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ABSTRACT: The electrocatalytic reduction of CO, to
industrial chemicals and fuels is a promising pathway to
sustainable electrical energy storage and to an artificial
carbon cycle, but it is currently hindered by the low energy
efficiency and low activity displayed by traditional
electrode materials. We report here the size-dependent
catalytic activity of micelle-synthesized Au nanoparticles
(NPs) in the size range of ~1—8 nm for the electro-
reduction of CO, to CO in 0.1 M KHCO;. A drastic
increase in current density was observed with decreasing
NP size, along with a decrease in Faradaic selectivity
toward CO. Density functional theory calculations showed
that these trends are related to the increase in the number
of low-coordinated sites on small NPs, which favor the
evolution of H, over CO, reduction to CO. We show here
that the H,/CO product ratio can be specifically tailored
for different industrial processes by tuning the size of the
catalyst particles.

B ecause of the growing global demand for energy, rising CO,
emissions from the burning of fossil fuels are an increasing
environmental threat that, if unmitigated, could have disastrous
environmental consequences. An ideal solution would be not
only to curb CO, emissions by switching to sustainable energy
sources but also to capture and reutilize waste CO, though its
conversion into fuels and valuable chemicals." A promising
method of CO, utilization is its direct electrocatalytic reduction
into useful hydrocarbons, such as methane and ethylene, or H,
and CO for Fischer—Tropsch processes.””® Several electro-
chemical®™” and computational® '® studies have investigated
different metal electrodes for this reaction. However, low energy
efficiency due to the need for high overpotentials to activate this
reaction and low selectivity for desirable hydrocarbons compared
with the formation of H, mean that this process is not yet
industrially viable."" Pioneering work by Hori and others
demonstrated that gold is one of the few metals that can produce
CO from the reduction of CO,.*'*'* Several recent studies
indicate that gold electrodes with modified surface morphologies
have superior catalytic properties to traditional polycrystalline
gold electrodes.'*™'® However, studies of well-defined ligand-
free Au NPs in the nanometer size range (<2 nm), where
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electronic and geometric finite-size effects play a significant role
in catalytic activity and selectivity,"”'® are still missing for this
reaction. This study sets out to fill this critical knowledge gap by
exploring catalytic size effects in this important size regime.

In order to elucidate the effect of structure on the CO,
electroreduction reaction over gold, we synthesized mono-
dispersed Au NPs using the inverse micelle encapsulation
method followed by complete ligand removal by an O, plasma
treatment. The catalytic activity and selectivity toward CO
formation during the electroreduction of CO, over these
catalysts were measured and shown to have a striking correlation
with NP size. In order to understand these trends, periodic
density functional theory (DFT) calculations of Au NPs in the
experimentally relevant size range and Au single-crystal surfaces
were performed, revealing the relation between surface atomic
coordination and catalytic behavior. Our work has uncovered
exceptionally high intrinsic catalytic CO, electroreduction
activities and previously unexplored size-dependent CO and
H, selectivities that translate to tunable H,/CO synthesis gas
ratios for use in a variety of different subsequent catalytic
transformations.

By means of the inverse micelle encapsulation method,'®™!
nine Au NP samples ranging from 1.1 to 7.7 nm in size were
prepared and deposited on glassy carbon. The samples are
labeled Aul to Au9 in order of increasing size. For atomic force
microscopy (AFM) morphological characterization, the NPs
were deposited onto SiO,/Si(111). Figure 1 shows AFM images
of the Au NPs after removal of the polymeric ligands. AFM
analysis revealed that the Au NPs had been prepared with narrow
size distribution and uniform coverage across the support. Size
histograms are shown in Figure S1 in the Supporting Information
(SI), and Table S1 lists the synthesis parameters and AFM
analysis results for each sample. Additionally, a cross-sectional
TEM image of our Au NPs supported on SiO,/Si(111) was
acquired, revealing the spherical shape of our NPs (Figure S2).
The relative Au surface coverage for each sample determined
from AFM (assuming a spherical NP shape with the measured
AFM height and NP density) was used to normalize all of the
subsequent electrochemical measurements.
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Figure 1. AFM images of four differently sized Au NP samples prepared
by inverse micelle encapsulation and supported on SiO,/Si(111): (a)
Aul (1.1 £+ 1.0 nm); (b) Au6 (3.6 + 1.0 nm); (c) Au8 (4.9 + 1.1 nm);
(d) Au9 (7.7 + 2.3 nm).

The Au NPs deposited onto glassy carbon supports were used
as working electrodes for the electrochemical reduction of CO,
in 0.1 M KHCO; at pH 6.8. Linear sweep voltammograms
(LSVs) measured from E = +0.22 to —1.22 V vs reversible
hydrogen electrode (RHE) are shown in Figure 2a after
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Figure 2. (a) Linear sweep voltammetry of CO, electroreduction over
Au NP catalyst samples. Data were acquired at room temperature in 0.1
M KHCO; with a =5 mV/s scan rate and were normalized by the
respective Au surface areas after subtraction of a background signal
measured on clean glassy carbon. (b) Faradaic current densities at E =
—1.2 Vvs RHE as a function of Au NP size, with error bars indicating NP
size distributions.

subtraction of a background signal measured on the glassy
carbon support and after normalization by the Au surface area.
For clarity, only five of the Au samples are shown here. LSVs of
the remaining samples are shown in Figure S3, in addition to that
of a Au foil measured under identical conditions. Decreasing the
particle size from 7.7 to 1.1 nm resulted in a drastic increase in
catalytic activity over a wide range of potentials. Figure 2b shows
the current density measured at E = —1.2 V vs RHE as a function
of NP size for all of the samples. Strikingly, the smallest NPs in
sample Aul displayed over 100 times the activity of the largest
NPs. All samples below 5 nm in size showed significantly higher
activity than bulk Au, while the largest NPs, Au8 and Au9,
showed comparable activity to bulk gold.

The absolute volume percent of reaction products was
measured under steady-state reaction conditions at E = —1.22
V vs RHE in order to characterize the NP size effect on the
reaction pathways. The results revealed that the increase in
activity for small NPs below S nm is mainly due to a sharp
increase in H, production (Figure 3a). Figure 3b shows the
Faradaic selectivity as a function of particle size, revealing a clear
size effect on the selectivity toward the two reaction products,
CO and H,. While the smallest NPs below 5 nm overwhelmingly
favored the production of H,, the largest NPs (7.7 nm, Au9)
showed a sudden increase in selectivity toward CO. The
intermediate NP sizes showed an approximately constant
Faradaic selectivity toward CO of ~18%, while Au9 showed
the maximum CO selectivity of 45% and Aul showed a minimum
of 9%. Consistent with earlier measurements by Noda'> and
Hori*"? (after conversion to the RHE scale; see the SI), a gold
foil measured under identical conditions showed 88.6% Faradaic
selectivity toward H, and 11.4% toward CO at E = —1.22 V vs
RHE, so that all NP samples except Aul displayed higher
selectivity toward CO than bulk Au. Evaluation of the actual
space time yields of CO revealed that Aul produces more than 8
mL of CO and over 80 mL of H, per hour and square centimeter
of active surface, corresponding to more than 0.36 mmol h™'
cm™? and 3.6 mmol h™' cm™ CO and H,, respectively, at the
applied cell voltage. The H,/CO molar ratio produced by each
sample is plotted in Figure 3c. Changing the size of the catalyst
particle enables careful tuning of the H,/CO ratio in the product
stream to acquire the desired composition. NPs below 5 nm in
size produce H,/CO ratios greater than 3, which is ideal for the
methane (synthetic natural gas, SNG) synthesis reaction.
Between 5—7.5 nm, a H,/CO ratio of 2 can be inferred by
extrapolation, which is suited for methanol synthesis or Fischer—
Tropsch processes. At a H,/CO ratio of 1, which occurs on NPs
approximately 7.5 nm in size, the product stream can be used for
hydroformylation of alkenes to aldehydes.

The superior catalytic activity of Au NPs less than S nm in size
is often explained by the increasing ratio of low-coordinated
surface sites such as edges and corners.'”'® These low-
coordinated sites allow for stronger binding of reactants or
intermediate species, which can lead to increased activity and
changes in product selectivity.”” In order to investigate the
population of such active sites on our NPs, model spherical fcc
Au structures between 1 and 20 nm in diameter were generated
(see the SI, Figure S4). The population of atoms with CN less
than 8 on the NP surface increases significantly for NPs below 2
nm, which is in excellent correlation with the enhanced activity of
these NPs shown in Figure 2b.

Cuboctahedral clusters were used as model shapes by Zhu et
al.' to determine the number of edge and corner sites for given
NP sizes in order to establish structure—reactivity correlations.
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Figure 3. (a) Particle size dependence of the composition of gaseous
reaction products (balance is CO,) during catalytic CO, electro-
reduction over Au NPs. (b) Faradaic selectivity toward H, and CO as a
function of NP size. Data were acquired in 0.1 MKHCO;atE=—12V
vs RHE. (c) Ratio of the volume % of H, and CO produced at E = —1.2
V vs RHE as a function of NP size.

However, their models fail to account for the difference in activity
they observed for NPs between 8 and 10 nm, and no
experimental data were available for the most interesting
samples, namely, those with sizes below 2—3 nm. As discussed
in the SI, it is expected that our NPs are spherically shaped with
energetically unfavorable low-coordinated atoms present on the
NP surface, as opposed to lower-energy facets. As shown below,
our smallest NPs (1.1 nm) were also modeled on the basis of
structures obtained by DFT.

Size-dependent reactivity was also observed by Kaufmann et
al.'® for CO, electroreduction over ligand-protected
Au,s(SC,H,Ph) g~ clusters (~1 nm) compared with bare 2
and 5 nm Au NPs and bulk Au. They also found that the current
density increases with decreasing particle size, but their catalytic
activities were an order of magnitude lower than those presented
on the present ligand-free Au NPs. Our smallest NPs in sample
Aul (1.1 nm in size) produced H, at a rate of 3.6 mmol h™! cm™
at E = —1.2 V vs RHE. In comparison, Kauffman et al. reported a

rate of approximately 0.01 mmol h™ cm™ for similarly sized
ligand-protected Au,; NPs at the same potential. The low
efficiency for H, production on their ligand-protected NPs could
be due to blocking of low-coordinated corner sites by the
encapsulating ligands, since such sites are expected to favor H,
evolution. Regardless, because of the low hydrogen yield, ligand-
protected Au NPs appear to be unsuitable for the production of
industrially valuable synthesis gas.

To further evaluate the effect of NP size on CO, electro-
reduction, DFT calculations were conducted on several models
of both extended Au surfaces and Au NPs, including a Au(111)
terrace, a Au(211) step, and Auyg and Augs NPs (see the SI for
more details). The results at 0 V vs RHE are shown in Figure 4.
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Figure 4. Free energy diagrams for electrochemical reduction of (a)
CO, to CO and (b) H* to H, on Au(111) (black lines), Au(211) (red
lines), Augg NPs (blue lines), and Auyg NPs (cyan lines) at 0 V vs RHE.
The dashed lines are results of calculations performed with a full
monolayer of adsorbed H.

We see that, consistent with previous calculations, the CO,
electroreduction intermediates COOH* and CO* are stabilized
on both the steps and NPs compared with Au(111). Similar
stabilizing trends are seen for the H, evolution reaction (HER)
intermediate H*, where AG (at 0OV vs RHE) is reduced from 0.28
eV on Au(111) to 0.21 eV on Au(211) and further to 0.06 and
—0.01 eV on Augs and Ausg NPs, respectively. Since a good HER
catalyst is required to exhibit H* binding that is neither too
strong nor too weak, i.e,,a AG close to 0V, 4726 the stabilization
of H* on Au NPs implies that Au, a traditionally inert HER
catalyst, could actually catalyze this reaction if the NPs are
sufficiently small and contain many undercoordinated defects.
For the CO, electroreduction intermediates, COOH* is
stabilized from AG = 1.47 eV on Au(111) to 127 eV on
Au(211) and further to 1.11 and 0.71 eV on Augs and Augg,
respectively. These results, calculated at low surface adsorbate
coverages, strongly imply that both CO, electroreduction and
hydrogen evolution proceed at higher rates on small NPs with
significant numbers of undercoordinated surface features
compared with extended surfaces, consistent with our NP-size-
dependent experimental trends. However, we note that the
calculated stabilization of the COOH* energy on smaller NPs is
substantially larger than the corresponding stabilization of HER
intermediates. Further, the results in Figure 4 suggest both that
CO* might accumulate on the small NPs and lead to poisoning
and that hydrogen might be present at relatively high coverages
on the NP steps and even terraces, at least at the very negative
potentials applied in the experiments. These considerations
suggest that coverage effects for CO and H might have important
consequences for the size-dependent trends in CO, electro-
reduction chemistry.

A very simple estimate of the coverages of CO* and H* at
different potentials can be made using Langmuir adsorption
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thermodynamics. The isotherms (Figure SS) indicate that
although the detailed CO* and H* coverage profiles vary from
one surface to the next, the overall trends are very clear and
consistent. At potentials higher than —0.3 V, both the surface of
Au(211) and the NPs are predominantly covered by CO*.
However, H* starts populating the surface at lower potentials
and becomes dominant on all surfaces at potentials lower than
—0.5 V. At the experimental potential, —1.2 V, it is clear that the
surface will be fully covered by H*, which emphasizes the
possible importance of the H* coverage effect on CO,
electroreduction. Although it is challenging to quantify this
effect, particularly for small NPs, a basic estimate of its
importance may be obtained on the single-crystal surfaces by
evaluating the electroreduction energetics in the presence of a
full monolayer of adsorbed hydrogen. The results at 0 V vs RHE
are given in Figure 4 with dashed lines. For the intermediate
CO*, consistent with the isotherm analysis, there is no CO
poisoning at low potentials at which surfaces are fully covered by
H. For the intermediate COOH?¥, although the trends are similar
to the case with no adsorbed H* (the binding is stronger on
Au(211) than on Au(111)), the binding of the intermediates
becomes somewhat weaker, and the corresponding energy
differences between Au(211) and Au(111) become smaller. If
these H coverage effects are somewhat similar on small Au NPs,
the increase in CO, electroreduction rate with respect to
decreased NP size would be mitigated, and consequent enhanced
selectivity toward the HER could be observed. Therefore, as the
NP size is decreased, CO production likely increases only slightly
while H, production increases significantly, explaining the
increased Faradaic selectivity toward H, on smaller NPs.

In addition to the larger population of low-coordinated atoms
at the surface of small NPs, quantum size effects responsible for
the alteration of the electronic structure may play a role, however,
itis likely that size-dependent changes in surface coordination are
the dominant cause of the enhanced activity of our small Au NPs
(see the SI).

Our results demonstrate the exceptionally high activity of
ligand-free micellar Au NPs for the electroreduction of CO, to
CO in aqueous solution. By correlation of activity and selectivity
trends with changes in CO, reduction and HER energetics, as
determined by DFT calculations, the drastic increase in activity
observed for NPs below 2 nm can be explained by the increase in
the content of low-coordinated sites. Furthermore, our results
indicate that changing the size of the NPs enables the adjustment
of the H, to CO product ratio, allowing for the production of
specific chemical feedstocks for different industrial applications.
Understanding these structure—activity relationships for cata-
lysts in the nanometer size range is critical for controlling
reaction pathways and designing highly active and selective
nanostructured catalysts.
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Experimental details, NP synthesis parameters, AFM histograms,
TEM image of a spherical Au NP, LSV data for all samples,
spherical NP models, and DFT calculation details. This material
is available free of charge via the Internet at http://pubs.acs.org.
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