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Surface overgrowth on gold nanoparticles
modulating high-energy facets for efficient
electrochemical CO, reductionf
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Electrochemical CO, reduction reaction (eCO,RR) has been considered one of the potential technologies
to store electricity from renewable energy sources into chemical energy. For this aim, designing catalysts
with high surface activities is critical for effective eCO,RR. In this study, we introduced a surface over-
growth method on stable Au icosahedrons to generate Au nanostars with large bumps. As a catalyst for
eCO,RR, the Au nanostars exhibited a maximum faradaic efficiency (FE) of 98% and a mass activity of
138.9 A g™t for CO production, where the latter was one of the highest activities among Au catalysts.
Despite the deducted electrochemically active surface area per mass, the high-energy surfaces from
overgrowth provided a 3.8-fold larger specific activity than the original Au icosahedral seeds, resulting in
superior eCO,RR performances that outweigh the trade-off of size and shape in nanoparticles. The Au
nanostars also represented prolonged stability due to the durability of high-energy facets. The character-
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ization of surface morphology and density functional theory calculations revealed that predominant Au
(321) facets on the Au nanostars effectively stabilized *COOH adsorbates, thus lowering the overpotential
and improving the FE for CO production. This overgrowth method is simple and universal for various

rsc.li/nanoscale materials, which would be able to extend into a wide range of electrochemical catalysts.

energy, which covers inconsistent energy production of renew-
able energy sources including solar and wind energies.>”*°

Introduction
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The increasing atmospheric CO, concentration by continuous
consumption of fossil fuels has aroused serious concerns
about global warming. To prevent further increase of the
atmospheric CO, level, the chemical conversion of CO, to
other valuable compounds has emerged as an ultimate solu-
tion to address this issue."”* Compared to other methods for
converting CO, such as photochemical or biological
approaches, the direct electrochemical CO, reduction reaction
(eCO,RR) on a metal surface shows a more promising prospect
owing to its mild reaction conditions in a simple device
structure.">* Another advantage of eCO,RR is that it enables
the storage of surplus electricity in the form of chemical
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For efficient eCO,RR, group 11 metals such as Au, Ag, and
Cu have been employed as solid-state catalysts.>” In particular,
Au has been intensively studied to generate CO, to CO due to
the optimal binding energy on the surface.® This makes Au a
promising eCO,RR catalyst since CO, especially when mixed
with H, to form syngas, serves as a crucial ingredient for hydro-
carbon fuels.” ™" As well, since CO production only requires two
electrons per molecule, it has been spotlighted as the most
potential product from eCO,RR toward commercialization.'®
However, the reaction always competes with the hydrogen evol-
ution reaction (HER) in water, which lowers CO selectivity. The
chemical inertness of the Au surface also leads to low catalytic
activities with large overpotentials.">™* In this aspect, it is
necessary to enhance CO production activity by tailoring surface
structures. Intrinsic high mass and specific activities are also
essential to achieve an affordable price of a noble metal-based
catalyst towards the actual application of eCO,RR.

Au nanoparticles (NPs) have larger surface areas compared
to their bulk counterparts, leading to exceptionally high mass
activities and current densities than bulk catalysts. In this
regard, the size effect of Au NPs was extensively investigated
for eCO,RR. Smaller Au NPs provided higher current densities
by their large surface area. On the other hand, low coordi-
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nation sites, such as corners and edges, were known as suit-
able surfaces for stabilizing reaction intermediates for CO,RR
and suppressing HER;'>'® however, the unbalance of these
sites in small Au NPs reduced CO faradaic efficiency (FE).
Strasser et al. reported that the eCO,RR activity increased in
small Au NPs, but the selectivity towards CO decreased simul-
taneously because the competing HER also enhanced at the
low coordinated sites."” Sun et al. investigated the size depen-
dency of eCO,RR using carbon-supported Au NPs in the range
of 4-10 nm."® Among the different NP sizes, 8 nm was proven
to be the optimum to yield high mass activity and FE for CO
production at a moderate overpotential (—0.52 V vs. reference
hydrogen electrode (RHE)).

The existence of an optimal size range reveals that the size
and surface structure have a trade-off relationship, which
limits catalytic performances. Regardless of the particle size,
generating intrinsically more active surfaces would be a prom-
ising approach to overcome such an upper bound of the
activity. For this aim, surface overgrowth from Au seeds in the
presence of surface regulating reagents has been developed as
a useful technique to yield unique shapes with specific high-
energy surfaces.'® Nam et al. synthesized Au concave rhombic
dodecahedrons by a seed-mediated overgrowth method. The
particles showed a high CO FE compared to Au cubes and
films,”® mainly rooted from the ensemble of multiple high-
index facets on the surface. However, this overgrowth method
also had a trade-off of size and shape since it also enlarged the
NP size and decreased the active surface area compared to the
initial seeds. The strategy is only feasible when the surface
activity of newly generated facets is enough to compensate for
the reduced surface area. In this regard, careful consideration
of the size-shape trade-off is necessary to synthesize Au cata-
lysts that are efficient for eCO,RR.

Here, we induced surface overgrowth from Au icosahedral
seeds (Ih) and successfully generated a uniform nanostar mor-
phology. The growth time was controlled to form Au nanostars
with small (s-NS) and large (I-NS) bumps. In eCO,RR, NS exhibi-
ted excellent catalytic performances, including current density,
mass activity, and FE for CO production, superior to Ih, s-NS,
and foils, for the entire potential range. From Ih to I-NS, the
electrochemical active surface area (ECSA) decreased. However, I-
NS showed a massive specific activity 3.8 times larger than Ih,
which highly exceeded the trade-off to get high mass activity. s-
NS exhibited lower activity and selectivity than Ih because high-
energy surface facets could not be fully developed. Structural ana-
lysis of I-NS indicated that {321} facets predominantly covered
the NP surface. Density functional theory (DFT) calculations sup-
ported that these {321} facets effectively stabilized *COOH inter-
mediates, resulting in high FE and activity for CO production.

Experimental

Chemicals and materials

Gold() chloride (AuCl), gold(u) chloride hydrate
(HAuCl,-xH,0), gold film (99.99%, thickness of 0.1 mm), poly

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

(vinyl pyrrolidone) (PVP, average M,, ~ 55 000), dimethylamine
(DMA, 45 wt% in aqueous solution), hydrochloric acid (HCI,
37%), potassium bicarbonate (KHCO;), Nafion® perfluori-
nated resin solution (5 wt%), N,N-dimethylformamide (DMF),
and 1,5-pentanediol (PD) were purchased from Sigma-Aldrich.
Isopropyl alcohol (IPA) and sulfuric acid (H,SO4, 95.0%) were
purchased from Junsei. Ketjen black carbon was purchased
from Lion Corporation. All chemicals were used as received
without further purification. Ultrapure water (18.2 MQ cm™")
was used for electrochemical experiments.

Synthesis of Au icosahedral seeds

In a typical synthesis, 0.25 g of PVP was dissolved in 5.5 mL of
PD and heated until refluxing. To this solution, 1.5 mL of
0.050 M AuCl in PD was quickly injected. After refluxing for
5 min, the reaction mixture was cooled down to room tempera-
ture and washed with ethanol three times. The final product
was dispersed in 10 mL of ethanol.

Synthesis of Au nanostars

Au nanostars were synthesized according to the literature with
modifications.>" In a typical synthesis, 3.6 g of PVP was dis-
solved in 45 mL of DMF. 300 pL of DMA and 240 pL of 2.5 M
HCl were added to the solution. 1.5 mL of Au icosahedral
seeds dispersed in ethanol were collected by centrifugation
and re-dispersed to 6.0 mL of DMF and then added to the reac-
tion solution. 60 pL of 0.050 M HAuCl, in DMF was added to
the mixture, and the reaction mixture was stirred for 4 h in a
65 °C oil bath. The product was centrifuged and washed with
ethanol twice, and finally dispersed in 5 mL of ethanol. For
the nanostars with shorter bumps, the procedure was the
same except for the reaction period being 1 h at 65 °C.

Characterization

Transmission electron microscope (TEM) images were
acquired with a Tecnai F30 ST (FEI) TEM operating at 300 kV.
For the sample preparation, the Au nanoparticle dispersion
was dropped onto a copper grid, and the sample was dried.

Preparation of working electrodes

The working electrode was prepared by loading the carbon-
supported Au nanoparticles on a glassy carbon electrode. The
carbon-supported Au nanoparticles were prepared by adding
colloidal Au NP dispersions in ethanol to a Ketjen black dis-
persion in ethylene glycol, followed by filtration and overnight
drying in a vacuum oven at 60 °C. The content of Au was kept
constant to be 11% by weight, measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES). This
carbon-supported sample was dispersed in isopropanol (1 mg
mL ") with a few seconds of ultrasonication. The glassy carbon
surface was masked by a friction tape to ensure a surface area
of 0.50 cm?. On this surface area, 0.10 mg of the sample was
drop-casted. Nafion® perfluorinated resin solution (5 wt%)
was diluted 20 times with isopropanol, and 30 pL of the solu-
tion was drop-casted on the sample.
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Electrochemical measurements coupled with gas
chromatography

All electrochemical measurements were performed with a Bi-
potentiostat (CH Instruments, CHI760E). A 0.5 M KHCO;
aqueous solution was prepared and saturated with CO, gas by
bubbling CO, at 200 cc min~" for 1 h to be used as the
electrolyte.

A gas-tight H-cell with cathodic and anodic chambers was
used for the eCO,RR system, where the cathode was the
working electrode, and the anode was a Pt plate. A Ag/AgCl (in 3
M NaCl) electrode was used as the reference electrode. The two
chambers were separated with a Nafion® 117 ion exchange
membrane. Only the cathode chamber was stirred at 260 rpm.
The CO, flow rate was fixed to 60 cc min~" using a mass flow
controller (MFC, Line Tech M3030 V), except for electrochemical
impedance spectroscopy (EIS) where the CO, flow and stirring
were turned off for the exact measurements. The out-line from
the cathode chamber was connected directly to the in-line of a
pulsed discharge detector gas chromatograph (PDD GC,
YL6500GC), enabling a direct product analysis of the catalysis.
Ultrahigh pure helium gas (99.9999%) was used as a carrier gas.

Before a typical eCO,RR measurement, a voltage of —1.0 V
(vs. Ag/AgCl) was applied for 60 s to ensure the contact of the
electrolyte with the catalyst. A linear sweep voltammetry (LSV)
from —1.0 V to —2.2 V (vs. Ag/AgCl) was carried out to check
the onset voltage for eCO,RR. The actual eCO,RR was carried
out by applying from —1.0 to —2.2 V (vs. Ag/AgCl) with 0.1 V
intervals (excluding —2.1 V) for 720 s. The concentration of
gaseous products was analyzed by gas chromatography for
each voltage step. This cycle was repeated once more to check
the catalytic stability of the Au nanoparticles. After two cycles
of eCO,RR, the LSV from —1.0 to —2.2 V (vs. Ag/AgCl) was con-
ducted 3 times. Open circuit potential measurement and EIS
were performed to calculate the resistance of the reaction cell.

The potential values from the experiment were converted to
the potential values versus a reversible hydrogen electrode
(RHE) according to the following equation. The resistance
value from EIS was subtracted from this potential to calculate
the real potential.

E(vs. RHE) = E(vs. Ag/AgCl) 4 0.209V + 0.0591V x pH — iR

A separate eCO,RR experiment was conducted to check the
stability of the Au nanoparticle catalysts. Instead of 12 steps of
voltages, a constant voltage of —0.7 V (vs. RHE) was applied for
4 h to the working electrode loaded with Au nanoparticles.

Electrochemical active surface area (ECSA) measurement

A cyclic voltammogram (CV) was obtained using the working
electrode in a 50 mM H,SO, electrolyte. The converged CV
data after repeated scans were acquired from 0 V to 1.5 V (vs.
Ag/AgCl) at a scan rate of 50 mV s~ ". The ECSAs of the Au cata-
lyst electrodes were calculated from integrating the clear peak
between 0.9 V and 1.0 V, which came from the reduction of
mono-layered chemisorbed oxygen formed during the forward
oxidation scan. The reduction charge per unit area was experi-
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mentally determined to be 448 pC em™>, which was used for
converting the integration value to ECSA.>?

Computational details

Spin-polarized density functional theory (DFT) calculations
were performed using the Vienna Ab initio simulation package
(VASP) code*?** with the revised Perdew-Burke-Ernzerhof
(RPBE) functional.>®?® The projector augmented wave (PAW)
method was used for describing the potentials of the atoms.>”
Geometries were optimized until the force on each atom was
less than 0.05 eV A™" with cut-off energy of 400 eV.

The lattice parameter of Au is 4.21 A.?® The Au(111) and Au
(211) were modeled by four atomic layers of a (3 x 3) surface
unit cell, and Au(321) was represented by 12 atomic layers of a
(4 x 4) surface unit cell. The Brillouin zone was sampled using
(2 x 2 x 1) Monkhorst-Pack K-points for Au(321) and (3 x 3 x 1)
for Au(111) and Au(211). Spacing more than 10 A in the z-direc-
tion was applied and half of the layers from the bottom were
fixed for all slab models. The computational hydrogen elec-
trode (CHE) model®® was used to calculate free energies for the
electrochemical reduction reactions. To convert electronic
energies into the Gibbs free energies, thermal corrections were
calculated only for gas molecules and adsorbates.°

Results and discussion

We considered multiple factors for designing efficient electro-
chemical catalysts based on Au NPs. First of all, Au seeds were
designed as small as possible to minimize the loss of surface area
from the large particle size. Secondly, the original Au seeds are
better to have low-energy surfaces with uniform facets to induce a
uniform surface structure with high stability. A large-scale syn-
thesis should also be available for consistent electrochemical reac-
tions. To meet these criteria, the Au icosahedron was selected as
an ideal seed structure, where the surface facets were regularly
composed of {111} and the morphology was close to a spherical
form. The icosahedral NPs were prepared by a modified polyol
process according to the literature.”* During the synthesis, AuCl
was used instead of HAuCl, to boost the reduction rate of Au ions
and diminish the eventual size of NPs. Fig. 1a shows a trans-
mission electron microscopy (TEM) image of the resulting Au ico-
sahedrons (Ih) with an average diameter of 23 + 2.5 nm. The
shape was highly uniform with a fraction of over 90%.

—_ —

Fig. 1 TEM images of Au (a) Ih, (b) s-NS, and (c) I-NS. The bars rep-
resent 20 nm.
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Surface overgrowth on Ih was induced by the addition of
HAuCl, in the presence of poly(vinyl pyrrolidone) (PVP) and di-
methylamine (DMA) as surface regulating reagents in di-
methylformamide (DMF). The reaction temperature was set
relatively low at 65 °C, which slowed down the reduction rate
of Au ions in the presence of HCl, ensuring the formation of
the high-energy surface by the action of DMA.>' During this
step, distinctive bumps started to grow on each surface. When
the reaction was quenched at 1 h, Au nanostars with small
bumps (s-NS) were generated (Fig. 1b) where the average dia-
meter was measured to be 36 + 2.3 nm. The bumps were fully
grown at the reaction time of 4 h, yielding Au nanostars with
large bumps (I-NS) with an average diameter of 52 + 7.2 nm
(Fig. 1c). The arrangement of the bumps in the Au nanostars
was highly symmetric in their two-dimensional projections of
the TEM images.

To investigate the effects of the surface morphology from
overgrowth on catalytic performances, three representative Au
morphologies, Ih, s-NS, and I-NS, were employed as catalysts
for eCO,RR. The eCO,RR was performed in an H-cell with a
typical three-electrode system using a Ag/AgCl reference elec-
trode and a Pt plate counter electrode. The electrolyte was a
0.5 M KHCOj; aqueous solution at pH 7.3. Results with a Au
foil cathode were also measured for comparison. Gas products
from the reaction were analyzed by gas chromatography (GC).

Fig. 2a shows the iR-corrected potential-dependent CO
partial current densities using a series of Ih, s-NS, I-NS, and Au
foil as electrochemical catalysts. In general, the CO partial
current density increased by increasing the negative applied
potential. It was clear that the Au NPs showed CO partial
current densities more considerable than those of the Au foil.
Among the Au NPs, I-NS gave the highest CO partial current
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for CO production versus applied potential.
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densities over the entire potential range. s-NS showed lower CO
partial current densities than Ih despite having multiple bumps
overgrown on the original Th surface. The mass activity is a sig-
nificant criterion for evaluating electrochemical performances,
especially for expensive noble metal electrocatalysts. The iR-cor-
rected potential-dependent CO mass activities were measured
from the exact Au amount in the working electrode using
ICP-OES (Fig. 2b). I-NS exhibited the highest mass activity for
the entire potential range. In particular, the mass activity of I-
NS was estimated to be 138.9 A g¢”' at —0.7 V (vs. RHE) with a
high FE of 97% for CO production, which was exceptionally
high compared to those reported in the literature (Table S1,
ESIf). Among the Au catalysts, I-NS showed one of the largest
mass activities. Besides, I-NS exceeded either bare or modified
Ag NPs, even though Ag NPs usually have higher mass activities
due to the atomic mass of Ag being less than Au.

For FEs, CO and H, were major products with a slight
amount of CH, from eCO,RR. The total sum of the FEs for
detected gas products was nearly 100%, indicating that the cat-
alysts generated only C; products from CO, (Fig. S1, ESIT). I-NS
showed the highest CO FE up to 97.7% at —0.73 V (vs. RHE)
(Fig. 2c). The other catalysts showed the optimal FEs of 75.5%
for Th, 51.1% for s-NS, and 7.86% for Au foil at the applied
potentials of —0.80 V, —0.65 V, and —1.00 V (vs. RHE), respect-
ively. In particular, I-NS still exhibited the CO FE of 92.1% at
—0.55 V (vs. RHE), notably higher than <50% of the other cata-
lysts. These trends were valid even when iR correction was not
considered (Fig. S2, ESIf), meaning that the polarization
effects were not significant in our experimental conditions.

The optimal loading ratio of Au on Ketjen black was also
examined. In addition to the 11 wt% Au loading with I-NS, the
7 and 40 wt% samples were also employed under the identical
eCO,RR conditions (Fig. S3, ESIf). When the Au content
increased from 7 to 11 wt%, both FEs and CO partial current
densities were enhanced. A further increase of Au loading to
40 wt% resulted in similar CO partial currents but lower FEs.
It proved that an optimization of the catalyst loading was
necessary for both activity and selectivity for CO.

To figure out the origin of high mass activity and selectivity
of I-NS, a more precise surface characterization was carried
out. The electrochemically active surface area (ECSA) of each
Au catalyst was estimated using a cyclic voltammogram of the
working electrode loaded with the catalyst in a 50 mM H,SO,
aqueous electrolyte.”**" The clear peaks between 0.9 V and 1.0
V (vs. Ag/AgCl) represented the reduction of monolayered
oxides on the Au surface (Fig. S4, ESIf). The ECSA was
measured from the integral of the reduction peak area, which
gave values of 1.06 cm? for Th, 0.88 cm? for s-NS, 0.52 cm?® for
I-NS, and 0.38 cm” for Au foil (Table S2 and Supplementary
Methods, ESIf). These ECSAs were in inverse order of the
average particle size. The specific activity for CO production,
which is the CO partial current density divided by the ECSA,
was also estimated (Fig. 2d). In the experiment, the specific
activity of I-NS (3.07 mA cm™> at —0.7 V vs. RHE) was still dis-
tinctively larger than any other Au catalysts for the entire
potential range. Considering that specific activities are strongly

Nanoscale, 2021,13,14346-14353 | 14349
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dependent on the surface structure, it is noteworthy that the
unique high-energy surfaces of I-NS provided a high activity
that vastly overcomes the reduced ECSA. The specific activities
of Th and s-NS (0.80 and 0.68 mA cm ™) were similar to that of
Au foil (0.48 mA em™?), indicating that their surface structures
were not much different.

To understand how the overgrowth method affected cata-
lytic performances, we simulated the relation of the NP dia-
meter with the mass and specific activity values of Th at —0.7 V
(vs. RHE) (Fig. 3a). The mass activity was inversely proportional
to the NP diameter, assuming that the total mass of Au was
fixed and the specific activity value was the same as Ih.
Therefore, a larger specific activity was necessary to compen-
sate for the loss of mass activity of the original Ih seeds. With
increased particle size, the specific activity should also
increase to meet the mass activity of the dashed line of Fig. 3a.
In our experiment for I-NS, although the diameter was
enlarged by the overgrowth method, the specific activity was
further enhanced to exceed this trade-off mass activity of the
large NPs (red dot). Whereas, s-NS showed that the mass
activity was sacrificed by the enlarged particle diameter
without enhancing the specific activity. As a result, the mass
activity was below Ih (blue dot). The relation between the par-
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ticle size and specific activity was also depicted in Fig. 3b. The
dashed line represents the specific activity needed to maintain
the mass activity of Ih. For I-NS, a specific activity two times
larger than that of Th (1.8 mA cm™?) was required to reach the
mass activity as large as Ih due to the large diameter. I-NS
exhibited a remarkable 3.8-fold larger activity than Ih, leading
to superior mass activity. In this graph, s-NS having a similar
specific activity with Ih could not compensate for the trade-off
trend with a larger diameter, resulting in low mass and
specific activities. Overall, I-NS represented high CO current
density and FE since the active surfaces could compensate for
the enlarged NP diameter. In contrast, s-NS having overgrown
surfaces without increasing specific activity sacrificed active
surface area and showed lower catalytic performances. These
results revealed that careful consideration for the trade-off of
NP size and surface was necessary to evaluate catalytic per-
formances of the overgrowth method.

Catalyst stability during a prolonged electrochemical
process is one of the most significant properties for actual
applications."” Durability tests were performed on Th and I-NS
at —0.65 V (vs. RHE) for 4 h (Fig. S5, ESIt). During the test, the
CO FE of I-NS dropped from 90.7% to 81.3%, demonstrating a
better consistency than Ih which showed a drastic decrease
from 82.8% to 50.0%. After the test, the morphology of both
catalysts did not change except that the edges and vertices
were slightly rounded. The catalyst morphology did not show
any severe agglomeration nor degradation.>*® At this point,
the rounding of edges and corner sites of Th which signifi-
cantly contribute to CO production was critical for the decreas-
ing FE during the reaction. On the other hand, the active,
high-energy facets of I-NS were maintained over 4 h giving sig-
nificant CO selectivity despite the partial loss of surface hom-
ogeneity. It was attributed to the advantage of overgrowth,
which transformed the entire particle surface into numerous
low coordination sites highly active for eCO,RR. The edge or
corner sites were limited in their population and were readily
deactivated during the reaction. Instead, the large number of
active facets generated on the faces by the overgrowth could
replenish the catalytic loss from a certain number of de-
activated sites. Thus, the overgrowth method could also
enhance catalytic durability.

To investigate the origin of the high specific activity of I-NS,
the surface morphology of 1-NS was characterized by both
high-resolution TEM (HRTEM) image analyses’”*”*® and
simulated three-dimensional models of nanoparticles.>"*° The
high-energy Au{321} facets on the surface of -NS were identi-
fied from the HRTEM images, and the structural models
covered with {321} facets also verified the uniform surface
structure of I-NS. The HRTEM image in Fig. 4a is viewed from
a [011] zone axis, which is determined based on the diffraction
pattern of a bump from I-NS.*° If we view the Au{321} surface
from the [011] axis, the two-dimensional projection of the
most outer edges would have an alternating pattern of two and
three steps as shown in Fig. 4d and e.”"*? Such patterns were
marked on Fig. 4b and c¢ based on the visible atomic arrange-
ments of the HRTEM image and atomic distances. The auxili-
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Fig. 4 (a) TEM image of a bump from |-NS and its corresponding FFT
pattern indicating a [011] zone axis. The (111) (white) and (200) (red)
planes are indicated. The areas in yellow boxes are magnified in (b) and
(c). The yellow planes and auxiliary lines in (b) and (c) correspond to the
atomic models in (d) and (e), respectively, depicting the top view of {321}
surface planes. The bars represent 2 nm for (a) and 1 nm for (b) and (c).

ary yellow lines representing the {321} facets were parallel to
the outmost surface lines, indicating that the surface of each
bump was majorly dominated by {321} facets except for the
round tip region.

We also built an ideal three-dimensional model of the Au
nanostars, where the surface only was bound by {321} facets
(Fig. S6, ESIT). The two-dimensional projections of this model
matched very well with the TEM images of individual particles,
where the deviations of tip angles were in the range of 2 to 4
degrees.”’ This comparison also confirmed that the {321}
facets were the predominant surfaces on 1-NS.

Tafel slopes of the Au catalysts were checked to verify that
all catalysts shared the same reaction mechanism and inter-
mediate (Fig. S7, ESIT). All Au catalysts showed similar slope
values: 158, 201, 219, and 171 mV dec™" for Ih, s-NS, I-NS, and
Au foil, respectively. These slopes were higher than that of the
polycrystalline Au surface, indicating that the rate-determining
step was the initial electron transfer from CO, to form an
adsorbed *CO,~.** Nyquist plots from EIS (Fig. S8, ESI{) also
showed that our catalysts followed a common reaction
pathway.**

It is reported that the relative energy level of the *COOH
adsorbates on the surface can determine the electrocatalytic
activity and selectivity of CO,RR for CO production."*>*® The
low binding energy of *CO on the Au surface has an advantage
in yielding gaseous CO due to the facile dissociation of CO pro-
duced on the Au surface. Besides, hydrogen evolution reaction
(HER) primarily competes with eCO,RR in aqueous conditions,
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which should also be considered to understand the high selecti-
vity toward CO production. Although the active sites on the Au
catalyst surface effectively lower the free energy of the *COOH
adsorbates, they may also be active towards HER by the occu-
pation of *H which is an intermediate for HER. Hence, the reac-
tion sites should stabilize the *COOH adsorbates and depress
the formation of *H for an effective eCO,RR. All of these inter-
mediates should be considered simultaneously.

A computational approach using density functional theory
(DFT) could provide critical information on the energetics of
reaction intermediates. The Au(321) facet was considered to
represent I-NS, while the Au (111) was a surface model for Ih
(Fig. 5). The conventional reaction mechanisms for CO,RR and
HER are suggested as follows:*’

For CO, reduction to CO (CO,RR),

CO; (g) + (H" + ) — *COOH (1)
*COOH + (H" + e~ ) — *CO + H,0 (1) (2)
*CO — CO (g) (3)

For H, evolution reaction (HER),
CH(H o) - H (4)
*H+ (H" +e7) - *+H, (5)

The free energy diagrams for CO,RR and HER are presented
in Fig. 5a and b. To estimate the catalytic activity, we mainly
focused on the potential-determining step (PDS), which
requires the largest free energy since the free energy change at
the PDS (AGpps) determines the overall overpotential. We
found that the *COOH formation (reaction (1)) was the PDS on
both Au(111) and Au(321). Noticeably, the AGpps of CO,RR on

a b os

12 Au(111) Au CO,RR Au HER
3 10 [ 3 06
& &
208 5 Au(111)
5] 5
o 06 > 04 / Au(321),
g g —
% 04 § o2
:;3 02 L §

0.0 == 00f —

*+CO, *COOH *CO+H,0 *+CO £ *H *+H,

cos d Au(321)

0.7t Au (111)

0.6F “
0)
o 04 Au (321)

Au(111

S0 e (111)

0.2t

o r&\

0.0

AAG = AGpos cozrr = BGpos ver *COOH *Co *H

Fig. 5 Free energy diagrams for (a) CO,RR producing CO and (b) HER
on Au(111) (black) and Au(321) (red). (c) Relative reaction free energy
(AAG) for CO,RR compared to HER for Au(111) and Au(321). Optimized
adsorption structures on (d) Au(321) and (e) Au(111) are presented.
Asterisk (*) indicates adsorbed species on the surface. The yellow,
brown, red, and pink balls indicate Au, C, O, and H atoms, respectively.
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Au(321) (0.71 eV) was significantly lower than that on Au(111)
(1.13 eV), indicating that CO, activation was more facilitated
on Au(321) (Fig. 5a). For HER, Au(321) showed a slightly
reduced AGpps (0.35 eV) than that of Au(111) (0.46 eV)
(Fig. 5b). To estimate the relative faradaic efficiencies on the
two catalyst facets, AAG, which is defined as the difference of
the free energy changes at the PDS for CO,RR and HER
(AGpps,cozrr — AGpps,uer), is plotted in Fig. 5c. The Au(321)
facet (0.36 eV) showed a clear improvement compared to Au
(111) (0.67 eV). The AGpps and AAG values revealed that the
superior CO current density and FE of I-NS originated from the
selective stabilization of *COOH binding energy over *H. In
other words, the scaling relation between *COOH and *H bind-
ings was broken on Au(321) facets of I-NS.**>!

The improved CO FE of I-NS resulted from the tuned
binding energies of the reaction intermediates. The binding
strengths of all adsorbates (*COOH and *H) became stronger
on Au(321) relative to those on Au(111). However, *COOH
showed a larger binding strength change over *H on Au(321).
To clarify this trend, we considered the effects of local coordi-
nate environments using the concept of generalized coordi-
nation number (GCN).>* (see Supplementary Method in ESIY).
The previous study showed that the GCN had a linear corre-
lation with the binding energies of adsorbates, including
*COOH, *H, and *CO,*® with the smaller GCN of the adsorp-
tion site yielding the stronger binding energy. In particular,
the GCN-dependence of the *COOH binding energy was four
times greater than that of the *H binding energy,”® suggesting
that the effect of low coordination sites was more critical for
CO,RR than for HER. In the present cases, the GCNs of the Au
(321) and Au(111) facets were calculated to be 4.9 and 7.5,
respectively. Therefore, the lower GCN of the Au(321) led to
improved activity and FE for CO production, consistent with
our calculations and experimental results. It indicates that the
low coordination sites of Au(321) in I-NS were the main reason
for facile eCO,RR.

Conclusions

In summary, we designed and synthesized a unique mor-
phology of Au nanostars through a simple overgrowth method
on an icosahedron surface. For eCO,RR producing CO, I-NS
showed a maximum FE of 98% at —0.73 V (vs. RHE), superior
to the other catalysts: Th, s-NS, and Au foil. Noticeably, the
mass activity of I-NS (138.9 A g~') was remarkably high com-
pared to Au catalysts reported thus far. Analyzing both size
and surface morphology effects indicated that the high activity
of I-NS originated from the large specific activity of I-NS sur-
faces, which was more than enough to effectively compensate
for the smaller surface area compared to the Ih seeds. Besides,
I-NS also presented high durability for eCO,RR.

The high activity and FE were attributed to the features of
the high-energy {321} facets majorly covering the I-NS surface.
According to DFT calculations, Au(321) selectively stabilized
*COOH, the major intermediate for CO,RR, due to the low
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coordination number of the local surface. The difference
between the free energy changes for CO,RR and HER on Au
(321) was smaller than on Au(111), supporting the high FE
towards CO production.

This work successfully demonstrated that inducing high-
energy facets on an existing Au surface by a simple overgrowth
step is feasible for providing high activity and selectivity on CO
production. The facets generated by overgrowth had the
specific activity large enough to outweigh the losses from the
reduced surface area. This synthetic strategy is simple and uni-
versal for various materials; therefore, it would be readily
extended to other catalytic surfaces such as wires, grids, and
thin films to promote catalytic performances. Moreover, it
would help to reduce the catalyst cost to an affordable range
for various applications.
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