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ABSTRACT: We report selective electrocatalytic reduc-
tion of carbon dioxide to carbon monoxide on gold
nanoparticles (NPs) in 0.5 M KHCO; at 25 °C. Among
monodisperse 4, 6, 8, and 10 nm NPs tested, the 8 nm Au
NPs show the maximum Faradaic efficiency (FE) (up to
90% at —0.67 V vs reversible hydrogen electrode, RHE).
Density functional theory calculations suggest that more
edge sites (active for CO evolution) than corner sites
(active for the competitive H, evolution reaction) on the
Au NP surface facilitates the stabilization of the reduction
intermediates, such as COOH¥*, and the formation of CO.
This mechanism is further supported by the fact that Au
NPs embedded in a matrix of butyl-3-methylimidazolium
hexafluorophosphate for more efficient COOH* stabiliza-
tion exhibit even higher reaction activity (3 A/g mass
activity) and selectivity (97% FE) at —0.52 V (vs RHE).
The work demonstrates the great potentials of using
monodisperse Au NPs to optimize the available reaction
intermediate binding sites for efficient and selective
electrocatalytic reduction of CO, to CO.

he ever-increasing worldwide consumption of fossil fuels
has accelerated the depletion of these finite natural
resources and led to overproduction of the greenhouse gas
carbon dioxide." To meet the fuel and chemical demands in a
sustainable way, the overly produced CO, must be converted
into reusable carbon forms.” Among many different approaches
developed thus far for CO, reactivation, electrochemical
reduction of CO, is considered a potentially “clean” method
as the reduction proceeds at the expense of a sustainable supply
of electric energy.’ Theoretically, CO, can be reduced in an
aqueous solution (pH 7, 1 M electrolyte at 25 °C and 1 atm
CO,) to form carbon monoxide, formic acid, methane or other
hydrocarbons at potentials around +0.2 to —0.2 V (vs reversible
hydrogen electrode (RHE); all potentials reported in this paper
are with respect to RHE).* Experimentally, however, very
negative potentials must be applied to initiate CO, reduction.”
These large overpotentials not only consume more electrical
energy but also promote the uncontrolled formation of
competitive reduction products, such as H,, causing low
energetic efficiencies and poor selectivity.”®
To succeed in CO, reduction and conversion, highly efficient
catalysts must be developed to lower the CO, reduction
overpotentials and to control the energy pathways of reaction
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intermediates. Various metal electrocatalysts have
been screened experimentally’”'? and analyzed
computationally"*™"* to rationalize their activity and selectivity
for CO, reduction. Recent advances in the synthesis of
nanoparticles (NPs) allow for testing of potentially increased
reaction kinetics due to the controlled surface area and surface
morphology achieved. This is demonstrated by electrochemical
reduction of CO, into hydrocarbons on Cu NPs,'®"” or into
CO on gold-based NPs/clusters."*>° Recently, a new form of
Au nanostructured catalyst made by anodization and electro-
reduction of an Au electrode was demonstrated to show high
selectivity for catalyzing CO, reduction to CO: its Faradaic
efficiency (FE) was ~96% at —0.35 V with current densities
between 2 and 4 mA/cm>'® It is suggested that the increased
stabilization of a reduced CO, adsorbate or the adsorbed
reaction intermediate COOH as well as the weakened CO
binding on the Au surface contribute to this selective reduction
of CO, to CO."*° However, the structure feature of the
catalyst surface is difficult to characterize, which complicates
further catalyst optimization.

Considering the size effect commonly observed in NPs and
the promising results demonstrated from nanostructured Au,
we chose to study monodisperse Au NPs as catalysts for
electrochemical reduction of CO, in 0.5 M KHCO; (pH 7.3) at
room temperature. We screened 4, 6, 8, and 10 nm Au NPs and
found that the 8 nm Au NPs were especially active for CO,
reduction into CO. Using density functional theory (DFT)
calculations, we rationalized this enhanced activity and
selectivity with the presence of dominant edge sites on the 8
nm NP surface, which facilitates the adsorption/stabilization of
key reaction intermediates (such as COOH*) for the CO,
reduction into CO and inhibits the hydrogen evolution reaction
(HER). This reaction model was further supported exper-
imentally as Au NPs embedded in a matrix of butyl-3-
methylimidazolium hexafluorophosphate (BMIM-PFy), a more
efficient COOH®* stabilizer, were indeed more active and
selective for CO, reduction into CO. The composite catalyst
containing 8 nm NPs exhibited up to 97% FE toward CO and a
mass activity of 3 A/g at —0.52 V. Our work demonstrates the
great potential of tuning electrocatalysis of Au NPs by creating
optimal edge sides on their surface for effective CO, reduction
into CO.
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The monodisperse Au NPs were prepared by procedures
modified from previous publications (see Supporting Informa-
tion (SI)).>'~*’ Transmission electron microscopy (TEM)
images show the diameters of the polyhedral Au NPs to be 7.7
+ 0.3 nm (Figure la) and 4.1 & 0.3, 6.3 + 0.3, and 10.5 + 0.5
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Figure 1. TEM images of (a) the 8 nm Au NPs and (b) the C-Au NPs.
(c) Potential-dependent FEs of the C-Au on electrocatalytic reduction
of CO, to CO. (d) Current densities for CO formation (mass
activities) on the C-Au at various potentials.

nm (Figure Sla—c). X-ray diffraction (XRD) patterns of the Au
NPs are shown in Figure S2. Using Scherrer’s formula, we
analyzed the line broadening of the 4, 6, 8, and 10 nm Au(111)
peaks and estimated the crystallite diameters of the NPs to be
2.0, 2.3, 4.0, and 5.9 nm, respectively, which are all smaller than
the particle diameters estimated from TEM analysis, indicating
a polycrystalline nature of the Au NPs.*' The Au NPs were
deposited on carbon support (Ketjen EC300]) (at a weight
ratio of 1:1) and annealed in air for 8 h at 165 °C to remove the
surfactant as reported,”*** giving C-Au. TEM analyses of the C-
Au showed no NP morphological changes or aggregation after
the treatment (Figure 1b). Actual Au weight ratios in the C-Au
catalysts were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) to be 0.21, 0.28,0.32, 035 g
Au per gram of C-Au for the 4, 6, 8, and 10 nm Au NPs,
respectively.

To study electrocatalytic reduction of CO, on the C-Au
catalyst, a C-Au paste containing 20 mg of C-Au NPs, 3 mg of
polyvinylidene fluoride (PVDF) and a few drops of N-methyl-
2-pyrrolidone (NMP) was prepared (see SI). The paste was
then painted onto a carbon paper (Toray TGP-H-060)>%*” and
dried under vacuum to serve as a working electrode. The
electrocatalysis was performed in a conventional H-cell
(separated by Nafion 212) with 0.5 M KHCOj solution (pH
7.3). In the reported conditions, CO and H, were the only two
detectable reaction products with net total FE at 100.6% =+
3.9%. Carbon support was found to be stable and produced
only low amounts of H, (see Figure S3). Figure 1c shows the
potential-dependent FEs of different C-Au NPs for CO
formation. Significant amounts of CO are generated at an
onset potential of —0.37 V, which is 026 V below the
theoretical equilibrium potential (—0.11 V). FE increases when
more negative potentials are applied and reaches near
saturation at —0.65 V. The CO, reduction activity is size-
dependent and the 8 nm NPs are the most active for CO
formation with FE reaching 90% at —0.67 V, which is better
than other reported polycrystalline Au catalysts (87% FE at
—-0.74 V).!¢ Figure 1d summarizes the mass activities of Au
NPs at various potentials for CO formation. The 4 nm Au NPs

have the highest value due to their small size and large surface
area.

Electrochemical reduction of CO, to CO in an aqueous
solution depends on the energetic stabilization of reduction
intermediates by catalytically active surfaces.'>'**® The

reaction is suggested'#*® to include the following steps:
CO, + H'(aq) + ¢ + * — COOH* (1)
COOH* + H*(aq) + e~ — CO* + H,0 )
CO* - CO + * ®)
H*(aq) + ¢ + * — H* 4)

H* + H"(aq) + ¢~ > H, + *
or
H* + H* — H, + 2% )

where the asterisk denotes either a surface-bound species or a
vacant catalytically active site. The formation of CO does not
only depend on the stabilization (step 1) and reduction (step
2) of a COOH*, but also on the ability of the catalyst to
liberate the CO product (step 3). For high CO selectivity, the
catalyst needs to balance steps 1—3 while inhibiting the
hydrogen evolution reaction (HER) via H" reduction (steps 4
and S), a major side reaction that is often observed in studying
electrochemical reduction of CO,.

To understand the origin of the high CO selectivity on Au
NPs, we applied DFT to calculate the free energies of these five
elementary reaction steps. The catalyst was modeled in a
number of different geometries with the Grid-based projector-
augmented wave (GPAW) electronic-structure code in order to
understand the reactivity of different Au features (see SI). The
total energy of these surfaces or clusters with or without
adsorbates was calculated and converted to free energy (AG) at
25 °C, 1 atm, and —0.11 V, the theoretical equilibrium potential
of CO, reduction into CO. Figure 2a shows the calculated free
energy diagram for CO, reduction on Au(111), Au(211), and
Auy, based on the computational hydrogen electrode model.>*
The literature data shown for comparison (dots and the related
bar as the arithmetic average) are taken from Au(111),*73?
Au(211),?%*3% and Au;;*° or Au,,>* and are converted to
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Figure 2. Free energy diagrams for electrochemical reduction of (a)
CO, to CO and (b) protons to hydrogen on Au(111) (yellow
symbols), Au(211) (orange symbols), or a 13-atom Au cluster (red
symbols) at —0.11 V. Horizontal lines are calculations from this study,
and dots are the literature data'>**73* converted to free energies.
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the same reference energies. All energies are plotted at the
reversible potential of the CO, to CO reaction and a “perfect”
catalyst would exhibit zero free energy change throughout the
reaction. On Au(111) at —0.11 V, CO, activation through
COOH¥* formation is associated with a high increase in free
energy, AG. This energy can be supplied in the form of the
overpotential required to form reaction intermediates. On
Au(211), the required AG to form the COOH* intermediate is
significantly lower, compared to Au(111), suggesting a higher
activity of stepped surfaces in CO, reduction. On Auy;,
COOH* formation is slightly more facile than on Au(211);
however, the Au,; tends to overbind CO, relative to Au(211),
which would be expected to decrease the rate of product
liberation. It should be noted that the effect of adsorbate
coverage (1/4 to 1/16 of a monolayer) does not alter the
relative positions of the free energy levels significantly.'>**~>3

The calculated AG diagram suggests that the overpotential of
CO, reduction or the partial current of CO formation on Au
NPs at a given potential can be controlled by the density of
catalytically active edges, which is controllable by NP size and
surface structure. Similar trends can be seen with the calculated
AG changes of adsorbed hydrogen on Au(111), Au(211), and
the Auy; cluster (Figure 2b). Au surfaces tend to be poor for
HER due to the metal’s nobility.>> However, the increased
affinity of low-coordination sites for H, exhibited by the Au,;
cluster, turns Au into a much more optimal HER catalyst. The
AG of H* on the Au,; cluster is below the AG of COOH¥,
suggesting formation of H, at low potentials on low-
coordination sites. The Au(211) facet, on the other hand, is
expected to yield high CO selectivity due to weak binding of
H* relative to COOH* on this facet. Edge sites favor CO
formation while corner sites are active for H, evolution.

To address size-dependent electrocatalytic properties of the
Au NPs, we treated the NPs as perfect cuboctahedra and
obtained the relationship between the density of catalytically
active surface sites and the cluster diameter (Figure 3). At a
diameter of about 2.7 nm, the fraction of the active surface
atoms equals the fraction of bulk atoms, suggesting that smaller
particles will have higher mass activities. NPs below this size
may additionally be expected to show finite size effects.>”*%”
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Figure 3. Density of adsorption sites (yellow, light orange, dark
orange, or red symbols for (111), (001), edge, or corner on-top sites,
respectively) on closed-shell cuboctahedral Au clusters vs the cluster
diameter. The weight fraction of Au bulk atoms is marked with gray
dots.

NPs with diameters ~4 nm maintain a relatively high density of
edge sites between 10 and 13%; at larger particle diameters, NP
catalysis may be dominated by the close-packed (111) facets,
leading to the reduced selectivity for CO over H, (Figure 2).
Smaller particles have a higher density of strongly binding
corner sites, which are active for H, evolution. Our data on FE
for CO formation (Figure 1lc) suggest that the origin of the
activity of the Au NPs lies not in a particular quantum size
effect but in an optimal density of catalytically active edge sites.
The 8 nm Au NPs with 4 nm crystallite diameter appear to
provide a near-optimum number of edge sites that are
particularly active for CO, reduction into CO while minimizing
the number of corner sites active for the HER.

The AG diagram of the CO, reduction into CO shows that
the major fraction of the overpotential comes from the need to
energetically stabilize COOH* (Figure 2). A recent report
suggests that ionic liquids (ILs) may lower the overpotential for
CO evolution,®® which we hypothesize may be due to the
stabilization of the adsorbed COOH* intermediate. This
indicates that combining C-Au NPs with IL (C-Au-IL) may
allow for highly selective and active CO, reduction into CO. To
test this hypothesis, we prepared C-Au-IL by adding IL
(BMIM-PF() to previous C-Au-PVDF paste and painted it
onto carbon paper. The IL effect on CO, reduction was further
studied by mixing 20 mg of the C-Au (8 nm) with different
volumes of IL. Figure S4 shows the FEs and mass activities for
CO formation in the presence of S, 10, 15, or 20 uL of IL. The
addition of IL increases the FE significantly in the low potential
region. In the region more negative than —0.6 V, both FEs and
mass activities decrease sharply with increased IL loadings. This
is likely caused by the stronger adsorption of hydrophobic IL,
which reduces the active sites and inhibits protonation of the
reduced CO,. For 20 mg of the C-Au, 10 uL of IL is the
optimum amount that can be used to enhance Au catalysis.
Figures 4a,b and SS show the activity of the C-Au-IL (10 L of
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Figure 4. Potential-dependent (a) FEs and (b) mass activities of the
C-Au-IL on electrocatalytic reduction of CO, to CO in the presence of
10 uL IL. (c) Plot of mass current densities over time of the C-Au-IL
(8 nm NPs, 10 uL IL) for CO, reduction. (d) TEM image of the 8 nm
NPs in C-Au-IL after CO, reduction reaction study.

IL) for reduction of CO, to CO. Comparing to the FE and
mass activities of the C-Au NPs (Figure 1c,d), we can see that
in the presence of 10 uL of IL, the same 8 nm Au NPs show
much higher selectivity (~80% FE at —0.37 V and 97% FE at
—0.52 V) and highest mass activities for CO formation at all
potential ranges. Both C-Au and C-Au-IL retain their catalytic
activities in a wide potential region (Figures S6 and 4c), and the
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Au NPs in the C-Au-IL show no morphological change after
CO, reduction (Figure 4d), indicating the C-Au NPs are stable
in the current electrochemical reaction condition.

In summary, we have synthesized a series of monodisperse
Au NPs and studied their electrocatalytic reduction of CO, to
CO. Among 4, 6, 8, and 10 nm Au NPs tested, the 8 nm Au
NPs show the highest selectivity with their FE reaching 90% at
—0.67 V. DFT calculations suggest that the highly selective CO
formation on the 8 nm Au NPs is due to presence of an
optimum ratio of the edge sites, which are active for CO,
reduction, over corner sites, which are active for H, evolution.
When embedded in a matrix of butyl-3-methylimidazolium
hexafluorophosphate, the Au NPs become even more active for
CO, reduction. The composite catalyst containing 8 nm Au
NPs has FE up to 97% and mass activity of about 3 A/g at
—0.52 V. Our study provides evidence that stabilization of
COOH* is key to the CO, reduction activity enhancement, and
demonstrates great potentials of monodisperse Au NPs for the
selective electrochemical reduction of CO, to CO. With the
recent advances in chemical syntheses of monodisperse NPs
and computational methodology, various NP catalysts can now
be designed and tested, making it possible to control specific
reaction pathways and to achieve selective electrochemical
reactivation of CO, into a desired form of carbon.
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