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CO, electroreduction is developing as a promising technology to solve
environmental and energy problems. Alloy catalysts with dissimilar
local metal atoms induce geometric and electronic effects that may
greatly contribute to their performance. However, the fundamental
mechanisms for CO, reduction on a bimetallic Au alloy surface are still
ambiguous. Here, we report effective CO, reduction by the synergies
between electronic and geometric effects of Mo-doped Au nano-
particles (MDA NPs). A 97.5% CO faradaic efficiency and 75-fold higher
current density than pure Au nanoparticles were achieved at —0.4 V
versus the reversible hydrogen electrode for MDA NPs with at least
50 h lifetime. Our experimental and theoretical calculation results
reveal that the Au surface with increased electron density from Mo can
effectively enhance CO, activation. Moreover, the intermediate
*COOH may be further stabilized by the local Mo atom through
additional Mo-O binding to decrease the energy barrier.

The overuse of fossil fuels leads to the energy crisis and severe
environmental problems due to the increasing atmospheric
CO, concentration.» Reducing CO, to produce energy chem-
icals by using electrochemical methods can theoretically close
the anthropogenic carbon cycle.>* The industrial application of
CO, electroreduction relies on high-performance catalysts with
superior selectivity and stability. Researchers worldwide have
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developed various transition metal catalysts for CO, electro-
reduction under ambient conditions.*** Syngas (CO + H,) is the
feedstock for the Fischer-Tropsch process, a technology to
produce value-added chemicals and fuels."* Therefore, CO
production via electrochemical CO, reduction is the most
promising method to address the upcoming energy and envi-
ronmental problems."

Among the identified metal elements, gold (Au) represents
the essential element for catalyzing CO, reduction to produce
CO with the best selectivity.”® The high cost and low abundance
of Au are the limiting factors preventing its industrial applica-
tion. Reducing the noble Au usage and improving the specific
activity for future applications are of great importance. Hith-
erto, the preferable catalysts for CO production have often been
produced by tuning the microstructure to expose the catalytic
surface,""” changing the chemical composition,'*'®" and
introducing surface strain.”* However, these previous structural
property studies are not sufficient to depict a fundamental
protocol at the electronic structure level for CO, reduction.

In the pathway of CO production, the adsorbed CO,
undergoes electron transfer and proton-coupled electron
transfer reactions to form *COOH.* The sequence of the rate-
determining step and the ability to stabilize the *COOH inter-
mediate are the key factors in screening catalysts.'®** After the
subsequent pathways occur, *CO is formed and desorbed as
gaseous CO. For a highly selective CO catalyst, regulating the
local electronic environment is vital to facilitate *COOH
formation and stabilization and inhibit proton coupling to form
H,. Alloying can introduce electronic and geometric effects by
using dissimilar surface atoms with the modified adsorption
and stabilization properties of catalysts. Sun et al. fabricated
Au-Fe core-shell nanoparticles with a jagged surface through
surface Fe leaching, thereby showing enhanced mass activity
toward CO production."® Pd-Au alloys, which are a representa-
tive category of catalysts, have a fine-tuned surface atomic
structure with improved performance; however, fundamental
understanding of geometric and electronic structures of active
sites is lacking.'***** General methods and mechanistic insights
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should be developed for future industrial application of Au-
based electrocatalysts.

Herein, we report a new class of Mo-doped Au nanoparticles
(MDA NPs) with highly active, selective, and stable performance
to catalyze CO, electroreduction to CO under ambient condi-
tions. The maximum CO faradaic efficiency (FE) reached up to
97.5% at —0.4 V versus the reversible hydrogen electrode (RHE,
all reported potentials are with respect to this reference) with
hydrogen evolution totally suppressed which can be maintained
for over 50 hours of continuous electrolysis. CO can be detected
at an onset potential as low as —0.2 V on the fabricated MDA
NPs. Based on density functional theory (DFT) calculations and
mechanistic studies, the state-of-the-art performance achieved
by MDA NPs stems from the change of the surface electronic
structure together with the alloy geometric effect by Mo-doping
of Au.

We fabricated highly dispersed MDA NPs by a one-pot sol-
vothermal method at 280 °C using gold acetate (Au[OOCCHj3;];)
and molybdenyl acetylacetonate ([CH;COCH=COCH;],M00,)
as metal precursors, 1,2-hexadecanediol as the reducing agent,
octyl ether as solvent, and oleic acid and oleyl amine as
surfactants. The gold precursor was mixed with a high
concentration molybdenum salt solution due to the low solu-
bility of molybdenum in gold.*® The high-resolution trans-
mission electron microscope images of the MDA NPs (Fig. 1a
and b) revealed that the highly dispersed nanoparticles that
exhibited uniform sizes of 8.2 £ 0.2 nm in diameter were sup-
ported on a carbon black substrate. Fig. 1b shows that the
lattice spacing was 0.23 nm for MDA NPs, which is consistent
with the face-centered cubic (fcc) Au. The selected-area electron
diffraction (SAED) pattern (inset in Fig. 1b) of MDA NPs showed
concentric rings composed of bright discrete diffraction spots,
revealing the polycrystalline nature of the sample. MDA NP
elemental analysis was performed with inductively coupled
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Fig. 1 (a) TEM image of MDA NPs. (b) HRTEM image of MDA NPs
loaded on carbon black. Inset: SAED pattern. HAADF-STEM images of
(c) a single MDA NP and its corresponding EDS maps of (d) Au and (e)
Mo and (f) their overlapped image. (g) X-ray diffraction patterns.

12292 | J Mater. Chem. A, 2020, 8, 12291-12295

View Article Online

Communication

plasma mass spectrometry, X-ray photoelectron spectroscopy
(XPS) and energy-dispersive X-ray spectroscopy (EDS) with an
atomic Mo/Au ratio of 8.7% (Table S2f). The compositional
distributions of Au and Mo were investigated by elemental
mapping using EDS coupled with high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM).
Fig. 1c shows the HAADF-STEM image of a single MDA NP.
The EDS elemental maps of Au (Fig. 1d) and Mo (Fig. 1e) as well
as their overlapped image (Fig. 1f) were obtained in the same
region. These images indicated that Au and Mo atoms were
distributed uniformly in the MDA NP. X-ray diffraction
measurements were performed to further examine the phase of
the MDA NP (Fig. 1g). The diffraction peaks were attributed to
the Au (fcc) structure, and no separate diffraction peaks for Mo
species can be observed, indicating that no large clusters of the
Mo phases existed, and the Mo atoms were mixed in the Au
lattice.

XPS measurements of the samples were performed to
investigate the electronic properties. The Au 4f and Mo 3d
spectra of the MDA NP catalyst indicated the presence of Au and
Mo elements in the sample. Fig. 2a shows that the peaks of MDA
NPs and Au NPs at the binding energy of about 84 eV can be
assigned to metallic gold. Upon MDA NP formation, the binding
energy for Au of MDA NPs (83.9 eV) was decreased by 0.1 eV as
compared with that of pure Au NPs (84.0 eV). This finding
indicated that the electron density of Au increased in the MDA
NP, which is in good agreement with the electronegativity
considerations between Au and Mo. Thus, charge transfer may
occur between Au and Mo in MDA NPs to achieve higher elec-
tron density of the Au in MDA NPs compared with its counter-
part, pure Au NPs. Fig. 2b shows that Mo of MDA NPs comprises
three spin-orbit split components corresponding to metallic
Mo and oxidized Mo species including Mo*" and Mo®*, which is
also in agreement with previous noble-metal alloys.***” The Mo
3d spectrum for MDA NPs after CO, electroreduction (Fig. S117)
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Fig. 2 (a) Au 4f XPS spectra of MDA NPs and Au NPs. (b) Mo 3d XPS
spectra of MDA NPs. (c) (Top and side views) charge density difference
of Mo-doped Au(111). The green and red colors represent the charge
depletion and accumulation areas, respectively. (The isosurface value
is set to 0.002 e).
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reveals an increased ratio of Mo’/Mo°" indicating the formation
of metallic Mo® on the particle surface during the reaction,
while Mo species inside the nanoparticle still exhibit mixed
chemical states. The surface of MDA NPs is occupied by the
Au(111) plane based on HRTEM and XRD analysis. We then
conducted DFT calculations to investigate the Mo-doping effect
on CO, reduction and construct Mo-doped Au(111) and pristine
Au(111) models to represent the MDA NP and Au NP in the
experiment, respectively. Fig. 2c shows that the introduction of
the Mo atom was energetically favorable for doping into the
Au(111) surface lattice and transfer the electrons to the
surrounding Au atoms. According to quantitative Bader charge
analysis, the net charge transfer from Mo to Au was 1.05 e,
which is in good agreement with the XPS data and also confirms
the electron donor role of surface Mo.

We conducted the CO, reduction reaction at various applied
potentials in 0.5 M KHCOj; solution using MDA NPs and pure Au
NPs to evaluate the contribution in catalytic performance by
Mo-doping of Au. Au NPs exhibited a similar shape (Fig. S17)
and particle size distribution (Fig. S71) to MDA NPs to rule out
the influence of the particle size and shape.”®*® CO and H, were
the only gas products detected on both catalysts from —0.2 V to
—1.0 V. Shown in Fig. 3a are linear sweep voltammetry curves of
MDA NPs and Au NPs for CO, electrolysis. MDA NPs exhibit
higher current density than Au NPs. Fig. 3b shows the FE for CO
production in which the MDA NPs yielded the highest FE for CO
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Fig. 3 (a) Linear sweep voltammetry curves of MDA NPs and Au NPs in
CO,-saturated 0.5 M KHCOs3 solution. (b) Faradaic efficiencies for CO
production by MDA NPs and Au NPs. (c) Current densities for CO
production by MDA NPs and Au NPs. (d) Tafel plots of MDA NPs and Au
NPs. (e) Catalytic stability test of MDA NPs.
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production compared to Au NPs at all tested potentials. When
MDA NPs were employed, the onset potential of CO production
was at —0.2 V with a considerable amount of CO production,
which was only 0.09 V below the theoretical equilibrium
potential of CO,/CO (—0.11 V). The highest FE reached 97.5% at
—0.4 V with the competing HER completely suppressed, thus
representing the best performance for CO, electroreduction
among the reported Au-based catalysts at the same potential
(Table S17). For pure Au NPs, the onset potential was —0.4 V
with a 0.2 V higher overpotential than MDA NPs to actuate the
CO, reduction. Moreover, the current density for CO production
by Au NPs was only 0.15 mA cm ™2 at —0.4 V, which was nearly
75-fold smaller than that of MDA NPs (11.22 mA cm™?) at the
same potential (Fig. 3c). These results show that MDA NPs are
an outstanding catalyst for CO, conversion into CO by
substantially suppressing the H, evolution reaction.

Long-term electrocatalysis was performed at —0.4 V to test
the operational stability of the MDA NP. Fig. 3e shows that the
MDA NP catalyst possesses a relatively stable current density of
~10.9 mA cm > toward CO formation with a FE of ~96% over
50 h. The current density and selectivity of Au NPs dropped
dramatically during the 10 h electrolysis at —0.7 V, indicating an
inferior surface stability compared with MDA NPs (Fig. S47).
Furthermore, the electrochemical surface area (ECSA) of MDA
NPs after 50 h of electrocatalysis remains at 95% compared with
that before electrolysis, whereas only 20% ECSA remained after
10 h of reaction for Au NPs (Fig. S67). Thus, the MDA NP shows
superior selectivity and long-term stability for CO, reduction.
Moreover, the area-based catalytic performance based on the
ECSA in Fig. S8t provides insight that the active sites in MDA
NPs can be further increased by the geometric effect of Mo-
doping to possess a larger active surface area and specific
activity compared with Au NPs.

We subsequently employed Tafel analysis (Fig. 3d) to explore
the kinetic mechanism of CO, reduction on MDA NPs and Au
NPs. Mo-doping affects the mechanistic pathway during CO,
electroreduction. A Tafel slope of 116 mV dec ' was observed
for Au NPs, implying that the single electron transfer to CO, to
form surface-adsorbed CO,"~ is the rate-determining step in the
whole reaction. By contrast, the Tafel slope for MDA NPs was
59 mV dec ' at relatively low overpotentials, indicating a fast
one-electron transfer to the CO, molecule as a pre-equilibrating
step before the subsequent rate-limiting step.'®** The charge
transfer from Mo to Au leads to an electron rich surface of MDA
NPs that can effectively promote the fast electron transfer to the
CO, molecule as a fast pre-equilibrium step before the rate-
determining step. These results prove that the Mo doped in
Au can change the reaction pathway by the formation of elec-
tron rich active sites to further improve the catalytic activity,
and this finding is in agreement with previous literature.*"*

The CO, reduction on MDA NPs and Au NPs was elucidated
using DFT calculations. For the two-electron pathway for CO,
reduction to CO in Fig. 4a, the formation steps of *COOH,
namely, the first protonation step of CO, reduction, corre-
sponds to the electrochemical potential-determining step
(PDS), which limits the following CO generation. The free
energy barrier at the PDS decreased from 1.15 eV for Au(111) to
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Fig.4 (a) Free energy diagram of CO, reduction on Mo-doped Au(111)
and Au(111). Projected density of states analysis of *COOH on (b) Au
NPs and (c) MDA NPs. Insets show the optimized binding geometries.

0.68 eV for Mo-doped Au(111), clearly suggesting that the
formation of *COOH is highly favorable on the MDA NP. The
dopant Mo atom and surrounding Au atoms served as syner-
getic catalytic sites, in which both the C-Au and O-Mo binding
modes are responsible for stabilizing *COOH when compared
with the pristine Au(111) surface. Comparison of the projected
density of states (Fig. 4b and c) also indicated that except for the
electron density overlap in the energy range below —6 eV for C-
Au binding modes, O-Mo binding states were observed in the
energy range from —6.0 eV to the Fermi level for Mo-doped
Au(111). This result implies that the interaction between Mo
and *COOH on the Mo-doped Au surface through an additional
Mo-O binding can further improve the thermodynamic stability
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of the *COOH intermediate compared with that on the pure Au
surface. Thus, obtaining a low energy barrier for CO, reduction
using MDA NPs is reasonable to improve the catalytic perfor-
mance. Furthermore, we also simulated CO, reduction on
Au(110) and Au(322) surfaces accordingly as shown in Fig. S12
and S13.7 It was found that the CO, reduction activity on the
stepped surfaces is higher than that on Au(111) due to more
exposed unsaturated atoms around the stepped sites, and the
Mo-doping effect further stabilized the adsorption of the
intermediate *COOH, which results in the second protonation
process as the potential-limiting step. Meanwhile, we also want
to stress that Au(111) had the lowest surface energy, indicating
that the Au(111) surface is a dominant exposed surface* for Au
nanoparticles although the stepped (110) and (322) surfaces are
more suitable for CO, reduction. Mo-doping on such high
energy surfaces could destroy the intrinsic electronic structure
and degrade their original high-performances. By comparison,
the Mo-doping effect is helpful for improving CO, reduction on
the Au(111) surface. Therefore, Mo-doping on Au to improve
activity exhibits a dependence on the crystal surface, which also
confirms the dominating role of Au(111) planes on the MDA NP
surface to achieve an enhanced activity compared to Au NPs.

Conclusions

In summary, a highly active and stable MDA NP for CO,
reduction was synthesized using a solvothermal method. The
charge transfer occurred between two elements by introducing
Mo into Au to form electron rich Au sites near Mo atoms. For
MDA NPs, an impressive CO FE of 97.5% was achieved at —0.4 V
together with a 75-fold higher partial current density versus Au
NPs for at least 50 h. The improved performance originates
from the increased electron density of Au in MDA NPs to
provide extra affinity for CO, activation compared with that in
the pristine Au surface. Theoretical calculations also revealed
that Mo can help stabilize the *COOH intermediate through an
additional Mo-O binding to reduce the energy barrier. These
results show that the synergies between the electronic and
geometric effects can improve the CO, reduction performance
for the catalyst and thus provide fundamental mechanism
insights into alloy electrocatalysts.
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