts, surpassing
previously reported ones with high activity, high selectivity,
low overpotential, and thus high cathodic energy efficiency
(Table S7). Especially, a similar promoting strategy can also
be applied to the electrocatalytic dinitrogen reduction reac-
tions for ammonia synthesis, and related work is still in
progress in our laboratory.

4 Conclusions

In conclusion, we present a hydrogen peroxide mediated
solution synthesis of free-standing and stable multi-twinned
gold nanoparticles with tensile lattices and surface steps.
Electrochemical, spectroscopic, and computational studies
revealed that the tensile Au surface steps exhibited modified
electronic structures with strengthened CO, adsorption and
promoted CO, electroreduction reactivity. As a result, the
multi-twinned gold nanoparticles with tensile surface steps
showed significantly promoted activity and selectivity to-
wards electrocatalytic CO, reduction at low overpotentials in
aqueous solutions under ambient conditions. Such ad-
vantages were further boosted with the use of gas-diffusion
layers and flow cells that facilitated the diffusion of gaseous
reactants and products. Therefore, upon optimizing the cat-
alysts and reaction interfaces, we can perform electro-
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catalytic CO, reduction with low overpotential, high se-
lectivity, high activity, and high energy efficiency, and ex-
plore their practical applications. A similar strategy may find
more applicability in future electrocatalysis.
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