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ABSTRACT

Polymer-encapsulated cobalt phthalocyanine (CoPc) is a model system for studying how
polymer-catalyst interactions in the electrocatalytic systems influence performance for the CO>
reduction reaction. In particular, understanding how bulk electrolyte and proton concentration
influences polymer protonation, and in turn how the extent of polymer protonation influences

catalytic activity and selectivity, is crucial to understanding polymer-catalyst composite materials.



We report a study of the dependence of bulk pH and electrolyte concentration on the fractional
protonation of poly-4-vinylpyridine and related polymers with both electrochemical and
spectroscopic evidence. In addition, we show that the fractional protonation of the polymer is
directly related to both the activity of the catalyst and the reaction selectivity for the CO» reduction
reaction over the competitive hydrogen evolution reaction. Of particular note is that the fractional
protonation of the film is related to electrolyte concentration, which suggests that the transport of
counterions plays an important role in regulating proton transport within the polymer film. These
insights suggest that electrolyte concentration and pH play an important in the electrocatalytic
performance for polymer-catalyst composite systems, and these influences should be considered

in both experimental preparation and analysis.

INTRODUCTION

The conversion of industrial waste CO> into value-added products using renewable energy is
one proposed way to harness intermittent energy sources while decreasing net CO, emissions.!!!
In particular, the electrochemical CO: reduction reaction (CO2RR) is an important strategy for
CO: conversion, but requires the development of electrocatalytic systems incorporating

molecular!?"”

or solid-state catalysts'8-?* to drive the kinetically-demanding reactions. Regardless
of catalyst system chosen, a major barrier to practical CO> reduction is reaction and product
selectivity, especially outcompeting the competitive hydrogen evolution reaction (HER).>>27
Porphyrins and phthalocyanines have been studied as molecular electrocatalysts for the
CO2RR, with cobalt phthalocyanine (CoPc) being a particularly well-studied catalyst due to its

unique electron configuration and favorable binding energy to CO2.2*! CoPc easily adsorbs to

carbon electrode surfaces and has been an important model system to study the mechanism of the



CO2RR,*4! a5 well as one of the rare molecular catalysts able to reduce CO> to methanol under
specific reaction conditions.?®3® Our particular interest in CoPc has focused on improving the
selectivity of CoPc-catalyzed CO2RR over the competing HER by encapsulating the parent
complex within coordinating polymers to control the local microenvironment. Our group* and
others**** have shown that encapsulating CoPc within poly(4-vinylpyridine) (P4VP) results in
increased reaction activity and selectivity for the CO2RR over the HER, leading to an increase in
Faradaic efficiency for CO production from 60% for CoPc to > 90% for CoPc-P4VP and a four-
fold increase in turnover frequency for CO production.’”424°

Previous studies within our group have focused on understanding the role of the encapsulating
P4VP polymer in modulating the primary, secondary, and outer coordination sphere surrounding
the CoPc catalyst, and how changes to these coordination spheres influence activity and reaction
selectivity for the CO2RR.37#245% In particular, we provided experimental evidence through
kinetic isotope effect and proton inventory studies to show that the pyridyl residues in the P4VP
polymer are crucial for controlling proton transport through the polymer to the catalyst active sites,
and that this proton transport within the polymer-catalyst system likely occurs via a multi-site
proton relay mechanism rather than diffusion-controlled transport.*”

A complicating factor for polymer-encapsulated catalyst systems is that the protonated pyridyl
residues likely not only serve as a multisite proton relay, but also provide local buffering near the
catalyst sites. The pKa of protonated pyridyl residues within P4VP is 3.5, slightly lower than the
analogous monomer due to the hydrophobic backbone of the polymer.® An outstanding research
question in polymer-catalyst composites with such proton relays is how the bulk electrolyte pH
affects the transport and buffering of H" within the polymer, and what effect this transport and

buffering has on the catalytic activity. Numerous studies have indicated that pH is important in



practical applications for the reduction of CO> in an electrochemical fuel cell system, especially
when considering the impact of electrolyte identity and concentration on local pH in polymer-
catalyst composites.’'* Considering most practical catalysts for the CO,RR employ a polymer
binder to adhere the catalyst to the electrode surface, we believe that understanding how bulk pH
affects catalyst performance for the CoPc-P4VP model system will provide important insights in
understanding these effects in these other polymer-catalyst composite materials.

In this work, we quantitatively measure the impact of changes to bulk pH and electrolyte
concentration on the fractional protonation of the PAVP in CoPc-P4VP composite materials, and
we determine the impact these changes in fractional protonation have on the catalytic activity and
selectivity for COz reduction. We use ex situ infrared spectroscopy to characterize the fractional
protonation of the P4VP polymer in the CoPc-P4VP system, and we correlate this fractional
protonation with observed changes in electrocatalytic activity. We hypothesized that at
intermediate bulk pH ~5, the P4VP polymer would be only partially protonated, allowing proton
transport via a multisite proton relay (Figure 1). Under more acidic bulk conditions (pH ~3), we
hypothesized that the polymer is fully protonated and therefore proton delivery is rapid to the
catalyst site. Under such conditions, we postulated that the overall catalytic current density would
be higher, but a larger fraction of this current density would be going towards competitive HER
compared to the CoPc-P4VP system at bulk pH 5, leading to an overall decrease in fractional
current density going to CO (jco). In contrast, at bulk pH 7, we hypothesized that the polymer
would be fully deprotonated, leading to diffusional control of H' transport in the polymer. We
postulated that this lower rate of H" transport at bulk pH 7 should lead to higher reaction selectivity
for the CO2RR over competitive HER, but lower overall activity. Overall, we expected the CoPc-

P4VP system to achieve the maximum activity for the CO2RR at intermediate pH ~5 (Figure 1).



Our experimental results largely confirm these hypotheses, with a few caveats. In addition, we
show that the extent of fractional protonation is also governed by the electrolyte concentration,
leading to an increase in activity but a decrease in selectivity for the COoRR. This suggests that
the partitioning of protons within the encapsulating polymer is not only dependent on the bulk pH,
but also on the concentration of the buffering anions in solution. These studies provide important
insights into how choices of pH, electrolyte identity, and electrolyte concentration can influence
electrocatalytic activity for small-molecule transformations in polymer-catalyst composite

materials.
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Figure 1. (a) Schematic representation of the postulated extent of fractional protonation of the
polymer pyridyl moieties in CoPc-P4VP as a function of bulk pH, expanded on graphically in
(b), where fractional protonation decreases as bulk electrolyte pH increases due to the decrease
in available protons. (¢) The hypothesized change in partial current density for CO production
(jco), a measure of activity for the CO2RR, as a function of bulk pH. At low bulk pH, we
postulate that competitive HER will be the dominant reaction in the CoPc-P4VP system due to
the high availability of protonated pyridyl moieties, leading to comparatively low activity for
the CO2RR. At high bulk pH, we postulate that the CO2RR activity will be limited by reduced
availability of protons due to the full deprotonation of the pyridyl moieties within CoPc-P4VP.
The highest activity is hypothesized at intermediate pH ~5, where the CO2RR is the dominant

reaction but there is a reasonable availability of protons within the CoPc-P4VP polymer



composite. (d) The hypothesized changes in Faradaic efficiency (FE(CO)) for CO production
as a function of bulk pH. We postulate that increasing the bulk pH will increase the reaction
selectivity for CO2RR by limiting the availability of protons within the CoPc-P4VP system for
the competitive HER.

EXPERIMENTAL
Materials

All purchased chemicals were used as received, unless otherwise specified. All water used in
this study was ultrapure water (18.2 MQ cm resistivity), prepared via purification by a Thermo
Scientific GenPure UV-TOC/UF x CAD-plus water purification system. Carbon dioxide (COa2,
99.8%) was purchased from Cryogenic Gases and was used as received, and nitrogen (N2) was
boil-off gas from a liquid nitrogen source and was used without further purification. The following
chemicals were purchased from Sigma Aldrich and used as received: graphite powder (GP,
synthetic <20 pum), cobalt phthalocyanine (CoPc, 97%), poly-4-vinylpyridine (P4VP, average Mw
~160,000), N, N-Dimethylformamide (DMF, ACS grade), poly-2-vinylpyridine (P2VP, average
Mw ~159,000), sodium phosphate monobasic (NaH2POs, BioXtra, >99.0%), phosphoric acid (85
wt% in H>0), Nafion-117 cation exchange membrane (Nafion), ferrocene carboxylic acid (97%),
and sodium hydroxide (NaOH, TraceMetal grade). Sodium perchlorate monohydrate
(NaClO4-H20, 97%) was obtained from Alfa Aesar. Nitric acid (TraceMetal grade, 67-70%) was
purchased from Fisher Scientific. Cobalt ICP standard (1000 ppm in 3% HNO3) was purchased
from Ricca Chemical Company. Glassy carbon disk electrodes (GCEs, 4 mm thick, 5 mm in
diameter, effective electrode area 0.196 cm?) were purchased from HTW Hochtemperatur-

Werkstoff GmbH.



Electrolyte Solution Preparation and pH Measurements

Unless otherwise stated, all experiments were performed in phosphate/perchlorate electrolyte
solutions with concentrations explicitly stated in the main text and captions. Experiments
performed to determine the pH dependence of the electrochemical system were performed in
electrolyte solutions of 0.4 M NaH,PO4 added to 0.5 M NaClO4. The use of NaClO4 was used to
maintain close to the same ionic strength regardless of solution pH. Experiments used to study the
activity dependence of electrolyte concentration were performed in varying concentrations of
phosphate/perchlorate buffer systems as specified in the main text, including the systems where
there was only phosphate and no perchlorate in the electrolyte. Importantly, all electrochemical
glassware were vigorously washed between experiments, all electrochemical cells and Nafion
membrane separators were soaked in ultrapure water for at least 12 hours prior to use to ensure
that all electrolyte salts were removed.

It would be challenging to determine the exact speciation of ions in our solution, and therefore
the exact ionic strength, given the complexity of the electrolyte containing ions from a mixture of
pH-dependent H3PO4/H2PO4 /HPO4* and CO2/HCO;™ buffers. However, although we are unable
to measure the quantitative ionic strength, we are able to predict qualitative changes in ionic
strength from systematic modifications of the electrolyte by considering three core assumptions:
(1) The effects of ion concentration on buffer ion activity, and therefore pKa, are small in the
concentration range of interest (~0.1 M to 1.0 M total ion concentration). For example, the pKa
of phosphate changes from ~6.81 in 0.1 M electrolyte, to ~6.67 in 0.4 M electrolyte, to ~6.62 in
1.0 M electrolyte.’* (2) The concentration of HoPOs~ and HPO4>~ do not change appreciably
between 6 > pH > 4. Because this pH range is far from the HoPO4 /HPO4*™ pKa, the buffer is

mostly composed of H2PO4 ™, and relatively large changes in pH result in relatively small changes



in buffer ion concentrations. (3) The total amount of carbonate in solution due to CO> sparging is
small compared to other ions in solution (<0.035 mol/L).> So although we are unable to measure
quantitative changes in ionic strength in our studies, we are able to predict qualitative trends in
ionic strength sufficiently well so that any small variations do not influence our data analysis and
conclusions.

Prior to each experiment, the working chamber was sparged with the appropriate gas for at
least 30 minutes. The pH after sparging varied from between 4.1 to 4.5 and was adjusted to the
desired pH level for the experiment by titrating 1 M NaOH or 10% H3POg into the electrolyte
while it was blanketed by CO> or N and sealed under 1 atm of the appropriate gas. Note that all
phosphate buffer concentrations reported are inclusive any added H3PO4 to +/- 0.01 M accuracy.
All pH measurements were conducted with a Fisher Scientific Accumet AB200 pH meter with an
Atlas Scientific pH probe calibrated at three points with pH = 4.01, 7.00, and 10.01 calibration

standards (Fisher Scientific).

Preparation of Catalyst Deposition Inks (CoPc-P4VP/GP)

CoPc-polymer/GP deposition inks were prepared as previously described.’® The preparation
conditions and resultant loadings of catalyst, polymer, and graphite powder can be found in
Supplementary Table S1. A solution of 0.05 mM CoPc in DMF was prepared by the addition of
0.0029 g of CoPc to 100 mL of DMF in a duct tape-jacketed 100 mL glass bottle. The duct tape
jacketing mitigated the possibility of photodegradation of the CoPc during solution preparation.
The mixture was sonicated for 1 hour and then vortexed for 1 minute at 3000 rpm. Following the
preparation of the 0.05 mM CoPc/DMF solution, 0.03 g polymer was added to 1 mL of the

CoPc/DMF mixture in a 20 mL duct tape-jacketed scintillation vial to create a 0.05 mM CoPc —



3% w/v polymer in DMF. The P4VP was allowed to disperse by sonication for 30 minutes. A mass
of 0.01 g of graphite powder was then added to the CoPc-polymer mixture to create a 0.05 mM
CoPc — 3% P4VP — 1% w/v GP preparation suspension. The suspension was allowed to disperse
via sonication for 30 minutes. A Teflon stirbar was then added to the scintillation vial and the
CoPc-polymer/GP mixture was magnetically stirred by stirplate at 500 rpm for 12 h. After stirring,
the preparation suspension was centrifuged in a 2 mL centrifuge tube (Fisherbrand Premium
Microcentrifuge tube) at 14,000 rpm for 30 minutes at —4 °C in an Eppendorf 5430R refrigerated
centrifuge. The supernatant was decanted, and 1 mL of fresh DMF was added. The suspension was

then vortexed for 30 sec at 3000 rpm, and sonicated for 30 sec.

Preparation of Modified Electrodes (CoPc-P4VP/GP/GCE)

Prior to modification, glassy carbon electrodes (GCEs) were polished on a Struers LaboPol-5
polishing instrument with a LaboForce-1 specimen mover. The GCE disks were loaded into a
custom-made brass electrode holder held by the specimen mover with polishing side pressed
against a MDFloc (Struers) synthetic nap polishing pad. The GCE disks were sequentially polished
with diamond abrasive slurries (DiaDuo-2, Struers) in an order of 9 uym, 6 pum, 3 pm, and 1 pm
diameter particle slurries for 1 minute. The speed of the platen was held at 200 rpm and, and the
specimen mover rotated at a speed of 8 pm in the opposite rotation direction from the platen.
Between each polishing step, electrodes were rinsed with ultrapure water. After the final polishing
step, the GCE disks were sonicated in isopropyl alcohol for 3 minutes, followed by ultrapure water
for 3 minutes, and in 1 M HNOs for 30 minutes. The electrodes were then rinsed with ultrapure
water and dried under an N> stream. All electrodes were dried in an oven at 60 °C for 10 minutes

immediately prior to the dropcasting of deposition ink. The electrodes were coated by dropcasting



5 uL of the CoPc-P4VP/GP deposition ink, allowing the surface to dry in an oven at 60°C for 10
minutes, and then was followed by a second coating of 5 uL of the deposition ink and drying at

the same temperature.

Cobalt Loading Determination

Catalyst loading was determined as previously described.>® After centrifugation, the graphitic
pellet was digested by the addition of 15 mL TraceMetal Grade 1 M HNOs. The solution was
stirred overnight, and then was filtered using a cellulose syringe (Pore Size 0.45 um, Titan 3
regenerated cellulose, Fisher Scientific) to remove the polymer and graphite powder. The metal
content was then measured using inductively coupled plasma-mass spectrometry (ICP-MS,
PerkinElmer Nexion2000). The ICP-MS was calibrated using internal standards at 10, 50, 100,
and 500 ppb and standard nitric acid blank at 0 ppb. The conversion from ppb to molar CoPc

loading in the deposition ink is shown in Equations 1-3.

lpg (1)
X ppb X 1 ;‘pb X 0.015L = mass Co in ug
_ 1molCo 107°g 2)
mass in pgx =oo 2 Co X 11 = mol CoPc
mol CoPc 3)

— M CoPci tion ink
0.0010 L initial deposition ink CoPcin deposition in

Electrochemical Measurements
Electrochemical measurements were conducted wusing a Bio-Logic SP200
potentiostat/galvanostat, and data were recorded using the Bio-Logic EC-Lab software package.

Reference electrodes were commercial saturated calomel electrode (SCE), externally referenced



to ferrocenecarboxylic acid in pH 7, 0.2 M phosphate buffer (0.284 V vs. SCE), and auxiliary
electrodes were carbon rods (99.999%, Strem Chemicals Inc.). Working electrodes were the
modified GCEs described in the previous section. The working electrode was separated from the
auxiliary electrode by a Nafion membrane. Unless otherwise noted, all electrochemical
measurements were conducted at least three times with independently prepared electrodes, all
values reported are the average of these repetitions, and all reported errors are standard deviations.
The reported errors of interpretations that required mathematical operations are reported as
standard errors.

For rotating disk electrode (RDE) chronoamperomentric (CA) step measurements, the
modified GCE working compartment was assembled using a Pine Research Instrumentation E6-
series change disk RDE assembly attached to an MSR rotator. CA measurements were conducted
at 1600 rotations per minute (rpm) with a single 6-minute potential step held at -0.647 V vs. RHE
(V vs. SCE varied depending on the electrolyte pH), to ensure equivalent thermodynamic potential
against the concentration of protons. The 1600 rpm rotation rate was used to ensure steady-state
CO; and/or proton delivery to the electrode surface.

RDE-CA measurements were conducted in a previously reported custom two-compartment
glass cell.’” In the first compartment, the working electrode with GCE assembly was suspended in
30 mL buffer solution with 3 gas inlets and one inlet for the reference electrode. The second
compartment contained ~15 mL solution with the auxiliary electrode. The compartments were
separated by a Nafion membrane. Both compartments were sparged with the gas (CO2 or N») for
~30 minutes prior to each set of measurements, and the headspace was blanketed with the
corresponding gas during the measurements. The gas used for all electrochemical experiments was

first saturated with electrolyte solvent by bubbling the gas through a gas washing bottle filled with



the same electrolyte solvent (water or deuterium oxide) used in the cell to minimize electrolyte
evaporation in the cell during the course of the measurements. Solution resistance of the cell was
measured prior to experiments using a single-point high frequency impedance measurement, and
was compensated at 85% via positive feedback using the EC-Lab software. Solution resistance
varied across electrolyte concentrations but was generally between 50—-300 Q.
Controlled-potential electrolysis (CPE) experiments were conducted at room temperature in
previously reported custom, gas-tight, two-chamber U-cell.>” The modified working electrode was
held in a RDE internal hardware kit (Pine Research Instrumentation) and mounted into a custom
PEEK sleeve. For the electrolysis measurements, the main chamber held the working electrode
and an SCE reference electrode in ~ 25 mL electrolyte, and the headspace was measured after each
experiment by measuring the amount of ultrapure water needed to refill the main chamber. The
auxiliary chamber held the auxiliary carbon rod electrode in 15 mL electrolyte. The two chambers
were separated by Nafion membrane. Prior to each experiment, both chambers were sparged with
CO; for ~20 min, the pH was adjusted, the cell was sparged with CO> for ~20 min, and then the
main chamber was sealed under CO; atmosphere. The pH of the electrolyte was measured
immediately prior to the sealing of the cell after CO2 purge. The resistance of the cell was measured
with a single-point high-frequency impedance measurement but was not compensated over the
course of the experiment. In general, our electrochemical cell for CPE had Ru ~ 150 Q in all pH

solutions. Unless otherwise noted, CPE experiments were conducted for 2 h.

Product Detection and Quantification
After each CPE experiment, a gaseous sample from the headspace was collected and analyzed
using gas chromatography (GC). Analysis was conducted using a Thermo Scientific Trace 1310

GC system with two separate analyzer channels for the detection of H, and C1-C2 products. A



Pressure-Lok gas-tight syringe (10 mL, Valco VICI Precision Sampling, Inc.) was used to collect
5 mL aliquots from the main chamber headspace of the cell, and each aliquot was injected directly
into the 3 mL sample loop. Using a custom valve system, column configuration, and method
provided by Thermo Scientific, gases were separated such that H, was detected on the first channel
using an Ar carrier gas and thermal conductivity detector (TCD) and all other gases were detected
on the second channel using a He carrier gas and a TCD. The GC system was calibrated using
calibration gas mixtures (SCOTTY Specialty Gas) at H, = 0.02, 0.05, 0.5, and 1% v/v and CO =
0.02, 0.05, 0.5, 1, and 7% v/v. Chromatographs were analyzed by using the Chromeleon Console.

Faradaic efficiencies of gaseous products were calculated via Equation 4:

VHSxGanF )

where Vs is the headspace volume in mL of the working chamber, V; is the molar volume of gas
at 25°C and 1.0 atm (24500 mL/mol), G is the volume percent of gaseous product determined by
GC (%), n is the number of electrons required for each product (n = 2 for H> and CO), F'is the
Faraday constant (C/mol) and Q is the charge passed in Coulombs. Note that the determined
Faradaic efficiency values of H, and CO accounted for nearly 100% of the charge passed and

previous studies under similar aqueous conditions did not yield solution-phase products,”4>48

SO
we did not collect liquid samples for analysis from the working electrode chamber following the

CPE experiments.



EXx Situ Infrared Spectroscopy

To evaluate the fractional protonation of P4VP layers by different buffer solutions, ex situ
transmission infrared experiments were performed using a Nicolet iS50 FTIR with an MCT
detector. Each P4VP layer was prepared by drop casting 38.1 uL of a 1% P4VP/DMF solution
onto a clean 0.5 diameter uncoated CaF» window (Thorlabs, Inc.) and dried in an oven at 60°C
overnight to evaporate the DMF. Buffer solutions were prepared and brought to the desired pH as
described above. Onto each P4VP-coated window, a 150-uL droplet of buffer solution at the
desired pH was deposited and allowed to soak into the polymer coating for 45 minutes. The buffer
droplet was then removed via pipette, and any remaining liquid buffer was wicked away using a
Kimwipe. The window was dried in an oven at 60°C for 1 hour to evaporate any residual water.
To collect spectra (before and after buffer exposure), the windows were mounted inside the FTIR
transmission chamber, and backgrounded against a clean CaF, window with a dry Nz purge. Each
spectrum was collected with 128 scans at 2 cm™ resolution (data spacing of 0.241 cm™). Spectra
were collected for samples between pH 4 and pH 7—results for pH 3 were unreliable due to optical

degradation of the layers.

RESULTS AND DISCUSSION
The Impact of Bulk pH on Fractional Protonation, CO2RR Selectivity and Activity

We hypothesized that the fractional protonation of the pyridyl moieties could be modeled as a
function of pKa of the protonated pyridyl residues and the bulk pH of the electrolyte (Figure 1).
While it is challenging to model the exact protonation levels because the pKa of pyridinium in the
polymer is difficult to measure accurately, we expected the fractional protonation of the polymer

to influence other measurable characteristics of the system (catalytic mechanism, CO2RR activity,



and reaction selectivity). Specifically, we formed hypotheses that are visualized in Figures b-d.
Figure 1b illustrates the postulate that as the bulk pH increased, there would be a decrease in the
number of protonated pyridyl residues in the CoPc-P4VP composite, limiting proton delivery to
the catalyst active sites. We further hypothesized that this postulated decrease in the fractional
protonation of the P4VP would lead to a corresponding increase in reaction selectivity for CO,RR
by CoPc-P4VP over the competing HER (Figure 1¢). However, we also hypothesized that as the
bulk pH increased, there would be a decrease in CO2RR activity by CoPc-P4VP composite due to
the decreased proton delivery (Figure 1d). Thus, we postulated that CO production by CoPc-P4VP
would reach a maximum at intermediate pH ~ 5, where proton availability would be sufficient for
the CO2RR but delivery would be sluggish enough to inhibit competitive HER.

We first used ex situ infrared spectroscopy to evaluate the effect of bulk electrolyte solution
pH on fractional protonation of the P4VP layer. P4VP exhibits a set of ring-stretching bands in
the 1400-1650 cm™! region—analogous to those of pyridine—which are sensitive to protonation of

3839 neutral

the nitrogen. Previous studies have made band assignments for pyridine,®’ pyridinium,
P4VP,* and protonated P4VP. 6% In particular, the 8a ring-stretching band at 1596 cm™ in
neutral P4VP shifts to 1637 cm™! when the ring is protonated, providing a convenient indicator of
the relative state of protonation in the layer.>>*!"** Due to the overlapping water absorbance band
at 1500-1700 cm™, we evaluated dry P4VP layers. Our method involved exposing the layer to a
droplet of buffer for 45 minutes, giving sufficient time for partitioning of buffer species into the
layer. All excess buffer was then removed, leaving only that which had soaked into the layer. The
layer was then dried, removing the remaining intercalated water but leaving behind the intercalated

ions. The effect of the pH of the electrolyte solution on the P4VP ring-stretching modes is shown

in Figure 2. The intensity of the 1637 cm™! band increased and that of the 1596 cm™! band decreased



as the pH of the buffer solution decreased, indicating a greater layer protonation. This trend held
across all buffer concentrations tested. We interpret this result to mean that exposure to electrolyte
with decreasing pH leads to increased fractional protonation within the polymer. Note that we
also observe broad spectral features at ~2300 cm™ and ~2800 cm™ associated with sodium
phosphate. These peaks suggest that phosphate is partitioning into the P4VP layer. A
representative spectra showing phosphate intercalation for P4VP exposed to pH 5 phosphate buffer
at different buffer concentrations is shown in the supplementary information as Supplementary
Figure S1. Although the preparation of CoPc-P4VP is different from these ex sifu IR studies (see
Supplementary Table S1 and the Experimental), these measurements provide qualitative support
consistent with our hypothesis in Figure 1b that the fractional protonation of the P4VP polymer is
modulated by the bulk pH.

An important parameter for determining the optimal pH for performance of this reaction was
the electrochemical activity, which was determined by measurement of the steady-state current
density under rotation at a specified potential. We had hypothesized that the pKa of the polymer
would be important for optimal activity, as the delivery of protons is a key component of the
COzRR, but with high proton availability, HER would dominate most of the current passed in the
system. It was important to consider both the total activity and the activity that went toward CO
production, as determined by selectivity measurements (Figure 3, controlled potential electrolysis
measurements). The results of this activity study are presented in Figure 4, where we see a
maximum total activity at a pH of 5 and a plateau for activity going toward CO production at pH
6 and 7. To determine the dependence of the bulk electrolyte pH and resulting extent of P4VP
protonation on the reaction selectivity for the CO2RR by CoPc-P4VP composites, we determined

the Faradaic Efficiency for CO production by the CoPc-P4VP system. Controlled potential



electrolysis (CPE) studies were conducted with CoPc-P4VP films containing graphite powder
deposited onto glassy carbon electrodes (CoPc-P4VP/GP/GCE) in 0.4 M phosphate buffers of
varying pH. The electrolyte also contained 0.5 M NaClOs to help maintain constant ionic strength
of the electrolyte across the pH range investigated. The amount of CO and H> produced were
measured using gas chromatography from which Faradaic efficiencies were determined. The
average Faradaic efficiencies determined from a series of 2-h CPEs at two potentials, —0.647 vs
RHE and —0.707 V vs RHE, are shown in Figure 3. In general, Faradaic efficiency for CO
increases as a function of increasing pH at each potential. One key difference is that at the more
negative potential of —0.707 V vs RHE, more competitive HER to H> is observed in bulk pH 3
electrolytes compared to the same conditions at —0.647 V vs RHE. Overall, these results are
consistent with our hypothesis shown in Figure 1d that lower bulk pH and fractional P4VP

protonation leads to increased reaction selectivity for the CO2RR over the competitive HER.
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1700 1600 1500 1400

Wavenumber (cm-")
Figure 2. Representative transmission infrared spectra of PAVP layers exposed to 0.2 M sodium
phosphate buffer at a range of pH values. The spectra are presented at an offset but without
further backgrounding or normalization. The black arrow marks the 1637 cm™ band that rises
with decreasing buffer pH, while the red arrow marks the 1596 cm™ band which falls with
decreasing buffer pH. Additional ring stretching bands at 1555 cm™, 1492 cm™!, and 1413 cm’!
appear to shift to 1607 cm™,1504 cm™!, and 1423 cm! respectively in the protonated species.

The band at 1450 cm™ arises from CH; bending on the P4VP backbone.
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Figure 3. The Faradaic efficiency of the CO2RR to CO (FEco) and the HER to H> (FEn2) by
CoPc-P4VP/GP/GCE in electrolytes with different bulk pH at two different potentials. As the
bulk pH increases, there is a corresponding increase in FEco to a maximum >90% CO
production at pH 7. The general trends in FEco with increasing pH hold are qualitatively similar
at —0.647 V vs RHE, the typical potential used for experiments in this manuscript, and at the
more negative potential of —0.707 V vs RHE. CPE experiments were performed in a sealed H-
cell in 0.4 M phosphate/0.5 M NaClOy electrolyte as described in the Experimental Section.
Data are tabulated in Supplementary Tables S2 and S3, and representative CPE traces are shown
in Supplementary Figures S2-S11. All reported Faradaic efficiencies are averages from at least
three independent experiments under each condition using identically prepared CoPc-

P4VP/GP/GCE electrodes, and the error bars represent standard deviations.



To measure the influence of bulk pH and the resulting fractional protonation of P4VP on the
activity of CoPc-P4VP for the CO2RR, we conducted rotating disk electrode chronoamperometric
step (RDE-CA) measurements with CoPc-P4VP/GP/GCE for CO> reduction. Here, the RDE
electrode is coated with the CoPc-P4VP/GP/GCE composite and then rotated at 1600 rpm to
ensure steady-state delivery of CO> to the surface of the catalyst-polymer composite film.
Representative RDE-CA current traces are shown in Supplementary Figures S12-S16, and the
resulting measured average steady-state current densities at —0.647 V vs RHE are summarized in
Figure 4 with data tabulated in Supplementary Table S4. In particular, we observe that the
magnitude of the total current density (Jjiotal]) measured for CoPc-P4VP/GP/GCE in CO;-saturated
electrolyte increases with increasing bulk pH to a maximum at pH 5, and then decreases again at
higher pH. However, [jiotal] takes into account all current density going to both CO production via
the CO2RR and Hz production via the competitive HER. In Figure 4, we also report the fractional
current density going to CO production, |jco|, calculated by correcting |jiota] from the RDE-CA
measurements with FEco from the CPE experiments as previously described.’’*® As shown in
Figure 4, |jco| increases with increasing bulk pH to pH 5 where the activity plateaus at higher pH.
These results suggest that the decrease in |jiotal| at bulk pH > 5 was due to a decrease in HER
activity. In contrast, the activity of CoPc-P4VP/GP/GCE for the CO2RR remains constant at all
pH > 5. These results are qualitatively consistent with our postulated activity trends with pH,
suggesting that competitive HER inhibits the CO,RR at CoPc-P4VP/GP/GCE polymer-catalyst
composites in COz-saturated electrolytes with bulk pH < 5. However, as the pH is increased to
pH > 5, the competitive HER is itself inhibited due to low availability of protons as indicated by
lower fractional protonation of the P4VP polymer, and CoPc-P4VP/GP/GCE becomes more

selective for the CO;RR.
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Figure 4. Magnitude of the total current density (jiwtl, red squares) measured for CoPc-
P4VP/GP/GCE at —0.647 V vs RHE in CO:-saturated electrolyte at various pH, and the
fractional current density going to CO production (jco, blue triangles) under the same conditions.
The current density measurements were collected from 6-min RDE-CA step experiments at
1600 rpm in electrolytes containing 0.4 M phosphate and 0.5 M NaClO4. Reported jiotal values
are averages from at least three independent experiments under each condition using identically
prepared CoPc-P4VP/GP/GCE electrodes, and the error bars represent standard deviations.
Reported jco values were determined from average jiotal values and average FEco values, and the
error bars represent calculated standard errors. Data are tabulated in Supplementary Table S4,

and representative RDE-CA traces can be found in Supplementary Figures S12-S16.

These experimental results are consistent with our hypothesis that increasing the bulk pH
decreases the extent of protonation within the polymer, which in turn decreases proton transport
to the embedded CoPc sites. This decreased rate of proton transport to the CoPc sites within the
polymer inhibits the competitive HER, thereby increasing the reaction selectivity for the CO2RR.
Note that this decreased proton transport could be explained either by a decreased number of
multisite proton relays, or by an increase in the local hydrophobicity near the CoPc sites. We do

know that proton relays are crucial for CO2RR, even in hydrophobic environments—previous



studies of the CO2RR by CoPc embedded in polystyrene polymers with no proton relays showed
dramatically decreased activity for the CO2RR compared to both the CoPc parent system and the
CoPc-P4VP 374 However, we cannot fully deconvolute the effect of bulk pH on hydrophobicity
or the availability of multisite proton relays. What is clear is that the increased bulk pH alters the
local microenvironment near the polymer-embedded CoPc sites, decreasing proton availability for

the CO2RR.

The Impact of Bulk pH on Axial Coordination of P4VP Residues to CoPc

In addition to playing an important role in regulating proton delivery, the pyridyl residues in
P4VP also axially coordinate to CoPc to enhance CO: binding affinity and overall CO2RR
activity.’”*® In a previous in situ X-ray absorbance spectroscopy (XAS) study, we showed that
the pyridyl residues in P4VP coordinated to CoPc in CoPc-P4VP polymer-catalyst composite
materials, and that this coordination is mostly maintained when exposed to electrolytes with bulk
pH > 3.3! Thus, although our ex situ IR studies in Figure 2 indicate that fractional protonation of
the PAVP polymer increases as pH decreases, the previous XAS measurements suggest that the
local pH near the active site is not sufficiently low to interrupt the coordination between the CoPc
and pyridyl residues (e.g. “protonate off” the pyridyl residues). The ability of the polymer residues
to axially coordinate to the CoPc even at low pH is likely because the ratio of pyridyl moieties
within the polymer matrix to CoPc molecules is ~1300:1, so even if most of the pyridyl residues
are protonated, we expect that there will be sufficient unprotonated pyridyl residues to coordinate

CoPc within the catalyst-polymer microenvironment at pH > 3.



To confirm that axial coordination of CoPc to the pyridyl residues in P4VP is important for
enhanced catalytic activity at every pH, we compared the activity of CoPc-P4VP/GP/GCE to that
of the same composite prepared with poly-2-vinylpyridine, CoPc-P2VP/GP/GCE. The pyridyl
residues in P2VP are sterically prevented from coordinating with CoPc in the polymer-catalyst

3742 and this has been verified with in situ XAS measurements.*’ The average steady

composites,
state current densities for CoPc-P4VP/GP/GCE and CoPc-P2VP/GP/GCE in COs-saturated
electrolyte at —0.647 V vs RHE are summarized in Figure 5. In general, the measured |jtotal| for
CoPc-P2VP/GP/GCE (|jpavp|) is always lower than that of CoPc-P4VP/GP/GCE (|jpavel|), but the
difference between the two grows larger at higher bulk pH. At higher pH, the CO2RR becomes

37,48,49_henCe

the dominant reaction, and axial coordination enhances the activity of this reaction
the larger difference between the current densities measured at higher pH for CoPc-P4VP/GP/GCE
and CoPc-P2VP/GP/GCE, for which axial coordination is not possible. Note that the CoPc
concentration in CoPc-P2VP/GP/GCE system is slightly higher than that in the CoPc-
P4VP/GP/GCE system (Supplementary Table S1). However, the slightly higher catalyst loading
in CoPc-P2VP/GP/GCE cannot explain our observed trend that CoPc-P2VP/GP/GCE is less
catalytically active for the CO2RR when compared to CoPc-P4VP/GP/GCE under otherwise
equivalent conditions.

We have also shown in previous studies that CoPc-P2VP composites have lower selectivity
for CO production compared to CoPc-P4VP.>’#? In this study, we measured FEco for CoPc-
P2VP/GP/GCE at bulk pH 5, and showed that it operates with FEco ~ 58% under these conditions
compared to FEco ~ 75% for CoPc-P4VP/GP/GCE under analogous conditions (Supplementary

Table S5). The results confirm that axial coordination to CoPc is crucial to obtain optimal activity

and selectivity in polymer-catalyst composite films, even at different bulk electrolyte pH.>®
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Figure 5. Magnitude of the total current density measured for CoPc-P4VP/GP/GCE (|jpavp|, red
squares) and CoPc-P2VP/GP/GCE (Jjp2vp|, orange circles) at —0.647 V vs RHE in CO»-saturated
electrolyte at various pH. The current density measurements were collected from 6-min RDE-
CA step experiments at 1600 rpm in electrolytes containing 0.4 M phosphate and 0.5 M NaClOs.
Reported |jpavp| and |jp4vp| values are averages from at least three independent experiments under
each condition using identically prepared electrodes, and the error bars represent standard
deviations. Data are tabulated in Supplementary Table S6, and representative RDE-CA traces
can be found in Supplementary Figures S12-S16 (CoPc-P4VP/GP/GCE) and Supplementary
Figures S17-S21 (CoPc-P2VP/GP/GCE).

The Impact of Electrolyte Concentration on Fractional Protonation and CO:RR
Performance

Previous studies conducted by our group for the CO2RR at CoPc-P4VP and related systems
were typically performed using an electrolyte comprised of 0.1 M NaH2PO4 with pH 4.7 after CO»
sparging.3!37423666 These conditions were convenient to study catalyst activity and transport in

the CoPc-P4VP system—in particular, pH 4.7 is conveniently one pH unit higher than the



estimated pKa range associated with the protonated pyridyl residues within P4VP,>° allowing us
to probe proton relay effects. However, in the present study, a larger 0.4 M NaH>PO4 concentration
was necessary to maintain bulk pH 7 after the solution was sparged with CO,. In addition, 0.5 M
NaClO4 was added to the electrolyte in this study to prevent changes in ionic strength as we
compared across pH ranges. However, in exploratory studies, we found that this higher
concentration of ions within the electrolyte also led to changes in the CO2RR activity and
selectivity of our system compared to previous studies under similar conditions. We decided to
explore further the role of concentration on the CO2RR by the CoPc-P4VP system.

First, we used ex sifu IR spectroscopy as described above to determine the qualitative extent
of protonation of P4AVP when exposed to electrolytes with different concentration of phosphate
buffer. As shown in Figure 6, there is an increase in the intensity of the protonated P4VP ring-
stretching mode at ~1637 cm™'—and a corresponding decrease in intensity of the neutral P4VP
mode at 1596 cm™—as electrolyte concentration increased. This result is consistent with increased
protonation of the pyridyl residues in P4VP with increasing NaH2PO4 concentration. As an aside,
note that if we adjust the pH at the higher phosphate concentrations, we still observe the expected
increase in the fractional polymer protonation with decreasing pH (Supplementary Figure S22).

Next, we explored the role of increasing phosphate concentration on reaction selectivity
(Figure 7a) and activity (Figure 7b) in CPE experiments. In particular, we show that the Faradaic
Efficiency for H> production increases slightly with increasing NaH2POj4 concentration, from FEn2
=17+ 2% at 0.1 M NaH2POg4 to FEn2 = 22 + 1% at 0.4 M NaH2POy, suggesting that the increased
fractional protonation of the polymer at increased NaH2PO4 concentration increases the production

of Ho. However, the overall activity within the system increases in increasing NaH;POq



concentration, leading to an overall increase in the fraction charge going towards CO production

(Qco).
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Figure 6. Representative transmission infrared spectra of P4AVP layers exposed to pH 5 buffers
at a range of electrolyte concentrations. The spectra are presented at an offset but without further
backgrounding or normalization. The black arrow marks the 1637 cm™ band that rises with
increasing buffer concentration, while the red arrow marks the 1596 cm™ band which falls with
decreasing buffer concentration. Additional ring stretching bands at 1555 cm™!, 1492 cm!, and
1413 cm™ appear to shift to 1607 cm™,1504 cm™, and 1423 cm™ respectively as buffer

concentration increases. The band at 1450 cm™! arises from CH» bending on the P4VP backbone.
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Figure 7. (a) The Faradaic efficiency of the CO2RR to CO (FEco) and the HER to H> (FEu2) by
CoPc-P4VP/GP/GCE in pH 5 electrolytes consisting solely of different concentrations of
NaH>POs. (b) The fractional charge going to CO (Qco) and H» (Quz2) from CPE experiments in
pH 5 electrolytes consisting solely of different concentrations of NaH>POs. (¢) The Faradaic
efficiency of the CO2RR to CO (FEco) and the HER to H» (FEn2) by CoPc-P4VP/GP/GCE in
pH 5 electrolytes containing 0.10 M NaH>PO4 and 0.40 M NaH>PO4 with and without 0.5 M
NaClOg. (d) The fractional charge going to CO (Qco) and H» (Qmn2) from CPE experiments in in
pH 5 electrolytes containing 0.10 M NaH;PO4 and 0.40 M NaH;PO4 with and without 0.5 M
NaClOg4. Data are tabulated in Supplementary Tables S7 -S9, representative RDE-CA traces are
shown in Supplementary Figures S23-S26, and representative CPE traces are shown in

Supplementary Figures S27-S30. Reported Faradaic efficiencies are averages from at least



three independent experiments under each condition using identically prepared CoPc-
P4VP/GP/GCE electrodes, and the error bars represent standard deviations. Reported Oco and
Omu2 values were determined from average Q values and average FEco values, and the error bars

represent calculated standard errors.

Interestingly, when 0.5 M NaClOy is added to the system, we do not observe a difference in a
Qco and FEco with increasing NaH2PO4 concentration (Figures 7c-d)—Qco ~ 4 C and FEco ~ 82
% regardless of NaH,PO4 concentration when 0.5 M NaClOy is present. Ex situ IR spectroscopy
of P4VP exposed to solutions containing both 0.1 M NaH2PO4 and 0.5 M NaClO4 show a larger
increase in the intensity of the protonated P4VP ring-stretching mode at ~1637 cm™'—and a
corresponding decrease in intensity of the neutral P4VP mode at 1596 cm™'—compared to P4VP
exposed to solutions containing only NaH>PO4 (Supplementary Figure S31). This enhancement
in the extent of P4VP protonation in NaH>PO4 containing NaClOy is qualitatively similar at both
0.1 M and 0.5 M NaClOs4 concentrations (Supplementary Figure S32). Importantly, PAVP exposed
to solutions of NaClO4 with no NaH;PO4 present show evidence of minimal protonation
(Supplementary Figure S33). These results suggest that NaClO4 is not involved in the direct
protonation of the pyridyl residues in P4VP, but rather facilitates protonation by NaH2PO4
solutions.

It is difficult to deconvolute the interrelated effects of NaH>PO4 concentration, ionic strength,
and fractional protonation on the CO2RR activity and selectivity in the CoPc-P4VP/GP/GCE
system. The identity and concentration of buffers and electrolytes have complex effects on the
catalytic mechanisms and kinetics for the CO>RR by molecular catalyst species.®”®
Understanding the complicated nature of the influence of buffer concentration on the CO2RR in

CoPc-P4VP/GP/GCE is made even more difficult by the inclusion of the polymer layer with its

own influence over CO2RR mechanism and kinetics. Nevertheless, a few key insights can be



gained from our studies. First, increasing NaH,PO4 concentration in perchlorate-free electrolytes
leads to both an increase in the fractional protonation of the P4VP polymer and an increase in
catalytic activity for the CO2RR by the CoPc-P4VP/GP/GCE system. This suggests that the
phosphate buffer plays an important role in increasing H' partitioning into the P4VP polymer, thus
improving H" transport to the CoPc active sites. This increased partitioning of H" into P4VP at
high phosphate buffer concentrations could be due to increased buffer capacity near the
polymer/solution interface, or increased partitioning of phosphate buffer anions into the polymer
layer to stabilize the positive charge of the protonated pyridinium moieties, effectively “wicking”
H" into the polymer interior.’%"!

The CO2RR performance of CoPc-P4VP/GP/GCE in the presence of 0.5 M NaClO4 and
varying NaH>PO4 concentrations is more difficult to understand. At the low phosphate buffer
concentration of 0.1 M NaH2POys, addition of 0.5 M NaClOy increases the activity for the CO2RR
from Qco =2.8 + 0.8 C with no NaClO4 present to Qco =4.0+ 0.5 C in 0.5 M NaClO4. However,
at the high buffer concentration of 0.4 M NaH;POs, addition of 0.5 M NaClO4 decreases the
activity for the CO2RR from Qco = 3.9 + 0.5 C with no NaClO4 present to Qco = 6.8 + 0.4 C in
0.5 M NaClOs. The increase in activity with added NaClOg4 at low phosphate buffer concentration
may suggest that anion penetration to stabilize protonated pyridinium residues is important for H
partitioning and transport within the CoPc-P4VP polymers, even if the anions are not buffering
anions. However, the decrease in activity with increasing NaClO4 concentration at high phosphate
concentration may suggest too high of an ionic strength inhibits activity. This inhibition at high
ionic strength could be due to a “salting out” effect, where high ionic concentrations within the
1t 70,7274

polymer decrease local CO> solubility, and thus decrease CO; partitioning and transpo

Although we were able to make a few observations in this manuscript regarding electrolyte



concentration on CO2RR activity for this polymer-catalyst system, it is clear that the complicated
influence of added NaClO4 and NaH2PO4 on CO2RR activity in CoPc-P4VP/GP/GCE will require

significant additional studies to understand fully.

CONCLUSIONS

We have presented results showing that the activity and reaction selectivity for the CO2
reduction reaction (CO2RR) over the competitive hydrogen evolution reaction (HER) in polymer-
catalyst composites is influenced by both bulk electrolyte pH and concentration. In particular, we
showed that when CoPc is encapsulated within PAVP polymers and adhered to an electrode
surface, the microenvironment of the resulting CoPc-P4VP/GP/GCE can be explicitly modulated
by changing a phosphate buffer pH and buffer concentration. Increasing the buffer pH decreases
the fractional protonation of pyridyl units within the P4VP polymer as confirmed by ex situ IR
spectroscopy. This decreased fractional protonation of the P4AVP polymer with increased pH leads
to a corresponding increase in reaction selectivity for the CO2RR over the competitive HER, and
an increase in the fractional current density going to CO production. Comparisons of
electrocatalytic performances by RDE-CA measurements of CoPc-P4VP/GP/GCE and CoPc-
P2VP/GP/GCE show higher activity by the former system at every pH investigated. These results
suggest that axial coordination of the CoPc to the pyridyl units within the P4VP polymer is crucial
to maximize CO2RR performance. In the case of P2VP, the lower activity observed in this study
is consistent with our previous work showing that P2VP polymers are sterically prevented from
coordinating with CoPc, resulting in lower activity for the CoPc-P4VP composite films.?’4
We also observed an increase in fractional protonation of the P4VP polymer with increasing

phosphate buffer concentration, leading to increased activity at higher phosphate concentrations



in pH 5 buffers. This result suggests that increased phosphate buffer concentration leads to
increased H" partitioning and transport within the P4VP polymer, possibly due to buffering
kinetics or increased anion partitioning within the polymer that helps stabilize cationic pyridinium
residues and effectively “wicks” H™ deeper into the polymer-catalyst composite films. However,
a more complicated dependence is observed in the non-buffering anion NaClO4 is added to the
system—the addition of 0.5 NaClO4 increases CO2RR activity by CoPc-P4VP/GP/GCE exposed
to low 0.1 M phosphate buffer concentrations but decreases CO2RR activity by the same polymer-
catalyst composites exposed to high 0.4 M phosphate buffer concentrations. We postulate that in
the lower ionic strength solutions, H" transport is further enhanced by the addition of another
penetrating anion, ClO4~, which can intercalate within the polymer to stabilize cationic pyridinium
residues on the P4VP polymer. However, in higher ionic strength solutions, we postulate that the
intercalations of anions can effectively “salt out” CO., leading to decreased CO; solubility and
partitioning within the P4VP polymer, and thus decreasing CO2RR activity.

We believe the studies presented here are informative and provide important insights into how
electrolyte influence fractional protonation within protonatable polymers, and how this fractional
protonation further influences CO2RR activity and stability in polymer-catalyst composite films.
However, it is clear that more in-depth studies and modeling will be required to understand fully
the impact of buffer pH and electrolyte concentration on CO2RR activity for polymer-catalyst
composite films. Additional studies might help deconvolute the effects of the hydrophobicity of
the polymer from the microenvironment, and may include kinetic isotope analysis or proton
inventory studies to determine changes to the rate-determining step and/or proton relays within the
CoPc-P4VP system as a function of pH and electrolyte concentrations. Such studies are ongoing

within our group.
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