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ABSTRACT: The influence of polymer overlayers on the catalytic CO <<H,
activity of Ag for electrochemical CO, reduction to CO is explored.
Polystyrene and poly(4-vinylpyridine) films of varying thicknesses
are applied as catalysis-directing overlayers atop Ag electrodes. For
polystyrene, substantial suppression of CO, reduction activity is
observed while the hydrogen evolution reaction (HER) increases.
The addition of a nitrogen heteroatom into the phenyl groups of
polystyrene (e.g, a pyridine ring) results in an increase in the
conversion of CO, to CO and suppression of HER. Block
copolymer variants containing both phenyl and pyridyl function-
alities exhibit similar activity for CO evolution but appear to
suppress HER further than the polymer layer containing only pyridine groups. The size of the blocks for the copolymer influences
the catalytic output of the Ag electrode, suggesting that the hierarchical structure that forms in the block copolymer layer plays a role
in catalytic activity at the electrode surface. Analysis of the polymer overlayers suggests that polystyrene significantly inhibits all ion
transport to the metal electrode, while poly(4-vinylpyridine) enables CO, transport while modifying the electronics of the Ag active
site. Therefore, the engineered application of polymer overlayers, especially those containing heteroatoms, enables new avenues of
electrochemical CO, reduction to be explored.

B INTRODUCTION improvement for the eCO,RR. Functionalizing the metal
catalyst surface with various bipyridyl derivatives had
substantial effects on the conversion of CO, to C,H, by
tuning the ratio of adsorbed CO in atop vs bridge sites.”””
Alternatively, various N-substituted pyridinium molecular
additives have been investigated for their stereochemical
effects on the eCO,RR. In particular, para-substituted phenyl
or tolyl variants electrochemically deposited on Cu surfaces
resulted in activity and selectivity enhancement of CO,
conversion to C,, products (molecules with 2 or more carbon
atoms), while a tert-butyl-substituted species enhanced the
hydrogen evolution reaction (HER) instead.'”"” The use of
pyridine has even been observed to steer CO, conversion
toward methanol, among other influences, over the
eCO,RR***73% Another report similarly posits that the
modulating distance of the functional group from the electrode
surface significantly attenuates CO, conversion to CO on Ag
surfaces with electrografted pyridine chains.® These studies
typically require an electrodeposition procedure to achieve
their modified electrodes, a step that leads to the formation of
heterogeneous films that can be chemically complex.

As of 2019, the annual global CO, emissions have surpassed 40
Gt/year, and while some regions of the world have improved
to negative or near-zero emission %rowth rates, others have
increased in emission growth rate. Continued advances in
CO, mitigation strategies including the electrochemical
conversion of CO, to specialty chemicals or fuels are crucial
to close the carbon cycle and invert the continuing emission
trend. In order for the electrochemical CO, reduction reaction
(eCO,RR) to become a commercially successful strategy for
alleviating CO, emissions, a salient understanding of the events
occurring at the catalyst interface is essential. In this vein,
substantial research has gone toward understanding the
numerous reaction pathways of the eCO,RR on bare metal
surfaces.”” While pristine electrode surfaces serve the critical
role of building a foundation of understanding in the
laboratory, such electrodes are not representative of those
used in commercial systems. Without considering the potential
complexity in the chemical makeup of CO, feedstocks (e.g.,
trace amounts of hydrocarbons), high-surface-area catalysts
developed for high durability and reaction rates are typically
produced by using a variety of third-party additives.””> Of
these strategies, molecules containing polar organic functional Received: May 12, 2023
groups and even polymeric materials are a cornerstone and of Revised:  July 13, 2023
late have been shown to have a critical influence over the Published: August 23, 2023
activity and selectivity of metal catalysts for the eCO,RR.™**

The intentional functionalization of catalytic surfaces with
selectivity-modifying organic molecules has shown dramatic
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Conversely, polymers containing nitrogen heterocycles have
shown promise in modulating the eCO2RR when utilized as
intact additives. The incorporation of a series of polyamines
(and amine-less controls) during the electrochemical deposi-
tion of Cu onto gas diffusion layers indicated that the amine
content correlated to a higher surface pH, higher CO
coverages, and higher stabilization of intermediates. Under
optimal conditions, the polyamine-incorporated Cu electrodes
exhibited a 72% selectivity toward C,H, with a total current
density of 433 mA cm™* compared to 27% and 207 mA cm™>
for bare Cu at —0.97 V vs the reversible hydrogen electrode
(RHE) in 1 mol L™ of KOH."” Similarly, Ag nanowires
capped with polyvinylpyrrolidone initially suppressed the
conversion of CO, to CO, but the suppression was overcome
after going to potentials sufficiently negative to cause a change
in the adsorbed polyvinylpyrrolidone structure.” Functionaliza-
tion of Cu, Au, and Pt with poly(4-vinylpyridine) (P4VP) was
observed to increase the activity of the eCO,RR, mainly in the
production of formate, at substantially diminished over-
potentials.' "' Spectroscopic evidence demonstrated less
adsorbed CO on the P4VP-covered Cu and a higher ratio of
the dissolved CO, relative to HCO3;~ on P4VP-covered Au,
suggesting inhibited mass transport of H,O and HCO;™."
Aqueous mass transport effects were also supported through
the modification of the hydrophilicity/hydrophobicity of the
electrode interface with P4VP. Similar hydrophobicity effects
were observed when alkanethiols were anchored to Cu
dendrites.”

As exemplified over the past several years, the combination
of metal electrodes and functionalized polymers can provide
new opportunities in the eCO,RR through a variety of physical
and chemical mechanisms. In this work, we investigated the
role that polyvinyl derivative overlayers play in tuning the
selectivity and activity of a textured Ag(111) thin film
electrode for the eCO,RR. The polymers studied exhibit a
range of surface energies and vary in their ability to influence
the electronic structure of the Ag surface, manifesting in our
electrochemical results. Evaluation of block copolymers
containing the same functionalities provides insight into the
role that the hierarchical structure plays in these systems. The
native catalytic behavior of an evaporated Ag(111) thin film
produced a mixture of CO and H,, favoring the hydrogen
evolution reaction (HER). Application of a thin polystyrene
overlayer resulted in the suppression of CO evolution and a
substantial increase in the H, activity relative to that for an
unmodified electrode, while thicker layers suppressed the
activity of both reactions. Substitution of the phenyl group for
a pyridyl functional group resulted in over 10 X enhancement
in the CO production and 8 X suppression in HER.
Furthermore, an electrode covered with a block copolymer
of the two functional groups exhibits catalytic behavior distinct
from unmodified Ag or Ag modified with either individual
polymer. Characterization of these polymer overlayer electro-
des demonstrates how the specific interaction of the pyridine
functional group with the Ag surface plays an integral role in
activating the electrocatalytic reduction of CO, to CO, while
the hydrophobicity of the polymer likely attenuates the

transport of aqueous species.

B METHODS

Materials. Silicon wafers (orientation (100), p-doped, test
grade) were purchased from University Wafers*. Polymers
used for film deposition consisted of poly(styrene) (PS, M, =

8.8 kg mol™', M,/M, = 1.09, Polymer Source), poly(4-
vinylpyridine) (P4VP, M, = 8.8 kg, M,/M,, = 1.11, Polymer
Source), and poly(styrene-b-4-vinylpyridine) (PS-b-P4VP,
“10k” M, = 5-b-5 kg mol™", M,,/M,, = 1.18, Polymer Source;
“40k” M, = 21.4-b-20.7 kg mol™, M, /M, = 1.13, Polymer
Source) and were used as received. M, is the number-average
molar mass, and M,, is the mass-average molar mass.

Evaporation of Ag Thin Films. Ag thin films were
prepared using e-beam evaporation on 15 cm Si (100) wafers.
First, the Si (100) wafer was rinsed with ethanol and dried with
a stream of N,. Then, the wafer was treated in an ultraviolet—
ozone (UV—0) cleaner for 20 min. Afterward, the Si wafer was
transported in a wafer carrier to the evaporation chamber.
After mounting, the chamber was pumped to an ultrahigh
vacuum overnight. With the wafer facing away from the
deposition target, a S nm Ti prerun (~1 A s™") was performed
to scrub any residual O, from the chamber. The amount
deposited was monitored via two internal quartz crystal
microbalances. Afterward, the wafer was rotated to face the
Ti target and S nm of Ti (~1 A s™") was deposited onto the
wafer surface to act as an adhesion layer for the Ag. The wafer
was then rotated to face the Ag target, and 50 nm of Ag was
deposited (~1 A s7'). After deposition, the wafers were
removed from the evaporation chamber and stored in a dry
box until use.

X-ray Measurements. X-ray diffraction (XRD) and
reflectivity measurements (XRR) were carried out using a
Bruker D8 Advance Diffractometer employing Cu Ka X-rays,
Montel optics, and a Dectris Eiger 2R S00K detector. XRD was
measured in a 0/20 configuration. XRR data were fit with
Refl1D.

Preparation of Ag—Polymer Composite Electrodes.
Polymer-coated Ag electrodes were prepared via spin coating.
Prior to spin coating, solutions of poly(4-vinylpyridine),
polystyrene (PS), and poly(styrene-b-4-vinylpyridine) (PS-b-
P4VP) were prepared at varying concentrations from 2 mg
mL” to 10 mg mL™" in ethanol, toluene, and tetrahydrofuran,
respectively. Solvents were filtered prior to use. First, Ag-
coated silicon substrates were mounted on the vacuum chuck
of the spin coater (Headway, Model EC101) and rinsed with
ethanol before spinning dry at 4000 rpm (419 rad s™'). Next,
dilute polymer solutions were dispensed onto cleaned Ag-
coated silicon substrates and then spun immediately at 4000
rpm for ~30 s. Electrodes were cleaned by first rinsing with
ethanol, drying with N,, and, when indicated, exposing to UV—
ozone for 2 min before use.

Atomic Force Microscopy. Atomic force microscopy
(AFM) measurements were performed using a Bruker
Dimension Icon AFM operating in tapping mode and using
an RTESPA-300 cantilever (resonant frequency = 300 kHz,
spring constant = 40 N m™!, nominal tip radius = 8 nm).
Images (S mm X S mm) were collected at a scan rate of 1.0
Hz, and the root-mean-square roughness (Rq) was calculated
using the NanoScope Analysis software.

Ellipsometry. The thickness of the polymer layer was
characterized via variable angle spectroscopic ellipsometry
(VASE, M-2000X], J.A. Woollam). Spectra were obtained at
incidence angles in the range of 50—70° in discrete increments
of 10° and over a wavelength range of 210 nm to 1700 nm.
Measurements were conducted at four points near the center
of the substrate to minimize edge effects from the spin coating
process. The unmodified Ag-coated substrate was measured
first and fit to an optical model consisting of silicon, native
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silicon oxide, Ag, and Ag oxide. Based on these measurements,
we were able to fix the optical properties of the Ag-coated
substrates (prior to depositing polymer films) as a semi-infinite
Si substrate, SiO, = 1.7 nm, Ag = 49.87 nm, and AgO, = 1.63
nm. The Ag layer was fit to a B-spline model. The optical
constants for PS, P4VP, and PS-b-P4VP were obtained from
fitted values of films spin-coated onto silicon wafers and
modeled as a Cauchy layer (eq 1) on silicon with a native
oxide (1.7 nm). The model coefficients were determined to be
A =152 and B = 0.013 for PS, A = 1.55 and B = 0.014 for
P4VP, A = 1.55 and B = 0.0073 for 10k PS-b-P4VP, and A =
1.53 and B = 0.0078 for 40k PS-b-P4VP. These coeflicients
were then fixed when fitting the polymer films spin-coated
onto Ag-coated substrates, such that the only fitting parameter
in the optical model was the polymer film thickness. The data
fitting was restricted to (300—1600) nm due to the absorption
of phenyl rings around 254 nm

B
n(/l) =A+ F (1)

Electrochemical CO, Reduction Experiments. Evalua-
tion of the Ag—polymer composite electrodes for the eCO,RR
was performed in a custom H-cell, similar to a previously
reported configuration, using 0.1 mol L™' of KHCO; as the
electrolyte.**** 0.1 mol L' of KHCO; was prepared via
sparging of a 0.05 mol L™ K,CO; solution with 20 mL min™"
of CO, overnight. The pH the following day was measured to
be 6.8, typical for a CO,-saturated 0.1 mol L™ KHCO;. A ~ 2
cmn X = 2 cm electrode was pressed against the cathode
chamber’s backplate with a polytetrafluoroethylene gasket. The
exposed electrode area was 2 cm* (via a hole in the backplate
with 1.6 cm diameter). The cathode compartment (%12 mL
volume, 2 mL gas headspace) was separated from the anode
compartment using an anion-exchange membrane (Fumasep
FAA-PK-130). This membrane was stored in 1 mol L™ of
KOH prior to use. The anode, a &6 cm? Pt gauze, was hung via
a Pt wire in the 10 mL anode compartment. A double junction
Hg/HgSO, reference electrode saturated with potassium
sulfate was used for all electrochemical experiments. For all
measurements involving CO,, the 0.1 mol L™' KHCO; was
prepurged with CO, overnight and a 20 mL min~" flow rate
was pumped through a 40 pm to 60 ym porous glass frit
submerged in the cathode compartment’s electrolyte during
the experiment. Potentials from —0.7 V to —1.1 V vs the
reversible hydrogen electrode (RHE to be assumed through-
out) were applied in —0.1 V increments sequentially for 30
min with the same electrode unless otherwise indicated.
Electrochemical measurements were performed using an
Autolab 204N potentiostat (Metrohm). A gas chromatograph
(SRI, Inc. Multigas Analyzer #5) equipped with a thermal
conductivity detector (TCD) and flame ionization detector
(FID) was used to evaluate the cathode gas flow starting at 3
min and every S min afterward. Ar was used as the carrier gas
to allow for the quantification of H,. A few mL of electrolyte
were collected for liquid product analysis via nuclear magnetic
resonance (NMR) spectroscopy at the end of every 30 min
potential step, and the electrolyte was refreshed before the start
of a new potential. All potentials discussed in this work were
converted to the RHE scale using the Nernst equation

E(vs RHE) = E(vs Hg/HgSO,) + 0.64 V + 0.0591 X pH
(2)

The resistance between the cathode and reference electrode
was measured using the current-interrupt method of the
Autolab potentiostat prior to each measurement.”*

Faradaic efficiencies and partial geometric current densities
for gas products were calculated using the following two
equations, respectively

F
ppm X g, X T
FE%, = — * + 100
]Tot (3)
anO
_ ppm X qgas X RT
%8 geometric surface area 4)

where ppm is the concentration of the analyte in parts per
million (ppm = g kg™'), g, (L s7!) is the gas flow rate, n is
the number of electrons transferred, F is Faraday’s constant, R
(L atm mol™ K™') is the gas constant, p, is atmospheric
pressure (atm), T (K) is the ambient temperature, and Jr,, is
the total current (A) measured for a given potential.

Solution NMR Measurements. Liquid products were
monitored via solution NMR on a 600 MHz spectrometer.
0.665S mL of a given liquid sample was injected into an
economy grade 5 mm diameter, 7 inch long 600 MHz NMR
tube, followed by 70 uL of S mmol L™ dimethyl sulfoxide
(DMSO) in D,0. The DMSO served as an internal standard
for the quantification of liquid products, while deuterium
served as the locking substance. Measurements were
performed using a S mm broad-band observe (bbo) probe
with a 4 scan delay, a 10.09 degree read-pulse, and over 8278
Hz spectral width for 64 scans with water suppression. A linear
regression through standard solutions was used to determine
the concentration of analyte samples as demonstrated
previously.” Faradaic efficiency and partial geometric current
density for liquid products were calculated via the following
equations

MVF
FE%, = -—— X 100
t]Tot (5)
_ nMVF
©8°  geometric surface area (6)

where M is the concentration (mol L™") of the liquid product
from the electrolyte aliquot obtained from the experiment, V'
(L) is the volume of the catholyte, and ¢ (s) is the duration of
the applied potential.

X-ray Photoelectron Spectroscopy Measurements. X-
ray photoelectron spectroscopy (XPS) measurements were
performed using a Kratos AXIS Ultra DLD spectrometer
(Kratos Analytical, Manchester, U.K.) with a monochromatic
Al K, source (1486.6 eV) operating at 140 W. The base
pressure of the sample analysis chamber was ~1.0 X 107 Torr
(~1.33 x 1077 Pa), and spectra were collected from a nominal
spot size of 300 ym X 700 ym. Measurements were performed
in hybrid mode using electrostatic and magnetic lenses, and the
pass energy of the analyzer was set at 160 eV for survey scans
and 20 eV for high-resolution scans with energy resolutions of
0.5 eV and 0.1 eV, respectively. All XPS data analyses were
performed using the CasaXPS software package, and peaks
were fit using the Tougaard analysis.

Contact Angle Measurements. A 7.6 uL water droplet
was dispensed onto the thin film surface with a syringe. The
static contact angle was measured with a drop shape analyzer
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Figure 1. XPS measurements of the Ag thin film with (a) PS and (b) P4VP polymer overlayers of different thicknesses on Ag thin films.

(Kruss) and modeled using the Young—Laplace fitting method
with a fitted baseline.”

Electrochemical Impedance Spectroscopy. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted using the same H-cell configuration as the CO,
reduction experiments using a BioLogic SP-300 potentiostat.
The freeware “EIS Spectrum Analyzer” was used for equivalent
circuit modeling.36 Cyclic voltammetry, at multiple scan rates,
in an Ar-purged 0.1 mol L™" KHCO, was used to determine a
potential region with negligible faradaic processes in which to
conduct EIS measurements. Ultimately, 0.58 V vs RHE was
chosen for EIS measurements. For all measurements, the
electrolyte was purged for ~30 min at 20 mL min™" with Ar
prior to and during measurements. All impedance measure-
ments were from 0.1 Hz to 100 kHz with an AC amplitude of
10 mV and a 10 s quiet time with a sampling interval of 16
points per decade.

B RESULTS AND DISCUSSION

Polymer overlayers were deposited onto the S0 nm (111)-
textured Ag thin film (see the Supporting Information section
Ag(111) Thin Film Electrode Characterization and Figures
S1-SS), analyzed for their influence on the eCO,RR and
characterized using XPS (Figure 1). The homopolymers
examined in this study (PS and P4VP) were practical as they
were (i) not soluble in the electrolyte solution, (ii) amenable
to common casting procedures (i.e., spin/dip casting), and (iii)
widely commercially available. Two strategies were used to
prepare the PS and P4VP overlayers. First, to achieve a surface-
adsorbed thickness, e.g., nominally only a specifically adsorbed
layer of polymer, samples were submerged in polymer solution
for 15 min and then submerged in a fresh solvent in the
absence of polymer, before gently being rinsed in the
appropriate solvent. These samples are referred to as “ads-
polymer” (e.g., PS or P4VP). For thicker samples, 0.2 wt % and
1 wt % solutions (percent by mass = mass fraction X 100) were
deposited onto the Ag thin film via spin coating at 4000 RPM
for 30 s (more details are available in the Methods section). In
the case of block copolymer variants, 10k and 40k PS-b-P4VP,
only 0.2 wt % was used to prepare overlayers. Ellipsometry

17358

measurements were used to measure the thickness of the
resulting polymer overlayers, while AFM was used to measure
the variability in film roughness. A series of controls were used
to ascertain appropriate constants (Tables S1 and S2) for
fitting the ellipsometry to Cauchy’s equation (eq 1) (see the
Methods section). The ellipsometry measurements on Ag are
in good agreement with the reflectometry with a metal
thickness near 50 nm, while both P4VP and PS had thicknesses
of %6 nm and =33 nm to 34 nm for 0.2 wt % and 1 wt %,
respectively (Table 1). In the case of 10k PS-b-P4VP and 40k

Table 1. Polymer Overlayer Thicknesses on Ag Thin Films
Determined by Ellipsometry Using Cauchy’s Equation®

polymer solution A B polymer thickness (nm)
0.2 wt % PS 1.52 0.013 5.8 +0.1
1 wt % PS 1.52 0.013 33.0 £ 0.1
0.2 wt % P4VP 1.55 0.014 62 + 0.1
1 wt % P4VP 1.55 0.014 33.8 £ 0.1
0.2 wt % 10k PS-b-P4VP 1.5§ 0.0073 15.6 + 0.1
0.2 wt % 40k PS-b-P4VP 1.53 0.0078 215+ 03

“Bold numbers were fixed for the fitting process and were determined
via control ellipsometry measurements (see the Methods section for
more details). The Si oxide, Ag, and Ag oxide thicknesses were fixed
for each sample at 1.7 nm, 49.87 nm, and 1.63 nm, respectively.

PS-b-P4VP block copolymers, the thicknesses were measured
to be 15.6 nm =+ 0.1 nm and 21.5 nm + 0.3 nm, respectively.
AFM images (Figures S6—S8) demonstrate that uniform
polymer films were produced via the spin coating process. In
fact, the original Ag surface has the largest RMS roughness
(~2.6 nm when averaging both surfaces in Figure S3), and as
the polymer film thickness increases, the RMS roughness
decreases for PS and P4VP films (1.76 nm being the highest
and 0.502 nm being the lowest). The PS-b-P4VP films appear
to have a higher RMS roughness for their thickness, especially
the %Qk block, which has an RMS roughness of 1.4 nm (Figure
S7).

With surface-adsorbed samples being too thin to measure
with ellipsometry, XPS was used to qualitatively compare the
polymer content between samples. The intensity of the Ag

https://doi.org/10.1021/acs.jpcc.3c03157
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with 0.1 mol L™! of KHCOj as the electrolyte.

3ds), peak relative to the C;; peak from XPS accurately
captures the much thinner PS and P4VP layers formed for the
adsorbed samples (Figures 1 and S9). The ads-PS sample
demonstrated C—O/C=0 functionality in the C, likely from
adventitious carbon still present on the surface after loading
the polystyrene. Thicker PS layers only exhibited aromatic and
aliphatic carbon typical of a polystyrene standard spectrum
(Figure S10a), which was used for fitting polymer overlayer
spectra.”®” The 33 nm PS overlayer sample demonstrated no
Agsq due to the relatively short inelastic mean free path of the
emitted photoelectrons.

In the case of P4VP, the XPS not only enabled a comparison
of the relative thicknesses but also revealed binding
information between the N in the pyridine ring and Ag. XPS
of molecular pyridine deposited on Ag demonstrates two
peaks, at 398.9 eV and 401 eV, with the latter increasin%
substantially when thicker layers of pyridine were analyzed.”
All samples show the primary peak for N, centered near 400
eV (Figure 1b), characteristic of bulk P4VP (Figure S10b,c),
albeit with shifting, which may be due to issues with differential
charging in the polymer since the spectra were shifted to Ag
3d5/2.39 However, the ads-P4VP sample, being the thinnest,
demonstrates a subtle shoulder near 398 eV that reflects the
coordination between N and Ag. In ads-P4VP, the Ag 3d;,,
peaks are predominantly bulk Ag metal with minor
contributions from Ag,O (not observed in other samples).
Given the thin layer of P4VP, the photoelectrons detected
from silver are likely comprised of several atomic layers, which
may overshadow any shifts in Ag 3ds, peaks due to
coordination with N. This finding is consistent with the
aforementioned XPS study on molecular pyridine-coated Ag
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(which was limited to <4 monolayers of pyridine atop the
substrate) where no shift in the Agy, electron binding energies
were observed.” Interestingly, for the 6 nm P4VP overlayer,
the Ag 3d;,, peak was comprised of two peaks, bulk metal at
3682 eV and a smaller peak at 368.8 eV that has been
previously attributed to surface Ag—N interactions.*"** Tt is
likely the photoelectrons detected from Ag will be confined to
the metal surface given the thicker polymer layer, which may
put emphasis on Ag atoms coordinated to N. This is supported
by the much larger Ny, and Cj; peaks relative to the Ag 3d;,,
peak. The Ag substrates prepared with 15.6 nm 10k and 21.5
nm 40k PS-b-P4VP have more Ag—N character with higher
intensities at 368.8 eV (Figure S11), with 40k PS-b-P4VP
being the most pronounced. Identification of Ags4 in samples
prepared with PS-b-P4VP overlayers comes as a surprise given
the thickness, but the slightly larger RMS roughness from AFM
suggests that there could be local regions of thinner regions or
possible pinholes that may allow for the respective photo-
electrons to escape. A relative comparison between the C;; and
N, demonstrates the larger ratio of C to N (15:1) in the PS-b-
P4VP overlayers vs the P4VP (7:1) (Figure S11 vs Figure 1).

eCO2RR experiments (see the Methods section for details
and Figure S12 for current vs time plots) on the evaporated Ag
primarily produced H, (Figure 2a) with only minor amounts
of CO being detected at potentials > —0.9 V. The partial
current density for CO increased to 0.5 mA cmgeo_z, where
“geo” refers to the geometric surface area of the catalyst instead
of the electrochemical active surface area at potentials < —1.0
V. In comparison, the partial current density for the HER was
~3 mA cmg,, >, or an 84% current efficiency (Figure S13).
The UV—O treatment did not seem to considerably modify
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the selectivity of the Ag thin film but did increase the overall
geometric current density as one would expect due to the
increased roughness of the surface; thus, further substrates
used to investigate the impact of polymer overlayers were not
subject to UV—ozone treatments. Liquid product analysis (see
the Methods section) was utilized to track the quantity of
formate in the electrolyte for each potential studied; however,
only small amounts, near the limit of detection of the
instrument, equivalent to <5% current efficiency, were
measured at —1.1 V (Figure S14).

The high HER selectivity observed for the (111)-textured
Ag > —1.1 V is congruent with previous reports.*”** The
textured evaporated film in this work demonstrates even higher
selectivity for the HER compared to an epitaxially grown
Ag(111) thin film (86% vs &~ 50% around —1 V, respectively),
which could result from the increased H binding energy due to
differences in stress that result from the evaporation
process.”* ™" Other reports have investigated the production
of single-crystal-like surfaces using thin film fabrication
procedures and obtained eCO,RR results more in line with
pure single-crystal counterparts.”* Another possibility, besides
stress induced by evaporation, could be the influence of
ambient adventitious carbon on the surface. A previous study
on polyvinylpyrrolidone-capped Ag nanowires demonstrated a
hysteresis in H, and CO production that was dependent on the
terminal potential studied.” In essence, the catalyst favored the
HER when stepping to more negative potentials from —0.6 V
with the onset for CO, conversion to CO not occurring until
—0.9 V. However, after reaching the most negative potential,
CO became the dominant product, and when reverse stepping
back to —0.6 V, it generally remained the dominant product.
This hysteretic behavior or activation was assigned to a
decrease and structural change of surface polyvinylpyrrolidone,
detected via XPS, due to the formation of CO at more negative
potentials that disrupted the bonding of O and N from the
polymer to the Ag active sites. It was noted that when H, was
the predominant product, the polyvinylpyrrolidone coverage
did not decrease. To explore whether the adventitious carbon
measured on the surface in the present work elicited a similar
effect, the potential was stepped back to —0.6 from —1.1 V
(Figure S15a) following the initial eCO,RR experiment in
Figure 2a. The eCO,RR activity was observed to be twice what
was recorded for the initial chronoamperometry experiments at
—0.9 and —1.0 V. At more positive potentials, eCO,RR activity
fell off and only HER was observed. Therefore, the measured
catalytic properties of the surface likely reflect the nature of the
Ag active sites with perhaps minute influence caused by
ambient surface carbon.

For electrodes with polymer coatings, eCO,RR experiments
were conducted about 1 h after preparing the polymer layer.
The ads-PS sample demonstrated very similar catalytic activity
when compared to the unmodified Ag thin film with >80%
selectivity for the HER at —1.1 V (Figure 2b). However,
increasing the film thickness (6 nm PS) increased H,
selectivity to >99% at all potentials investigated. Additionally,
the geometric current density of H, increased substantially at
all potentials, reaching ~10 mA cmgeo_2 at —1.1 V, almost 3 X
that observed for the unmodified Ag film. Further increasing
the film thickness (33 nm PS) did not alter the dominant H,
selectivity but did suppress the current density. Previous
reports have noted that the adsorbed CO is responsible for the
suppression of the HER." It is possible that >6 nm PS
overlayers impede the transport of CO, to the surface,

lowering the steady-state coverage of CO chemisorbed on
the Ag surface, thus resulting in greater HER current density.
Linear scan voltammetry (Figure S15b) collected on bare Ag
supports this notion. In an Ar-purged 0.1 mol/L KHCO;, the
total current density approaches —3 mA/cm® by —0.7 V.
Purging the solution with CO, (while holding the potential at
~—0.1 V) and running another linear scan results in a
substantially suppressed total current density congruent with
the steady-state measurements shown in Figure 1a. Presumably
in the absence of CO,, the dominant reaction is the HER;
given the considerably higher current density at lower
overpotentials, it is likely that the steady-state HER kinetics
of bare Ag in Ar-saturated KHCOj; will be considerably higher
than observed for Ag with varying thicknesses of PS,
supporting that PS also impedes the transport of HER
reactants. In contrast to PS, both ads-P4VP and the 6 nm
P4VP overlayer electrodes produce a substantial amount of
CO from the eCO2RR (Figure 2c). The ads-P4VP-covered Ag
electrode shows slightly less CO activity at potentials above
—1.1 V compared to the 6 nm P4VP film, but by —1.1 V, both
ads and 6 nm P4VP-coated electrodes yield partial CO current
densities of 2 mA cmgeo_z. The 6 nm P4VP-covered Ag
electrode also exhibited lower current densities toward the
HER compared to the ads-P4VP electrode, but nominally both
samples produced 2.2 mA cmgeo_2 of H, by —1.1 V. Compared
to unmodified Ag, partial CO current density was enhanced ~4
X with the 6 nm P4VP layer, whereas HER was suppressed
~0.67. This inhibition could be a result of the increased
surface-adsorbed CO arising from alteration of the local Ag
surface (via N-coordination) and local coordination sphere or
attenuated proton transport to the surface of Ag. This
inhibition could be a result of the increased surface-adsorbed
CO or attenuated proton transport to the surface of Ag.
Increasing the P4VP thickness further (34 nm P4VP) worsens
selectivity for the eCO,RR, resulting in higher H, activity at all
potentials, compared to the thinner variants, with only about
0.68 mA cmgeo_2 going toward CO and 2.72 mA cm™” toward
H, at —1.1 V. Thicker layers of P4VP could begin to restrict
charge transfer due to the suppressed electrolyte perme-
ability.”"

Introducing a symmetric block copolymer (see the Methods
section for the number-average molar mass of each block)
containing both PS and P4VP segments (PS-b-P4VP) allows
the investigation of functional group competition, where the
pyridyl or phenyl group has equal access to the electrode
surface upon film casting. Catalytic activity of the PS-b-P4VP-
coated electrodes more closely resembles those of P4VP than
PS in both the eCO2RR and HER (Figure 2d). The 10k and
40k PS-b-P4VP overlayer electrodes have lower overall
geometric current densities in comparison to all other
electrodes studied, reaching just 2.5 mA cmgeo_2 by —1.1 V.
However, they also generally demonstrate the lowest HER
partial currents reaching just ~1.35 mA cm? and 0.85 mA
ecm™? by —1.1 V for the 10k and 40k PS-b-P4VP variants,
respectively. The partial CO current density is suppressed
relative to the thinner P4VP overlayer electrodes, where 40k
PS-b-P4VP is only suppressed by 19%, while the 10k PS-b-
P4VP is suppressed by 47%, opposite of what one may expect
if the thickness was the cause behind the suppression (as
observed for the 34 nm P4VP film). Thus, the 40k PS-b-P4VP
maintains the highest current efficiency of 66% toward CO
observed in this study. However, it should be noted that the
ratio between N, and Ag;; decreases substantially after
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Figure 3. Contact angle measurements on the unmodified Ag and Ag with polymer overlayers.

eCO,RR experiments on pyridine-containing overlayers,
indicating that polymer is lost during electrolysis (Figure
S16a). A subtle change in peak shape was also observed near
400 eV (Figure S16b—d) with the development of a small
shoulder near 401 eV, which could show slightly different C—
N interactions. Additionally, a peak near 407 eV was present
for ads-P4VP and 6 nm P4VP overlayers, which may indicate
O—N interactions; however, this peak did not appear to be
present for the Ag electrode with a 34 nm P4VP polymer
overlayer. Going back to the implication of polymer loss (e.g.,
loss in the Ny peak area), one may expect to see an additional
peak for Ag—N interactions as observed for ads-P4VP in
Figure 1b. The absence of this peak implies that either Ag—N
interactions break down during electrolysis or polymer loss is
nonuniform. The latter is supported by the increased standard
deviation around the average N ,/Ag;, ratio of three different
locations of the electrode (Figure Sl6a) collected after
eCO2RR experiments. The current vs time plots (Figure
S12) do not demonstrate substantial changes over the course
of each potential, suggesting that this could occur at low
overpotentials before substantial differences in catalytic activity
have occurred or perhaps during electrolyte changes. With the
exception to ads-P4VDP, it appears that the pyridine-containing
polymer electrodes all drop to similar N content relative to Ag.
Given that the block copolymers also contain polystyrene
chains, the equivalent N, /Ag;y ratio suggests more total
polymer content for the PS-b-P4VP overlayers. This increased
polymer content as well as the observed selectivity differences
in the eCO,RR for PS-b-P4VP overlayers could be due to
increased hydrophobicity from the PS groups.

Recent work by Koper et al. reported a correlation between
formate activity at low overpotentials and a decrease in proton
transport.”” It was hypothesized that the regulation of proton
and water transport originated from increased hydrophobicity
induced by a P4VP coating on a Cu electrode. They used
contact angle measurements with water to gauge the degree of
hydrophobicity induced via P4VP. Following a similar
framework, contact angle measurements were performed on
the polymer overlayers alongside the unmodified Ag. The
unmodified Ag exhibited the highest contact angle of ~97°
(Figure 3), albeit the trace volatile carbons from the ambient
could (Figure S1b,c) influence this observation. Introducing 6
nm of P4VP onto the Ag surface increases the hydrophilicity,
where the coated electrode exhibits a contact angle near 51.2°,

while the thicker 34 nm P4VP layer (not shown) exhibits a
slightly lower contact angle of 45.7° and 6 nm PS results in a
contact angle of 89.2°. Intriguingly, the block copolymer
behaves in between the two extremes with contact angles of
57.9 and 85° for the 40k PS-b-P4VP and 10k PS-b-P4VP,
respectively, which could suggest a hierarchical domain
ordering within the film such that 40k PS-b-P4VP has more
P4VP groups at the air interface, while 10k PS-b-P4VP has
more PS. The Wenzel equation (eq 7) was applied to evaluate
the impact of roughness on the measured contact angles, where
0., is the measured contact angle, R is the roughness ratio
(Table S3), and 6, is the Young contact angle. For the
roughest polymer layer (40k PS-b-P4VP at R = 1.008), the
measured contact angle is 57.9°, while the calculated Young
contact angle is only 0.3° larger at $8.2°.*° Therefore, it was
concluded that the roughness of the polymer film played a
negligible role in the contact angle measurements.

cos(@.) = R cos(by) (7)

The hydrophobicity of PS hardly comes as a surprise as it is
widely accepted to be impermeable to aqueous solutions only
taking up 0.17% of H,0.” Given the inert hydrocarbon
backbone, its nonpolar nature has no chemical driving force to
interact with H,O. That said, it is intriguing that the HER,
which requires either protons (which can be provided through
HCO;™ transport)***"~>* or H,0, still occurs at appreciable
rates for the electrodes covered with smooth layers of PS. One
possible explanation for this could be defects that result in
pores containing the electrolyte, which enable the migration of
aqueous species to the electrode surface. However, this would
be limited to pore sizes that still obstruct the transport of CO,
attenuating the local CO, concentration. Another contributing
factor could be the permeability of water vapor through
polystyrene, which is notable.® An alternative mechanism
could be that the polymer layer screens cations from the
surface, which stabilize the CO,” intermediate. Scanning
electrochemical microscopy observed that the conversion of
CO, to CO was only observed in the presence of cations.”
Either mechanism could explain the higher activity and
selectivity for HER. In the case of P4VDP, the increased activity
toward CO could be explained as a combination of the
electronic modification to the Ag active sites, which has been
observed in the recent literature and possibly modified
transport properties of CO, and protons through the layer of
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Figure 4. (a) Double layer currents (determined by averaging the current between 0.62 and 0.68 V) vs scan rate and (b) EIS at 0.58 V of Ag with
polymer overlayers. (c) Results of fitting (circuit presented in the inset of (b)) EIS data. A simple R-R//Q was used for Ag.

pyridine groups.® Given that the 10k and 40k PS-b-P4VP
overlayer electrodes had contact angles between the two
extremes, it is logical that the combination of Ag—pyridine
interactions and modified transport phenomena contribute to
the observed catalytic output.

Double layer capacitance (DLC) (Figures S17 and S18) and
electrochemical impedance were measured in a nonfaradaic
potential window between 0.59 and 0.71 V (Figure 4), where
the average current was determined by averaging between 0.62
and 0.68 V in Ar-saturated 0.1 mol L™' KHCO; (see the
Methods section) to further evaluate the influence of PS,
P4VP, and PS-b-P4VP overlayers on charge transport. Ag
electrodes with adsorbed layers of PS and P4VP (Figure
S17a,b) show response akin to that of unmodified Ag (Figure
S4a), with the exception that the Ag with ads-P4VP shows
more shear in the voltammetric response. The measured DLC
curves (Figure 4a) depict a lower linear slope for ads-PS
compared to the unmodified Ag and a nonlinear behavior for
Ag with ads-P4VP. The nonlinear behavior indicates nonideal
double layer behavior, indicating that the transport of ions
through the film is slower. Thicker overlayers of P4VP on Ag
(Figure S17e,f) maintained similar behavior in capacitance but
with more extreme shearing in the voltammetric response at
higher scan rates. In fact, all P4VP and PS-b-P4VP overlayer
electrodes show behavior similar to the unmodified Ag at slow
scan rates but have lower DLC current at faster scan rates. On
the other hand, thicker layers of PS suppressed any capacitive
response to potential sweeps by orders of magnitude, scaling
with thickness (Figure S17b,c). For example, Ag with ads-PS
produced a capacitance of 15.7 uF cm™?, Ag with 6 nm PS
produced a capacitance of 0.3 uF cm™? and Ag with 33 nm PS
was statistically unmeasurable, a capacitance <1 nF cm™2. Both
10k and 40k PS-b-P4VP overlayers yield similar DLC values to
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P4VP regarding capacitive behavior (Figure S18). These
results suggest a complete impediment of ion transport
through the PS layer, while the response on P4VP suggests
partial mitigation of ion transport. It should be noted that the
DLC (and EIS discussed below) and CO, reduction
measurements could influence the state of the polymer films
differently. Bubble generation from the HER could cause
changes in film thickness or even result in delamination,
whereas the DLC measurements are conducted in the absence
of faradaic reactions; thus, the polymer film is less perturbed
over the course of the measurement. These differences could
explain the absence of ion transport in the case of DLC
measurements.

Nyquist plots from EIS collected at 0.58 V (see the Methods
section for more details) portray the stark difference between
PS overlayers and pyridine-containing polymers (both P4VP
and PS-b-P4VP). Ag electrodes with PS overlayers exhibit a
much larger imaginary impedance compared to unmodified Ag,
while P4VP overlayers display the opposite effect. A simple R-
R.//CPEy circuit was used for Ag, where R signifies solution
resistance, R, is the charge-transfer resistance, and CPEy
models the double layer capacitance using a constant phase
element. The circuit developed to model impedance of the
polymer-coated electrodes (Figure 4b, inset) expands upon
this basis, adding in an R_,.//CPE_, element to account for
impedance of the polymer coating. Similar circuit models are
used to characterize organic coatings on metal electrodes.*®

The fitting results from EIS measurements are summarized
in Figure 4c. Coatings of PS thicker than just the adsorbed
layer resulted in a completely diminished CPEy, consistent
with our results from the DLC experiments, as well as results
from other reports.”” The other coated electrodes (P4VP and
PS-b-P4VP) maintain CPEy values on par with the unmodified
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Ag electrode, demonstrating accessibility of the electrolyte to
the metal surface. Addition of the 6 nm layer of PS resulted in
an R, of roughly 1 MQ, while increasing the thickness to 33
nm of PS increased the resistance to nearly 40 MC,
significantly higher than the other coatings. Furthermore, the
PS-coated electrodes did not demonstrate a significant coating
capacitance given its lack of charge carriers. These EIS results
for PS confirm the extreme obstruction of electrolyte species
transport through the PS layer to the electrode surface.

In contrast, EIS results from P4VP and PS-b-P4VP-coated
electrodes demonstrate much lower R, on the order of 10
kQ, and CPE_,,, near 10 uF (or 5 yuF cm™). R_.,, is higher in
the thicker P4VP films compared to the ads-P4VP sample but
remain fairly constant with increasing layer thickness.
Connecting EIS to electrolysis experiments, the pyridine-
containing polymer overlayers inhibit ion transport (presum-
ably protons and (bi)carbonate) to the electrode surface that
leads to diminished HER activity. Going further, the CPEy of
each electrode composite serves as a numeric for the
electrochemically active surface area (ECSA), assuming a
standard capacitance of 25 yF/cm? for Ag.*” This enables the
comparison of eCO,RR activity for electrodes with P4VP and
PS-b-P4VP overlayers (Figure S19). While the general trends
observed based on geometric current densities remain to be
true, it appears in the case of PS-b-P4VP overlayers that the
specific CO current density is almost the same for both block
copolymer sizes (Figure S19b). However, the specific H,
current density is lower for the larger block. This suggests
that the larger block size, rather than enhancing eCO,RR
activity, attenuates HER likely through substrate transport to
the surface. However, the similarity in EIS between P4VP and
PS-b-P4VP coatings suggests that the structural conformation
PS-b-P4VP at the metal electrode does not impede ionic
transport to the surface any more than P4VP even though
contact angle measurements point to a slightly higher
hydrophobicity of the electrolyte/polymer interface. Further
investigation into the specific polymeric structures resulting
from the different block sizes could enable better under-
standing of the observed catalytic differences. Both EIS and
DLC measurements are consistent with the observations that
thicker PS layers severely inhibit electrochemical activity at the
Ag surface, while pyridine-containing overlayers (either in
block co- or homopolymers) preserve accessibility.

Bl CONCLUSIONS

This investigation explored the effects of polymer overlayers on
the eCO,RR at a textured Ag(111) surface. It was
demonstrated that the functional groups along a polyvinyl
backbone significantly impact the catalytic properties of the
metal surface. In the case of polystyrene, the eCO,RR was fully
suppressed with a 6 nm polymer layer and the hydrogen
evolution reaction was enhanced 3X, likely a side effect of
blocking CO, from reaching the surface and converting to
surface-adsorbed CO. Substituting a pyridine group for the
benzene ring in polystyrene had the inverse effect; it
substantially enhanced the rate of CO, conversion to CO
while suppressing the hydrogen evolution reaction. Interest-
ingly, block copolymers consisting of both PS and P4VP
segments show minor dependence on block size, with larger
blocks (20k—20k) having slightly higher selectivity toward CO
than the P4VP homopolymer and shorter blocks (Sk—Sk)
having lower selectivity compared to P4VP-covered electrodes.
These differences suggest that hierarchical overlayer structures
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at and extending from the electrode surface play a role in
controlling reaction selectivity. Contact angle measurements,
XPS, and EIS investigations suggest that hydrophobicity,
chemical modification, and ion transport all played a role in the
observed catalytic activity. Future in situ measurements that
characterize the structural conformations of these polymers,
among others, and transport of species through them could
provide further insight into the desired properties of metal—
polymer composite electrodes for the electrochemical con-
version of CO,. This study demonstrates the importance of
understanding both the chemical and physical makeups,
including larger length-scale conformations, of polymeric
additives used in electrocatalytic reactions.
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