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ABSTRACT: The local structure and geometry of catalytic
interfaces can influence the selectivity of chemical reactions.
Selectivity is often critical for the practical realization of
reactions such as the electroreduction of carbon dioxide
(CO,). Previously developed strategies to manipulate the
structure and geometry of catalysts for electroreduction of
CO, involve complex processes or fail to efliciently alter the
selectivity. Here, using a prestrained polymer, we uniaxially
and biaxially compress a 60 nm gold film to form a nano-
folded electrocatalyst for CO, reduction. We observe two
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kinds of folds and can tune the ratio of loose to tight folds by varying the extent of prestrain in the polymer. We characterize the
nano-folded catalysts using X-ray diffraction, scanning, and transmission electron microscopy. We observe grain reorientation
and coarsening in the nano-folded gold catalysts. We measure an enhancement of Faradaic efficiency for carbon monoxide
formation with the biaxially compressed nano-folded catalyst by a factor of about nine as compared to the flat catalyst (up to
87.4%). We rationalize this observation by noting that an increase of the local pH in the tight folds of the catalyst outweighs the
effects of alterations in grain characteristics. Together, our studies demonstrate that nano-folded geometries can significantly
alter grain characteristics, mass transport, and catalytic performance.
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lectroreduction of carbon dioxide (CO,) into valuable
carbon-rich products is a potential solution to close the
anthropogenic carbon cycle.l’2 However, slow kinetics and low
control over product yield and selectivity have hindered
widespread commercial viability.”* Nanostructured catalysts
offer the potential to address these limitations.” Indeed, a
variety of nanoparticles,” " thin films,'°"> and nanoporous
materials'®”>" have been explored, but there are still challenges
with scalability, reproducibility, extreme reaction conditions,
and cost.”'%'>1¢
Mechanical wrinkling of thin films using prestrained
polystyrene (PS) substrates offers a facile, versatile, and cost-
effective strategy to create micro and nanostructured interfaces.
This approach is compatible with nanoparticles,”> nano-
porous,” thin films,”*** and two-dimensional (2D) materials
(e.g,, graphene and MoS,),”*™*" and the morphology can be
controlled using lithography.””****** Previous studies with
wrinkled catalysts show improvement in some electrochemical
reactions, including hydrogen evolution reaction
(HER),”®**313% glucose sensing,”*** and DNA detection.*

-4 ACS Publications  © 2019 American Chemical Society

However, the previous studies involve only a single product
reaction, and studies involving multiple reactions or those that
measure selectivity are lacking.

Here, for the first time, we present evidence that a nano-
folded gold (Au) catalyst can enhance the electroreduction of
CO, reduction. We utilized a prestrained PS substrate to
uniaxially or biaxially compress and create a novel Au catalyst
with a combination of loose (>200 nm) and tight (<200 nm)
folds (Figure 1). Importantly, we can control the ratio of tight
to lose folds by varying the magnitude of the prestrain in the
PS substrate. Also, we can release the nano-folded catalysts
from the PS substrate and transfer them to alternate substrates
or use them as freestanding catalysts. We characterized the
nano-folded Au catalysts with scanning electron microscopy
(SEM), X-ray diffraction (XRD), scanning transmission
electron microscopy (STEM), and electron diffraction. XRD
results suggest grain reorientation, and STEM studies show
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Figure 1. Schematic and fold characteristics of the Au catalysts. (a)
Schematic illustrations of uniaxially or biaxially (2D) compressed Au
catalysts formed using a prestrained PS substrate. Also shown are
visual representations of a wrinkle, loose fold, and tight fold. (b—d)
Top view and cross-sectional SEM images of (b) Au-30, (c) Au-70,
and (d) Au-2D nano-folded Au catalysts. The inset shows zoomed
images of the cross section of (b) Au-30, (c) Au-70, and (d) Au-2D.
The inset scale bar represents 2 um. (e) Plot of the surface roughness
factor of the Au catalysts as a function of uniaxial or biaxial strain.

grain coarsening in the nano-folded catalyst. Electrocatalytic
studies indicate that the Faradaic efficiency (FEco) of the
nano-folded Au catalyst is approximately nine times higher
than the flat Au catalyst. We attribute the enhanced selectivity
to the nanofolds in the Au catalyst that generate high
geometric current density, leading to an increase of the local
pH, which suppresses the HER.'>'®"?

Our approach to preparing nano-folded Au catalysts is based
on previous studies with some modifications (see Section 1.1
in the Supporting Information).””*” Specifically, we thermally
evaporated 60 nm of Au on prestrained PS at a rate of
approximately 0.5 A/s. After evaporation, we clamped and then
heated the composite film above the glass transition temper-
ature of PS to drive uniaxial and biaxial shrinkage with tunable
macroscopic prestrain as measured by the ratio of the final to
the initial length or area of the film (Figure la). Wrinkling of
thin films using prestrained polymers has been attributed to
minimizing the total energy of the system, including the
membrane, bending and substrate energies, and wrinkling
occurs when the prestrain is above a critical strain,
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of the substrate and the thin film.’® Assuming representative
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literature values for E; and E,, we estimate the critical strain to
be 6 X 107 which is significantly below our prestrain values.””

In our studies, we investigated four prestrain conditions,
which were 0% (Au-0, Figure S1), &;p ~ 30% (Au-30, Figure
1b), &p ~ 70% (Au-70, Figure 1c), and area strain &,p, ~ 85%
(Au-2D, Figure 1d). Wrinkles formed at the lower values of
prestrain can be further compressed into folds at higher values
of prestrain.”” We observed a greater fraction of loose (d > 200
nm) in Au-30 and a higher fraction of tight (d < 200 nm) folds
at higher values of prestrain in Au-70. Specifically, we observed
more than 40% of tight folds in Au-70 as compared to only
about 3% of tight folds in Au-30 (Figure S2). Also, we
estimated the surface roughness factor (RF) of the Au catalysts
by dividing the electrochemical surface area (ECSA) to the
geometric area of the nano-folded Au catalysts (Figure le and
Figure S3). The surface roughness factors were 3.9 for Au-2D,
2.1 for Au-70, 1.3 for Au-30, and 1 for Au-0.

We characterized the microstructure of the flat and nano-
folded Au catalysts by XRD and observed that, while the
intensity of (200), (220), and (311) planes increased with
increasing prestrain, the peaks did not shift or broaden (Figure
2a). These observations suggest that the changes in the nano-

Relative Intensity

Figure 2. Characterization of the nano-folded catalysts using XRD
and STEM. (a) XRD patterns of Au-0, Au-30, Au-70, and Au-2D. (b,
¢, d) 4D-STEM images of 30 nm thick Au-0, Au-70, and Au-2D.

folded samples are morphological; they introduce more
diffraction planes and alter the grain structure with no
significant changes in atomic displacement. We further
characterized the surface of the nano-folded Au catalysts by
grazing incidence XRD (GIXRD) and observed no significant
strain after the compression. The deposited Au-0 film had a
compressive strain of approximately 0.3%, which vanished after
compression in all of the compressed samples (Figure S4).”
Previously, it has been reported that the grain structures of
polycrystalline Au films can be altered dramatically when the
deformation exceeds the elastic limit of Au,> and it is known
that Au nanostructures undergo plastic deformation when the
compressive strain is larger than $%.'° We attribute the
increased XRD intensities of Au-30, Au-70, and Au 2D to
preferred grain orientation, which was introduced by
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compression.” We performed two control experiments to
investigate if either the heating temperature or the orientation
of the folds with respect to the X-ray beam affect the intensity
of the XRD patterns (Figure SS), and we did not observe that
neither factor had a measurable effect.

In order to investigate the microstructural changes in the
nano-folded catalysts, we prepared and characterized thinned
(30 nm) Au-0, Au-70, and Au-2D using 4D-STEM. 4D-STEM
uses a pixelated detector to collect a diffraction pattern at every
scanning point, creating a 4D data set. Analysis of the 4D
diffraction data (see Supporting Information, S1.3) generates
the false-colored grain images (Figure 2b—d). The STEM
imaging and analysis were done in the convex regions of the
folds, and we observed larger grains in the Au-2D (Figure 2d)
as compared to Au-70 (Figure 2c) and Au-0 (Figure 2b),
indicating grain coarsening in the nano-folded catalysts. This
observation is consistent with previous studies on cyclic plastic
deformation of Au thin films and indicates that the mechanical
deformation can alter grain energetics and drive grain
coarsening.””*****> We further confirmed that grain coarsen-
ing does occur in 60 nm Au-70, which agrees with the
observation of the 30 nm Au film (Figure S6). Also, the
electron diffraction analysis indicates that the compression did
not introduce new crystal planes in Au-2D and Au-70. The
STEM diffraction patterns show a similar family of planes for
Au-2D and Au-70, such as (111), (200), (220), and (311), as
compared to Au-0, which also agrees with the XRD patterns
(Figure S7).

An advantage of our approach is that the nano-folded
catalysts are permanently deformed, and we can even release it
from the PS substrate and transfer it to arbitrary substrates,
such as flat silicon wafers and even curved syringe needles
(Figure 3). Also, we can pick up the Au-70 with a tweezer
without breakage, which suggests that compression strengthens
the nano-folded catalysts (Figure 3e). Specifically, after the
transfer, we observed that the average width of Au-30 and Au-
70 decreased and increased by approximately 25% and 11%,
respectively, while the height decreased by 29% and 8.7%,
respectively (Table 1, Figures S9 and S$10), and no
deformation was induced in Au-0 (Figure S8). This
observation can be rationalized by noting that the magnitude
of the prestrain was high, and there is only a small extent of
relaxation after release. For Au-30, we observed the collapse of
the roof of the wrinkles, resulting in a decrease in both width
and height, whereas, for Au-70, we observed relaxation by
spreading the folds, resulting in an increase in width and a
decrease in the height of the folds.

We investigated the electroreduction of CO, on these nano-
folded Au catalysts using a home-built, gastight electrolysis cell.
Details of the cell and electrocatalytic measurements are
available in the Supporting Information (Figures S11 and
S12)."° The total current density (per geometric area, J,o,) of
Au-2D is significantly higher than the other Au catalysts, due to
the higher surface roughness factors (Figure 4a). From the
potential-dependent FE plots (Figure 4b), Au-2D showed a
higher efficiency of CO, reduction throughout the investigated
potential region (from —0.5 V to —0.9 V versus the reversible
hydrogen electrode, RHE; the same potential scale is used in
the following discussion) and achieved a maximum FEqq of
87.4% at —0.5 V, followed by 40.6%, 34.7%, and 9.2% for Au-
70, Au-30, and Au-0, respectively, at this potential. The Au-2D
also shows the highest partial current density for CO (J¢o, per
geometric area; see Figure 4c), with 2.4 mA/cm?® at —0.5 V,
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Figure 3. Characteristics of released and transferred nano-folded Au
catalysts. (a—f) Cross-sectional SEM images of (a) Au-30 on the
prestrained polymer, (b) Au-30 transferred from the prestrained
polymer onto a silicon wafer, (c) Au-70 on the prestrained polymer,
(d, e) Au-70 transferred from the prestrained polymer onto a silicon
wafer, and (f) Au-70 transferred from the prestrained polymer onto a
metal syringe needle. The insets in panels e and f are optical images.
(g) Cross-sectional SEM images of Au-2D on the prestrain polymer,
(h) Au-2D transferred from the prestrained polymer onto a silicon
wafer.

Table 1. Properties of As-Made and Transferred Au
Catalysts

no. of no. of width height
loose folds  tight folds difference  difference
per line per line after after
(folds/ (folds/  width  height  transfer transfer
m) m) (pm)  (pm) (%) (%)
Au- 0.15 0.00S 2.60 0.72 25 29
30
Au- 0.36 0.25 0.93 1.15 11 8.7
70

which represents an improvement factor of X4 over Au-70 (0.7
mA/cm?), X4 over Au-30 (0.6 mA/cm?) and X16 over Au-0
(0.15 mA/cm?).

The improvement in CO, reduction reaction activity and
selectivity on Au surface is often attributed to surface
structures effects, such as alloying,44 undercoordinated facets,*
and grain boundaries.” However, the specific current density
for CO normalized with the electrochemically active surface
area (ECSA) (jco, Figure 4d) is consistent for the three types
of nano-folded Au catalysts, which indicates a similar intrinsic
activity for CO production. This finding suggests that the
surface structure effect may not account for the observation of
higher FE-o and Joo on the nano-folded Au of a larger
roughness, albeit that it may contribute to the difference of Jco
between the pristine and nano-folded catalysts. On the other
hand, the four Au electrocatalysts exhibit distinct HER
activities during the CO, reduction, with Au-2D having the
lowest ECSA-specific activity toward hydrogen (j,, Figure 4e),

followed by Au-70, Au-30, and Au-0. Therefore, the dramatic
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Figure 4. Electrocatalytic characteristics of the nano-folded Au catalysts. Plots of, (a) total current density per geometric area, (b) Faradaic
efficiency, (c) CO current density per geometric area, (d) CO current density per ECSA, (e) H, current density per ECSA, and (f) simulated pH

values. Au-0 (black), Au-30 (blue), Au-70 (red), and Au-2D (green).

difference in CO selectivity can be attributed to the suppressed
HER on the nano-folded catalysts. This effect can be
interpreted in terms of a rising local pH at high surface
roughness. Multiple reports have shown suppression of HER
with an increased pH, albeit with debatable mechanisms.**~>"
As shown in Figure 4f, we simulated the local pH conditions at
the catalyst interfaces using the effective diffusivities of
[CO,],y HCO;™, CO;*, and OH™ and a previously reported
mass transport model (see methods in Supporting Informa-
tion).”>>* At —0.5 V, we estimate the local pH to be 9.6 on
the surface of Au-2D, the highest among the four nano-folded
catalysts. The local pH rises at higher overpotentials, reaching
the highest of 12.5 on Au-2D at —0.9 V, as compared to 11.4
on Au-70, 10.1 on Au-30, and 9.9 on Au-0. Au-2D was found
to have the highest local pH throughout the potential range,
corresponding to the most suppressed HER and highest FE.q
(Figure 4f).

In summary, we have demonstrated a new strategy to
enhance the selectivity of CO formation by utilizing nano-
folded Au catalysts for electroreduction of CO,. To our
knowledge, this is the first time that nano-folded catalysts have
been applied to a reaction that involves multiple products and
observed to significantly influence selectivity. Also, as
compared to prior approaches to enhance selectivity, our
catalysts achieve a similar high FEcq (~87%),"°7" 7" yet
can be made in a straightforward manner using a prestrained
polymer substrate. The nano-folded catalysts can be trans-
terred from the prestrained polymer to other substrates, which
is important for the assembly of flexible electrochemical
devices and sensors.”>~>*

Our study utilizes a comprehensive set of microstructural
studies involving X-ray and e-beam techniques. X-ray studies
show morphological changes while STEM analysis indicates
grain coarsening in nano-folded catalysts, which suggests a
facile approach to modify grain morphology of the ultrathin
(~30 nm) Au films. Finally, we reveal that tight fold
morphologies can reduce mass transport of the electrolytic
species, create a high local pH to reduce the activity of HER,
and consequently, enhance CO selectivity. We find that the pH
effects outweigh the effects of alterations in grain character-
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istics. We anticipate that this strategy of creating folds in
catalysts by strain engineering could be utilized as a convenient
strategy to tune the selectivity of chemical reactions and also
be generalized to other electrocatalysts.
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