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ABSTRACT: Gold inverse opal (Au-IO) thin films are active
for CO, reduction to CO with high efficiency at modest over-
potentials and high selectivity relative to hydrogen evolution.
The specific activity for hydrogen evolution diminishes by
ten fold with increasing porous film thickness while CO evo-
lution activity is largely unchanged. We demonstrate that the
origin of hydrogen suppression in Au-IO films stems from
the generation of diffusional gradients within the pores of
the mesostructured electrode rather than changes in surface
faceting or Au grain size. For electrodes with optimal meso-
porosity, 99% selectivity for CO evolution can be obtained at
overpotentials as low as 0.4 V. These results establish elec-
trode mesostructuring as a complementary method for tun-
ing selectivity in CO,-to-fuels catalysis.

The electroreduction of carbon dioxide is a promising meth-
od for storing intermittent renewable electricity in energy
dense carbonaceous fuels.”* However, the high cost and low
efficiency of electrochemical CO, reduction (CDR) has pre-
vented this technology from reaching economic viability.*
CDR is most practically achieved in aqueous electrolytes, in
which the more kinetically facile reduction of protons to H,
often outcompetes CO, reduction, eroding reaction selectivi-
ty. Indeed, the paucity of general materials design principles
for selectively inhibiting the hydrogen evolution reaction
(HER) impedes the systematic development of improved
CDR catalysts.'

Recently, numerous nanostructured metals have been shown
to catalyze CO, reduction with improved selectivity relative
to planar polycrystalline foils. For example gold, copper, and
lead films prepared by electrochemical reduction of copper,
gold, and lead oxides, respectively, display high CDR selectiv-
ity at low overpotentials.”” Likewise, de-alloyed porous Ag
films® and carbon-supported Au nanoparticle® ™ and nan-
owire electrodes” have been shown to catalyze the reduction
of CO, to CO with high selectivity. This enhanced selectivity
may arise from increases in the specific (surface area normal-
ized) activity for CDR and/or from a decrease in specific ac-
tivity for HER. For oxide-derived gold, evidence points to
both effects,” whereas for oxide-derived Cu and Pb, specific
HER activity have been shown to diminish more dramatically
than CDR activity, giving rise to enhanced selectivity for the
latter.>” In general, selectivity differences have been attribut-
ed to the intrinsic selectivity of the active sites in the materi-

al. However, observations of thickness-dependent product
selectivity for electrodeposited porous copper thin films™
suggest that mass transport effects may also play a role in
determining product selectivity. For example, when consid-
ering CO, reduction catalyzed by Au, which generates CO
and H, predominantly, both the desired reaction (eq. 1) and
H, evolution (eq. 2) consume protons,

CO, + 2H* +2e~ - CO + H,0 (eq.1)
2H*Y 4+ 2¢” > H, (eq.2)
necessitating the formation of a pH gradient at the electrode
surface irrespective of the product distribution.” However,
all high surface area catalysts explored to date exhibit a high
degree of disorder in pore size, length, and tortuosity, mak-
ing it difficult to unambiguously deconvolute surface struc-

ture and transport effects.

For reactions in which only a single product is possible, in-
hibited mass transport in a porous electrode can only serve
to reduce specific activity relative to a planar surface. How-
ever, the conditions of CO, reduction allow for many reac-
tions to take place simultaneously, each of which may be
gated by diffusion of a different species. Thus, an appropri-
ately designed mesostructure that takes advantage of the
differential transport characteristics of each reaction, should,
in principle, enable enhanced selectivity. Herein, we show
that this is possible by leveraging mesostructure, rather than
surface structure, to modulate CDR selectivity. We synthe-
sized a series of ordered gold inverse opal thin-films (Au-IO)
of varying thickness and show that diffusional gradients
formed within the porous film dramatically suppress HER
specific activity relative to CDR, leading to near quantitative
selectivity for CO generation at modest overpotentials.

Gold inverse opals were synthesized by replication of ordered
porous thin films.'®” Here, colloidal crystal templates were
prepared by vertical deposition of 200 nm polystyrene
spheres onto gold-coated glass slides (see SI for synthetic
details).” Gold was then deposited into the pores by constant
current electrodeposition from an aqueous electrolyte bath
containing potassium tetrachloroaurate. By controlling the
time duration of electrodeposition, the thickness of the re-
sulting Au-IOs were systematically varied. The polystyrene
spheres were then removed from the Au-IO by solvent ex-
traction in toluene to furnish Au thin films with ordered po-
rosity. SEM images of the resulting Au-IO replicas (Figure 1a)
evince the formation of an ordered porous network that



smoothly coats the surface. The porous network consists of
200 nm spherical voids interconnected by circular apertures
of ~70 nm. Cross-sectional SEM images (Figure 1b) reveal
that the porous network extends uniformly from the surface
of the film to the underlying Au substrate. Consistent with
this observation, electrochemical measurements of the elec-
troactive surface area via Cu underpotential deposition™® re-
veal a linear increase in the roughness factor of the electrode
with increasing porous film thickness (Figure S1). The Au-IO
samples examined here were approximately o.5, 1.6, and 2.7
pm thick with roughness factors of 4, 10, and 27, respectively.
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Figure 1. Top down (a) and cross sectional (b) SEM images of
a Au-1O thin film. Grazing incidence X-ray diffraction (c) of
0.5 (green), 1.6 (blue), 2.7 (red) pm thick Au-IO samples
showing the Au,, Bragg diffraction peak. Cyclic voltammo-
grams (d) of 0.5 (green), 1.6 (blue), 2.7 (red) pm thick Au-IO
samples recorded in o1 M NaOH containing o0.01 M
Pb(OACc), (10 mV/s scan rate).

Au-IO films display similar grain structure and surface ter-
mination, irrespective of thickness. Grazing incidence XRD
of the thin films (Figures 1c and S2) reveal similar peak
widths for the Au(i) reflection consistent with very similar
grain sizes, estimated to be ~20 nm by the Scherrer equation,
for all of the samples. To gain insight into the surface termi-
nation of Au within the pores, we examined Au-IOs by un-
derpotential deposition (UPD) of Pb. Unlike Cu UPD, which
is diagnostic of the total electroactive area, P'b UPD is diag-
nostic of the relative population of low index facets. Irrespec-
tive of film thickness, all Au-IO samples display two Pb dep-
osition features at 0.35 and 0.47 V, (all potentials are report-
ed versus the reversible hydrogen electrode, RHE) and two
corresponding stripping features at 0.44 and 0.5 V, respec-
tively (Figure 1d). These waves corresponds to Pb deposition
onto and stripping from the (11) and (u110) facets exposed in
the Au-IO film.” The relative magnitude of each of these
waves is similar, indicating that Au surface termination re-
mains constant, independent of Au-IO film thickness.
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Figure 2. Faradaic efficiency for CO (a) and H, (b) evolution
for 0.5 (green), 1.6 (blue), 2.7 (red) pm thick Au-IO samples
evaluated in CO, saturated 0.1 M KHCO, electrolyte, pH 6.7.
Error bars are standard deviations of three independently
synthesized Au-IO samples for each thickness.

Despite displaying similar grain structure and surface termi-
nation, Au-IO catalysts exhibit thickness dependent selec-
tivity for CO, reduction catalysis. We evaluated the Au-IO
samples for electrocatalytic CO, reduction in a two-
compartment cell separated by a Selemion anion exchange
membrane. Electrolysis was performed at a variety of fixed
potentials in CO, saturated 0.1 M KHCO, (pH 6.7) and the
evolved gases were periodically sampled and quantified by in
line gas chromatography (see SI for details of CO, reduction
catalysis runs). To ensure against electrode deactivation via
trace metal ion deposition, we purified all electrolytes using
solid phase chelation.” Raw chronoamperometry traces are
shown in Figure S3. As seen in Figure 2a, the thinnest, 0.5
pm, sample displays the lowest faradaic efficiencies for CDR
at all potentials, whereas the intermediate and thick elec-
trodes exhibit higher efficiency for CDR. For example, at 0.4
V the 0.5 pm Au-IO films exhibit a faradaic efficiency (FE) for
CO production of 50% whereas the 2.7 pm Au-IO films gen-
erate CO with 75% FE. Interestingly, the intermediate and
thickest electrodes have similar faradaic efficiency for CDR.
For comparison, at —0.4 V, planar polycrystalline electrodes
display 50% selectivity for CO production.® In concert with
the rise of CO FE as the porous film thickness is increased,
the HER FE declines (Figure 2b). Indeed, within experi-
mental error, CO and H, account for all of the current passed
in the electrolysis. Taken together, the data suggest that in-
creased electrode porosity serves to improve electrode selec-
tivity for CDR relative to HER.

To gain further insight into the origin of porosity-dependent
CDR selectivity, we compared the specific activity for CDR
and HER at various potentials (Figure 3). Specific activities
were calculated by normalizing the observed partial current
densities for CO and H, evolution to the electrochemically
active surface area of each electrode.”® Remarkably, despite a
3 fold increase in thickness, corresponding to a 2.5 fold in-
crease in roughness factor, the thin and intermediate Au-IO
films display identical specific activities for CO evolution
over the entire potential range (Figure 3a). The thickest Au-
IO samples, in contrast, display a decrease in CO specific
activity by a factor of ~2, which we attribute to the onset of
transport limitations for the thickest sample.

In comparison to the relative invariance of CO specific activi-
ty with thickness, H, specific activity is appreciably and sys-
tematically attenuated as the film thickness increases (Figure
3b). Whereas the thinnest Au-10 films display a HER specific
activity of 22 pA/cm” at 0.4 V, specific activity drops to 7 and
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3 pA/cm® for the intermediate and thick samples, respective-
ly. Beyond 0.4 V, the thickest samples uniformly display an
order of magnitude decrease in HER specific activity relative
to the thinnest Au-IO films. In contrast to the polarization
curves for CO production, which exhibit roughly log-linear
scaling in activity between current and applied overpotential
(Figure 3a), the HER polarization curve is sigmoidal - the
specific activity initially rises from -0.30 to -0.35 V, then
declines or plateaus, depending on film thickness, from -0.35
to —0.45 V, before rising monotonically beyond -o0.45 V (Fig-
ure 3b). The sigmoidal behavior is observed for all thickness-
es but is most pronounced for the thickest Au-10. The obser-
vation of declining electrocatalytic activity with increasing
driving force is rare and typically indicates reaction inhibi-
tion. Notably, the decline in H, specific activity coincides
with the generation of CO at appreciable rates. Thus, we
postulate that CO adsorption and/or proton depletion
caused by CO generation serves to inhibit HER catalysis.
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Figure 3. Specific activity for CO (a) and H, (b) evolution for
0.5 (green triangles), 1.6 (blue circles), 2.7 (red squares) pm
thick Au-IO samples evaluated in CO, saturated oi M
KHCO; electrolyte, pH 6.7. Error bars represent standard
deviations of three independently synthesized Au-IO sam-
ples for each thickness.

To isolate the role of local pH gradients in HER and CDR
activity, we evaluated all samples in CO, saturated o.5 M
KHCO,, pH 7.2. The significantly higher buffer strength
serves to diminish large pH gradients that are expected to
form within the pores of Au-IO films. As seen in Figure 4a,
the CO specific activities rise by a factor of between 2 and 4
depending on film thickness, but retain the general shape
and trend observed in 0.1 M KHCO,. In contrast, the H, evo-
lution curves change dramatically. In the stronger buffering
environment, the H, specific activity is invariant with film
thickness for the thin and intermediate samples, whereas the
thickest films still display suppressed hydrogen evolution by
~10 fold below -0.40 V (Figure 4b). The thickest Au-IO sam-
ples also display a plateau in H, specific activity at potential =
-0.40 V but rise continuously at higher overpotentials. In
contrast, the thinner films display monotonically rising activ-
ity over the entire potential range leading to higher HER
specific activity beyond —o0.40 V relative to the lower buffer
strength. Overall, the rise in HER specific activity in 0.5 M
KHCO; outpaces the modest gains in CO production, leading
to lower CO, reduction selectivities over the entire potential
range (Figure S4). Taken together, these results suggest that
HER inhibition is principally driven by increased alkalinity
that develops within the porous network during catalysis.
Although a comprehensive microkinetic model is still the
subject of ongoing investigations, we postulate that this in-
creased alkalinity serves to directly slow the rate of HER via

local depletion of competent proton donors such as HCO;".
Notably, the increased alkalinity does not appear to appre-
ciable decrease the effective CO, concentration in the pores,
consistent with its slow hydration kinetics.”’ Additionally,
computational® and experimental data®** indicate that hy-
droxide adsorption promotes CO binding to Au. Thus, the
increased alkalinity may also indirectly suppress HER by
enhancing CO adsorption.
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Figure 4. Specific activity for CO (a) and H, (b) evolution for
0.5 (green triangles), 1.6 (blue circles), 2.7 (red squares) pm
thick Au-IO samples evaluated in CO, saturated o.5 M
KHCO, electrolyte, pH 7.2.

The differential mass transport requirements of HER and
CDR are evident even on polished polycrystalline gold elec-
trodes. Whereas high porosity serves to amplify the influence
of diffusional gradients, electrode rotation achieves the op-
posite effect by accelerating convective flow of reagents to
the electrode surface.” Figure 5 shows the rotation rate de-
pendence of HER and CDR catalysis on a non-porous poly-
crystalline rotating cone electrode. The rotating cone geome-
try is ideally suited for the study of gas evolution reactions
because it prevents bubble accumulation on the electrode
surface.”® As the rotation rate is increased from 625 to 3500
rpm, the rate of CDR catalysis is unchanged whereas the rate
of HER catalysis increases by ~22%. These results highlight
that, irrespective of electrode morphology, CO, reduction
catalysis is far more resistant to transport limitations than H,
evolution.
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Figure 5. HER (red squares) and CDR (black circles) catalytic
current vs rotation rate of a gold rotating cone electrode in
CO, saturated o1 M NaHCO; at -o0.50 V vs RHE. Lines are
included as guides to the eye.

In summary, we have shown that electrode mesostructuring
is a powerful tool for tuning the selectivity of CO, reduction
catalysis. Diffusional limitations imposed by a porous elec-
trode serve to inhibit hydrogen evolution while preserving
high rates of CO, reduction to CO. These results highlight
that changes in the observed selective for CDR cannot, a
priori, be exclusively attributed to changes in the intrinsic
selectivity of surface active sites. Indeed, a complex interplay
between surface structure, electrode mesostructure, and the
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electrolyte composition serve to define the experimental
selectivity. The ordered porous environments provided by
metal inverse opals make them an ideal platform for decon-
voluting these effects, enabling accurate simulations of sur-
face concentration profiles and systematic studies of reaction
mechanism.
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