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ABSTRACT 

Cobalt phthalocyanine (CoPc) has been extensively studied as a catalyst for the electrochemical 

reduction of CO2 to value-added products.  Previous studies have shown that CoPc is a competent 

and efficient catalyst when immobilized onto carbon-based electrodes using a polymer binder, 

especially when immobilized with a graphitic carbon powder support to increase charge transport.  

In this study, we systematically explore the influence of incorporating graphite powder (GP) into 

a polymer-encapsulated CoPc on the system’s activity for the electrochemical reduction of CO2.  
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We report a protocol for incorporating GP into CoPc/polymer/GP catalyst films that facilitates 

physisorption of CoPc to GP, leading to increased activity for CO2 reduction.  We show that the 

activity for CO2 reduction increases with GP loading at low GP loadings, but at sufficiently high 

GP loadings the activity plateaus as charge transfer is sufficiently fast to no longer be rate limiting.  

We also demonstrate that axial coordination is still important even in the presence of GP, 

suggesting that CoPc does not fully coordinate to heteroatoms on the GP surface.  We develop a 

set of optimized conditions under which the CoPc/polymer/GP catalyst systems reduce CO2 with 

higher activity and similar selectivity to previously reported CoPc/polymer films on edge-plane 

graphite electrodes.  The procedures outlined in this study will be used in future studies to optimize 

catalyst, polymer, and carbon support loadings for other polymer-catalyst composite systems for 

electrocatalytic transformations. 

 

INTRODUCTION 

There has been intense recent interest in cobalt phthalocyanine (CoPc) as an active and efficient 

electrocatalyst for the CO2 reduction reaction (CO2RR).1-44 Recent studies have shown that CoPc 

is even capable of reducing CO2 to methanol via a cascade (or domino) catalysis mechanism 

involving a CO intermediate when CoPc is adsorbed onto carbon nanotubes (CNTs) and studied 

under specific conditions.19,29,33,45,46 Our interest in CoPc has focused on using the system as a 

model for understanding the parameters that influence the electrocatalytic activity of polymer-

encapsulated molecular catalysts and related membrane-coated electrocatalyst systems.47  In 

particular, our work and that of others has shown that incorporating CoPc within a poly-4-

vinylpyridine (P4VP) polymer results in increased activity and reaction selectivity for the CO2RR 

to CO over the competitive hydrogen evolution reaction (HER) in pH 5 phosphate electrolytes 
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(Figure 1a).3,5,13  By using a combination of systematic modifications of the polymer-catalyst 

composite system,13,24 kinetic isotope effect and proton inventory studies,24 and in situ 

electrochemical X-ray absorbance spectroscopy measurements,36 we have shown that both the 

coordination environment and chemical microenvironment surrounding the CoPc active sites play 

a crucial role in modulating the activity and selectivity of the CoPc-P4VP composite materials 

(Figure 1a). 

In our previous studies, we avoided the use of conductive carbon powder supports commonly 

used to enhance charge transport because these carbon powders can influence the nature of the 

polymer-catalyst interactions.  For example, carbon powders with large concentrations of 

heteroatoms such as doped graphene and graphene oxide can facilitate interactions between the 

CoPc and the S, N, or O heteroatoms on the carbon surface, thus influencing the catalytic 

mechanism.27,48,49 Moreover, planar metal phthalocyanines and related complexes strongly 

physisorb to graphitic carbon surfaces due to π-π interactions between the conjugated graphitic 

surfaces and the aromatic Pc ring which affects the electronic structure of the system, as shown in 

several CoPc-CNT X-ray absorption studies.8,14,50-54  Therefore, increasing the surface area of 

graphitic carbon through the incorporation of carbon powders may alter the electronic and 

chemical microenvironment surrounding the CoPc and complicate mechanistic understanding 

while increasing overall activity.55  While our choice to avoid using conductive carbon-powder 

supports enabled us to better study the influence of polymer encapsulation on catalytic 

mechanisms, it likely limited the overall activity of our catalyst-polymer system due to inefficient 

charge transport.47,56,57   
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Figure 1. (a) Encapsulating cobalt phthalocyanine (CoPc) within the coordinating polymer 

poly-4-vinylpyridine (P4VP) results in a composite CoPc-P4VP system that shows enhanced 

activity for the CO2 reduction reaction compared to the parent CoPc system. The increased 

activity is attributed to primary, secondary, and outer-coordination sphere effects imbued by the 

P4VP polymer on the CoPc catalyst active site. Adapted from Ref. 36 with permission from The 

Royal Society of Chemistry. (b) Polymer-catalyst composite systems investigated in this work 

along with their postulated coordination environments and proton relays. (c) A schematic 

illustration of CoPc immobilized onto a graphite-powder support and encapsulated within a 

polymer film composed of the various polymers show in (b). 
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In a few studies, researchers have incorporated graphitic carbon into CoPc films with the 

purpose to improve charge transport (see Supplementary Table S1).  For example, in one study, a 

10-fold increase in activity was observed when Vulcan XC-72 and CNTs were incorporated into 

a CoPc catalyst deposition solution.33  In another study, major activity differences were observed 

in CoPc-based gas-fed electrolyzers that incorporated different carbon sources (carbon fibers, 

graphite, Vulcan XC-72, and activated carbon).46 However, there are few studies with experiments 

to explicitly explore the impacts of charge and substrate transport on the CO2RR by CoPc-polymer 

composite catalysts. Such studies are crucial because, as demonstrated in this report, activity 

metrics can vary significantly despite very similar preparation methods. 

Based on these previous uses of carbon supports in CoPc systems for the CO2RR, we believe 

there is significant space to improve the overall activity of the CoPc-P4VP system through the 

incorporation of carbon powder supports.  However, care must be taken to understand how the 

impact of incorporating this graphitic support influences the selectivity and activity of the CO2RR.  

Understanding of the effects of incorporating carbon supports us particularly important in 

developing gas-fed flow electrolyzer systems incorporating molecular catalyst such as CoPc.25,58   

In this study, we directly add graphite powder (GP) as a carbon support to CoPc/polymer 

electrocatalyst to increase charge transport within the resulting polymer films (Figure 1b).  We 

show that incorporating GP within the CoPc-P4VP system deposited onto a glassy carbon 

electrode leads to a CoPc-P4VP/GP/GCE composite material that operates with the similar 

reaction selectivity but significantly increased activity for the CO2RR compared to CoPc-P4VP 

without incorporated GP deposited onto glassy carbon (CoPc-P4VP/GCE) and edge-plane graphite 

electrodes (CoPc-P4VP/EPG).   
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We postulate that observed increases to catalytic activity are because GP incorporation into the 

film facilitates electron transport to the exterior catalytic sites, which increases the total number of 

sites within the film that are active for the CO2RR and decreases the average distance substrate 

must transport through the film to reach an electroactive CoPc catalyst molecule.11  To test this 

postulate, we explored how different loadings and ratios of CoPc and GP influenced the catalytic 

activity of the system.  For example, we show that at sufficiently high loading of CoPc in the CoPc-

P4VP/GP/GCE system, further increasing the loading of CoPc has no appreciable effect on 

activity—there is a plateau in activity as CoPc loading is increased.  We also show that increasing 

the CoPc-P4VP loading while keeping the GP loading constant leads to a decrease in overall 

activity, but that increasing the CoPc-P4VP loading with added GP (increasing GP loading along 

with CoPc and P4VP) results in an increase in overall activity at a smaller CoPc loading, before 

eventually reaching a plateau where increasing CoPc-P4VP and GP loading no longer influences 

activity.  These observed activity plateaus suggest that at sufficiently high CoPc, P4VP, and GP 

loading, another effect limits the activity. This other effect may be inefficient CO2 or H+ transport, 

CoPc aggregation, or a combination of these effects.18,21    

 In addition, we show that axial coordination to the CoPc by the polymer in CoPc-P4VP/GP or 

an added ligand in CoPc(pyNMe2)-P2VP/GP is necessary to achieve the highest maximum 

activity.  This result suggests that although we cannot exclude the possibility that functional groups 

on the GP coordinate to CoPc in the composite system, axial coordination to a pyridyl or pyNMe2 

residue is still important for catalytic activity and outcompetes any coordination to functional 

groups on the carbon surface.   

Through these systematic studies of the effect of catalyst, polymer, and graphite powder 

loading on catalyst activity for the CO2RR by CoPc-P4VP/GP/GCE, we elucidate the relative 
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importance of charge and substrate transport on catalytic activity.  We demonstrate that optimizing 

catalyst/polymer systems for activity and selectivity requires careful consideration of both the 

loading and preparation of the catalyst/polymer composite materials and carbon supports.  

 

EXPERIMENTAL 

Materials 

All purchased chemicals were used as received unless otherwise specified. All water used in 

this study was ultrapure water (18.2MΩ cm resistivity), purified with a Thermo Scientific GenPure 

UV-TOC/UF x CAD-plus water purification system. Carbon dioxide (CO2, 99.8%) was purchased 

from Cryogenic Gases and was used as received. Nitrogen (N2) was boil-off gas from a liquid 

nitrogen source and was used without further purification. Cobalt phthalocyanine (CoPc, 97%), 

poly-4-vinylpyridine (P4VP, average Mw ~ 160,000), poly-2-vinylpyridine (P2VP, average Mw 

~ 159,000), poly-4-chlorostyrene (P4CS, average Mw ~ 75,000), N,N-Dimethylformamide (DMF, 

ACS grade), ferrocene carboxylic acid (97%), sodium phosphate monobasic (BioXtra, >99.0%), 

4-dimethylaminopyridine (pyNMe2, > 99%), graphite powder (GP, synthetic 20 µm) and Nafion-

117 cation exchange membrane (Nafion) were purchased from Sigma Aldrich and used as 

received.  Sodium hydroxide (NaOH, TraceMetal grade) was obtained from Fisher Scientific.  

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.  

 

Electrolyte Solution Preparation and pH Measurements 

All electrolyte solutions were prepared using ultrapure water.  All experiments were performed 

in phosphate solutions of 0.1 M NaH2PO4 adjusted to pH 5 by the addition of 1 M NaOH.    Prior 
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to each experiment, the working chamber was sparged with the appropriate gas by using a section 

of Tygon tubing for at least 30 minutes.   The pH after sparging with CO2 was 4.7.   The electrolyte 

pH before-and-after CO2 sparging was confirmed using a Fisher Scientific Accumet AB200 pH 

meter with an Atlas Scientific pH probe electrode calibrated with a three-point calibration curve 

at pH = 4.01, 7.00, and 10.01. 

 

Preparation of Catalyst Preparation Suspensions  

The specified concentrations of the CoPc, polymer, and graphite powder in the preparation 

suspensions (along with the corresponding CoPc and polymer loading determined by ICP-MS and 

gravimetric analysis, respectively) are listed in Supplementary Tables S2 – S17 and S19.   

CoPc-polymer deposition inks without GP were prepared using the following procedure: a 

0.2 mM solution of CoPc dispersed in DMF was prepared via sonication of 0.0058 g of CoPc in 

50 mL of DMF for 1 hour in an aluminum foil-jacketed polypropylene conical centrifuge tube 

(Basix™). The 0.2 mM solution was then diluted to the desired concentration via the addition of 

the stock solution to DMF, and the corresponding polymer was added to the diluted CoPc solution.  

CoPc-polymer/GP preparation suspensions were prepared via sonication of 0.0052 g of CoPc 

in 45 mL of DMF for 1 hour in an aluminum foil-jacketed polypropylene conical centrifuge tube 

(Basix™). The 0.2 mM CoPc/DMF solution was then diluted to 1 mL of the desired concentration 

via the addition of the stock solution to DMF in a 20 mL glass scintillation vial. A given mass of 

polymer was then added to the 20 mL scintillation vial that contained the 1 mL of CoPc/DMF in 

order to form the desired CoPc-polymer solution. The CoPc-polymer solution was sonicated for 

30 minutes to ensure dispersion of the polymer. A given mass of graphite powder was then added 

to the CoPc-polymer solution to form the CoPc-polymer/GP preparation suspension. Polymer and 
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graphite powder concentrations are denoted w/v %, meaning 0.01 g GP in 1 mL of CoPc/DMF 

solution is denoted as 1% GP.  Note: graphite powder particles with a diameter of < 20 μm was 

used in this study—films made with larger graphite powder particles (diameter ~100 μm) led to 

visible delamination during the electrochemical measurements. 

 

CoPc(pyNMe2)-P2VP/GP preparation suspensions were prepared via sonication of 0.00518 

g of CoPc and 1.0995 g of 4-Dimethylaminopyridine in 45 mL of DMF for 1 hour in an aluminum 

foil-jacketed polypropylene conical centrifuge tube (Basix™) to form a 0.2 mM CoPc / 0.2 M 

pyNMe2 / DMF solution, ensuring 5-coordinate character by using 1000:1 pyNMe2:CoPc ratio, as 

we have done previously.44  This solution was then diluted to 1 mL of the desired CoPc and 

pyNMe2 concentration via the addition of the stock solution to DMF in a 20 mL scintillation vial. 

A given mass of P2VP was then added to the 20 mL scintillation vial that contained the 1 mL of 

CoPc/DMF in order to form the desired CoPc(pyNMe2)-P2VP solution, which was then sonicated 

for 30 minutes to ensure the dispersion of P2VP. A mass of 0.01 g of graphite powder was then 

added to the CoPc(pyNMe2)-P2VP solution and was sonicated for 30 minutes to ensure the 

dispersion of graphite powder.  

 

Preparation of Deposition Inks  

After the addition of GP, the CoPc-polymer/GP or CoPc(pyNMe2)-P2VP/GP preparation 

suspensions were sonicated for 30 min to ensure dispersion of the GP. A Teflon stir bar was added 

to the scintillation vial, and the preparation suspension was stirred for 12 h at 500 rpm.  The 

preparation suspension was then centrifuged at 14,000 rpm for 30 minutes at -11⁰C in an Eppendorf 

5430R refrigerated centrifuge. The DMF was decanted, and 1 mL of fresh DMF was added to the 
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remaining pellet. The remaining graphitic pellet suspended in fresh DMF (denoted as the 

deposition ink) was vortexed for 30 sec at 3000 rpm, and sonicated for 30 sec.  

The catalyst loading in the deposition inks were determined by digesting the graphitic pellet 

after the centrifugation step and measuring the metal content using inductively coupled plasma-

mass spectrometry (ICP-MS, PerkinElmer Nexion 2000).  A volume of 15 mL of 1 M TraceMetal 

Grade HNO3 was added to the graphitic pellet, and the resulting graphite/nitric acid slurry was 

stirred overnight.  The slurry was then filtered using a cellulose syringe (0.45 µm, Titan 3 

regenerated cellulose, Fisher Scientific) to remove graphite powder and polymer.  The cobalt 

concentration of the resulting solution was then measured using ICP-MS, calibrated using Co 

calibration standards in 1 M HNO3 at 10, 50, 100, and 500 ppb, and standard at 0 ppb along with 

internal standard of Bismuth.  The conversion between the calculated ppb to molar CoPc loading 

in the deposition ink is shown in Equations 1-3: 

 

𝑋𝑋 ppb ×  
1 𝜇𝜇𝜇𝜇
L

1 ppb
 × 0.015 L = mass Co in 𝜇𝜇g  (1) 

mass in 𝜇𝜇g x 1 mol Co
58.93 g Co

×  10
−6 g
1 𝜇𝜇g

=  mol CoPc    (2) 

mol CoPc  
0.0010 L initial deposition ink

= 𝑀𝑀 CoPc in deposition ink   (3) 

 

The loading of CoPc for each deposition ink was determined via ICP-MS measurements in at least 

3 independently prepared samples, and the average values are reported in Tables S1-S19 along 

with standard deviations. 

The polymer loading in each deposition ink was determined by estimating the mass of polymer 

removed from the preparation solution during the centrifugation step.  After the supernatant is 
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decanted from the graphite pellet left after centrifugation of the preparation solution, the solvent 

was evaporated from the supernatant and the mass of the resulting residue (mresidue) was measured.  

The mass loading of polymer in the catalyst deposition ink (mpolymer in ink) was estimated by 

subtracting the mass of catalyst left over in the supernatant (mCoPc in supernatant) from the total mass 

of the residue (mresidue) as shown in Equations 4-6. 

𝑚𝑚CoPc in prep solution − 𝑚𝑚CoPc in deposition ink = 𝑚𝑚CoPc in supernatant  (4) 

𝑚𝑚residue – 𝑚𝑚CoPc in supernatant = 𝑚𝑚polymer in supernatant  (5)  

𝑚𝑚polymer in preparation suspension – 𝑚𝑚CoPc in supernatant = 𝑚𝑚polymer in deposition ink (6) 

𝑚𝑚polymer in deposition ink 
1.0 mL

= polymer loading      (7) 

 

Preparation of Modified Electrodes 

5 mm diameter glassy carbon disk electrodes (GCEs) (4 mm thick, 0.196 cm2 surface area, 

Sigradur G, HTW Hochtemperatur-Werkstoffe GmbH) or 5 mm edge plane graphite (EPG) disk 

electrodes (3.81 mm EPG disk encapsulated in epoxy, 0.114 cm2 effective surface area, Pine 

Research Instrumentation) were used as working electrodes.  The GC disk electrodes were 

polished using a Struers LaboPol-5 polisher with a LaboForce-1 specimen mover.  The GC disks 

electrodes were loaded into a custom-designed brass electrode holder held by the specimen mover 

with ~5 psi of applied pressure per disk.  The GC disk electrodes were sequentially polished with 

diamond abrasive slurries (DiaDuo-2, Struers) in an order of  9 µm, 6 µm, 3 µm, and 1 µm diameter 

particle slurries for 1 minute each on synthetic nap polishing pads (MD Floc, Stuers).  During 

polishing, the platen speed was held at 200 rpm, and the head speed at 8 rpm in the opposite 

rotation from the platen.  Between each polishing step, the GC disks were rinsed with water.  After 

the final polishing step, the GC disks were sonicated sequentially in isopropyl alcohol for 3 
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minutes, ultrapure water for 3 minutes, and 1 M HNO3 for 30 minutes.  The GC disk electrodes 

were then rinsed with ultrapure water and dried under an N2 stream. EPG electrodes were polished 

manually on 600 grit silicon carbide polishing paper (Buehler, CarbiMet) followed by sonication 

in ultrapure water for ~1 minute and drying under an N2 stream.  

The addition of catalyst deposition ink to the GCE or EPG took place via the following 

procedure: CoPc-polymer solution was coated on the electrodes via dropcasting 5 µL of solution, 

allowing the surface to dry in an oven at 60⁰C for 10 minutes, and then applying a second coating 

of 5 µL of the solution and drying at the same temperature. For the experiment where the 

CoPc:P4VP:GP loading was held constant  , the CoPc loading was increased by preparing a 

preparation slurry with 0.0125 mM CoPc and 0.75% P4VP, along with 1%, 0.5%, or 0.1% GP. 

The resultant CoPc concentrations in deposition inks are reported in Supplementary Tables S8, 

S10, and S12, respectively. To increase the concentration of CoPc, P4VP, and GP, the deposition 

ink was dropcasted in 10 µL layers, with each increase in Co and GP being proportional to the 

addition of another 10 µL deposition. The number of 10 µL layers and the resulting electrode CoPc 

and GP loadings for this study can be found in Supplementary Tables S9, S11, and S13.  

All calculated CoPc, polymer, and GP electrode loadings are organized by figure, and can be 

found in Supplementary Tables S1-S17 and S19.  

 

Electrochemical Measurements 

 Electrochemical measurements were conducted using 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 0.2 M phosphate buffer at pH 7 (0.284 V vs. SCE), and auxiliary 
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electrodes were carbon rods (99.999%, Strem Chemicals Inc.). Working electrodes were the CoPc-

polymer/GP-, CoPc(L)-polymer/GP-, or CoPc-polymer-modified GCEs or the CoPc-polymer 

EPGs. In all cases, 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. Data were recorded using the Bio-Logic 

EC-Lab software package.   

For rotating disk electrode chronoamperomentric step (RDE-CA) measurements, the modified 

GCE working compartment was assembled using a Pine Research Instrumentation E6-series 

change disk rotating disk electrode (RDE) assembly attached to an MSR rotator. RDE-CA 

measurements were conducted at 1600 rpm with 2-minute potential steps at every 0.05 V from -

1.00 to -1.25 V vs. SCE.  The 1600 rpm rotation rate was used to ensure steady-state substrate 

delivery to the electrode surface in a way that is not present in a longer controlled potential 

electrolysis (CPE) experiment. RDE-CA measurements were conducted in a 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 N2 or CO2 for ~30 

minutes prior to each set of measurements, and the headspace was blanketed with CO2 during the 

measurements. The CO2 used for these electrochemical experiments was first saturated with 

electrolyte solution by bubbling through a gas washing bottle filled with water, to minimize 

electrolyte evaporation in the cell throughout the course of the measurements. iR drop was 

measured prior to the experiment and was compensated at 85% via a positive feedback loop from 
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the software. In general, our electrochemical cell for CA measurement had Ru ~150 Ω in all 

electrolyte solutions.   

Controlled potential electrolysis (CPE) experiments were conducted at room temperature in 

custom, gas-tight, two-chamber U-cells as previously reported.24  The modified working electrode 

was held in an 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 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 cation exchange membrane.  Prior to each experiment, both chambers 

were sparged with CO2 for ~30 min and then the main chamber was sealed under CO2 atmosphere.  

The uncompensated resistance of the cell was measured with a single-point high-frequency 

impedance measurement.  The CPE measurements were not compensated for iR drop, and the 

potential value reported is the real applied potential.  In general, our electrochemical cell for CPE 

had Ru = ~300 Ω.  Product distribution for controlled potential electrolysis results can be found in 

Supplementary Table S31.  

 

Product Detection and Quantification 

After CPE, gaseous and liquid samples were collected and analyzed using gas chromatography 

(GC). For gaseous samples, analysis was conducted using a Thermo Scientific Trace 1310 GC 

system with two separate analyzer channels for the detection of H2 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 
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into the 3 mL sample loop. Using a custom valve system, column configuration, and method 

provided by Thermo Scientific, gases were separated such that H2 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 H2 = 0.01, 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 WorkStation software. 

Faradaic efficiencies of gaseous products were calculated via Equation 8: 

FE =  
𝑉𝑉𝐻𝐻𝐻𝐻
𝑉𝑉𝑔𝑔

 × 𝐺𝐺 × 𝑛𝑛 × 𝐹𝐹

𝑄𝑄
       (8) 

where VHS is the headspace volume in mL of the working chamber, Vg is the molar volume of gas 

at 25⁰C 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 H2 and CO), F is the 

Faraday constant (C/mol) and Q is the charge passed in Coulombs. 

 

RESULTS AND DISCUSSION 

In our prior work in this area, we immobilized CoPc-P4VP and related systems onto edge-

plane graphite (EPG) electrodes to form CoPc-P4VP/EPG materials.13,36,44,47 In these studies, we 

sought to understand the microenvironment surrounding the polymer-encapsulated CoPc site. 

EPGs were an optimal choice of electrode because the high surface area of the electrode surface 

and intercalation of the CoPc catalyst between the graphitic sheets facilitated charge transport to 

the CoPc active sites.  In this study, to understand better the role of the graphite powder support 

(GP) on activity, we immobilized polymer/catalyst composite system onto planar glassy carbon 

electrodes (GCEs) and measured the activity of multiple samples with varying levels of CoPc 
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loading (Figure 2a).  Planar GCEs are smoother than EPG electrodes and do not have aligned 

graphite sheets that allow for intercalation; they are therefore an appropriate electrode material for 

studying the effect of graphite powder incorporation on charge transport. Activity is reported as 

the absolute value of the catalytic current density measured in CO2-saturated phosphate solutions 

at pH 5. 

 CoPc-P4VP films incorporating graphite powder on the GCE electrodes (CoPc-

P4VP/GP/GCE) have more than double the activity compared to CoPc-P4VP/GCE without 

graphite powder at any given catalyst and polymer loading (Figure 2a).  CoPc-P4VP/GCE not only 

reduces CO2 with less activity than CoPc-P4VP/GP/GCE, but also with significantly less activity 

than CoPc-P4VP films on edge-plane graphite (CoPc-P4VP/EPG). We postulate that the small 

magnitude current densities for CoPc-P4VP/GCE compared to CoPc-P4VP/EPG and CoPc-

P4VP/GP/GCE is due to poor charge transport through the polymer film on the GCE surface.  SEM 

images for CoPc-P4VP/GP/GCE (Figure 2b) show that GP incorporation into the film leads to 

high surface area features that enhance charge transport throughout the polymer film.  SEM images 

of CoPc-P4VP/EPG (Figure 2c) show similar high-surface area carbon features with slightly more 

rigid parallel packing due to the EPG electrode structure.  CoPc-P4VP/GCE with no carbon 

support is relatively featureless aside from slight pitting due to polishing methods (Figure 2d).  The 

lack of high-surface area carbon features in CoPc-P4VP/GCE make it more difficult for charge to 

transport from the smooth electrode surface to CoPc molecules at the exterior of the film compared 

to CoPc-P4VP/EPG and CoPc-P4VP/GP/GCE. 

Note that the increased activity with added GP for the CoPc-P4VP/GP/GCE system only 

occurs when the films are prepared as described in the experimental section with centrifugation.  

Simply mixing the GP into a CoPc-P4VP ink with no centrifugation step results in films that have 
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markedly lower activity for the CO2RR (Figure S1).  The centrifugation step concentrates the 

CoPc-P4VP system near the GP and likely facilitates physisorption to the particles, which in turn 

promotes efficient charge transport to the CoPc.33,59,60 Note that most other reported methods for 

preparing CoPc films with carbon supports do not include this centrifugation step, which could be 

one reason for such large differences in the reported performance of  these systems.  

 

 

Figure 2. (a) A plot of the absolute value of the average current density from RDE-CA measurements 

at −1.25 V vs SCE in CO2-saturated 0.1 M phosphate solution at pH 5 reported as a function of CoPc 

loading for CoPc-P4VP/GP/GCE (10 mg/mL GP), CoPc-P4VP/EPG, and CoPc-P4VP/GCE. Each film 

has the same P4VP loading.  All data points are reported as averages from at least three experiments on 

independently prepared samples, and the error bars represent standard deviations.  The solid black lines 

connecting the points are guides to the eye, and not indicative of fits of the data.  The loadings of CoPc, 

P4VP, and GP for each data point is summarized in Supplementary Table S2-4, representative RDE-

CAs for selected CoPc loadings are shown in Supplementary Figure S2 and S4-S5, and activity data is 

summarized in Supplementary Tables S20-21.  (b)-(d) SEM images of the catalyst-modified electrodes 

(b) CoPc-P4VP/GP/GCE (c) CoPc-P4VP/EPG and (d) CoPc-P4VP/GCE.   
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To determine how modulating the CoPc and GP loading within the CoPc-P4VP/GP/GCE 

affects the CO2RR activity, we systematically changed the amount of CoPc and GP in the catalyst 

deposition inks while maintaining constant CoPc:P4VP ratios.  The specific concentrations of 

CoPc, P4VP, and GP in the deposition inks investigated and the measured loadings on the resulting 

CoPc-P4VP/GP/GCE electrodes are summarized in Supplementary Tables S2 and S4-S6.  A plot 

of catalytic activity as a function of CoPc loading at different GP loadings is shown in Figure 3a.  

Another way to visualize this data is by dividing the catalytic activity by the CoPc loading, 

resulting in a per-CoPc activity metric jCoPc.  A plot of jCoPc as a function of CoPc loadings at 

different GP loadings is shown in Figure 3b.   

When no GP is present in the film (0 mg cm-2 GP loading), the measured CO2RR activity is 

relatively constant with increasing CoPc loading (Figure 3a) and there is a corresponding decrease 

in the normalized activity per CoPc with increasing CoPc loading (Figure 3b). We interpret this 

result to mean that only a small, constant amount of CoPc near the electrode surface is active as 

the film loading increases due to inefficient charge transfer to exterior CoPc sites far from the 

surface in the film.   
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Figure 3. (a) A plot of the absolute value of the average total current density from RDE-CA 

measurements at −1.25 V vs SCE in CO2-saturated 0.1 M phosphate solution at pH 5 reported 

as a function of CoPc loading for CoPc-P4VP/GP/GCE at different GP loadings.  For each set 

of measurements at a given GP loading, the CoPc:P4VP ratio stays constant as CoPc increases.  

(b) The same data as in (a), but normalized for CoPc loading.  The resulting total charge density 

normalized for CoPc loading, jCoPc decreases as CoPc loading increases.   All data points are 

reported as averages from at least three experiments on independently prepared samples, and 

the error bars represent standard deviations.  The solid black lines connecting the points are 

guides to the eye, and not indicative of fits of the data. For all measurements, the loading of 

CoPc, P4VP, and GP for each data point is summarized in Supplementary Table S2-S3 and S5-

S7, representative RDE-CAs for selected CoPc loadings are shown in Supplementary Figure S2 

and S5S8, and activity data is summarized in Supplementary Tables S20-S24. 
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For CoPc-P4VP/GP/GCE films with low GP loadings of = 0.05 mg cm-2, there is an initial 

increase in the overall activity as the CoPc loading increases, followed by a sharp decrease at 

higher CoPc loadings (Figure 3a).  We interpret these results to suggest that the addition of 

moderate amounts of GP to the film increases the effective distance in which efficient charge 

transfer occurs and thus increases activity.  However, as the film loading increases with higher 

CoPc loading at constant CoPc:P4VP ratios, the average film thickness of the resulting CoPc-

P4VP/GP/GCE films also increases.  The net result is that the individual GP particles are spaced 

further apart in these thicker films at higher film loadings, inhibiting efficient charge transport to 

the exterior CoPc.  This leads to decreased activity at higher CoPc loadings for these films with 

relatively moderate or low GP loadings. 

At sufficiently high GP loadings ≥ 0.51 mg cm-2, the activity of the CoPc-P4VP/GP/GCE 

system increases as the CoPc loading increases until finally reaching a plateau of j ≈ 6 mA cm-2 at 

CoPc loadings of ~4 x 10-9 mol cm-2.  The fact that these CoPc-P4VP/GP/GCE films with high GP 

loading plateau in activity, rather than decrease, at high CoPc loading and film thickness suggest 

that charge transport may not be the main limitation to activity.  Instead, we suspect that either 

detrimental CoPc aggregation18 due to high CoPc loading or poor CO2 and H+ transport to interior 

sites due to the increased film thickness may limit activity at high CoPc loadings in the high-GP 

films. Note that the same plateauing effect is seen for the CoPc-P4VP/EPG system in Figure 2a. 

As previously discussed, for CoPc-P4VP/GP/GCE films with moderate GP loadings of ≤ 0.26 

mg cm−2
, there is a decrease in measured activity with increasing CoPc loading (Figure 3a).  We 

postulate that this decrease in activity at higher CoPc loading is due to further spacing between the 

GP particles in the film as the CoPc loading and film thickness increase, which in turn leads to 

inefficient charge transport and decreased activity compared to the thinner films at the same GP 
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loading and decreased CoPc loadings.  To test this postulate, we designed a set of experiments 

keeping the GP:CoPc-P4VP ratios constant.  Three catalyst preparation suspensions were prepared 

where the amounts of CoPc (0.0125 mM) and P4VP (0.75% w/v) were the same in each 

suspension, but the amount of GP differed (1 mg/mL, 5 mg/mL, 10 mg/mL).  The suspensions 

were then centrifuged, the supernatant decanted, and the resultant deposition inks were deposited 

onto the GCEs according to the procedure in the Experimental section.  Sequential layers of the 

deposition inks were then added to the surface to increase simultaneously the CoPc, P4VP, and 

GP loading while keeping the ratio of the three loadings constant. The resulting specific film 

compositions are reported in Supplementary Table S8-S13.  In each case, the activity increases 

with increasing CoPc loading to a plateau at CoPc loadings of ~1.25 x 10-9 mol cm-2 as shown in 

Figure 4 and reported in Supplementary Tables S25-S27. 
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Figure 4. A plot of the absolute value of the average total measured current density from RDE-

CA measurements at −1.25 V vs SCE in CO2-saturated 0.1 M phosphate solution at pH 5 

reported as a function of CoPc loading for CoPc-P4VP/GP/GCE.  The GP:CoPc-P4VP ratio is 

constant within each prepared set of catalyst preparation suspensions: 0.0125 mM CoPc with 

0.75% P4VP and either (a) 1 mg/mL, (b) 5 mg/mL, or (c) 10 mg/mL of graphite powder.  Note 

that even though the CoPc and P4VP loadings in the preparation suspensions were the same for 

each GP loading, the loadings are different in the deposition ink after the centrifugation step, 

and are summarized in Supplementary Tables S9, S11, and S13.  The CoPc, P4VP, and GP 

loadings were increased by adding additional layers of the deposition ink in 10 µL increments, 

and so the CoPc:P4VP:GP ratio remained constant in each set of experiments. The film thickness 

increased along with the CoPc loading due to the stepwise deposition of P4VP and GP.  All data 

points are reported as averages from at least three experiments on independently prepared 

samples, and the error bars represent standard deviations.  The solid black lines connecting the 

points are guides to the eye, and not indicative of fits of the data. For all measurements, the 

loading of CoPc, P4VP, and GP for each data point is summarized in Supplementary Tables S8-

S13, representative RDE-CAs for selected CoPc loadings are shown in Supplementary Figure 

S9-S11, and activity data is summarized in Supplementary Tables S25-S27. 

 

The fact that the activity plateaus as the film loading increases when the GP:CoPc-P4VP ratio 

remains constant in Figure 4 suggests that charge transport is not limiting even at high film 
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loadings.  In contrast, for CoPc-P4VP/GP/GCE films with fixed moderate GP loadings of ≤ 0.26 

mg cm-2 in Figure 3, the GP:CoPc-P4VP ratio decreases as the film loading increases, resulting in 

decreased activity.  The different activity trends for these two systems supports our postulate that 

the decreased activity for CoPc-P4VP/GP/GCE films at high film loading and low GP loading is 

due to inefficient charge transport due to the increased spacing between the GP particles, and that 

this limitation can be overcome by keeping the CoPc:P4VP:GP ratios constant, thereby ensuring 

that GP loading increases at the same rate as CoPc and P4VP.  The plateau in activity at sufficiently 

high GP and CoPc-P4VP loadings in Figure 4a, b, and c is qualitatively similar to the plateau in 

activity observed for the CoPc-P4VP/GP/GCE films at high fixed GP loadings ≥ 0.51 mg cm-2 in 

Figure 3a.  In particular, the plateau in activity occurs at similar CoPc and P4VP loading in Figures 

4b and 4c, even though the GP loading is lower at this CoPc and P4VP concentration in Figure 4b 

compared to that in Figure 4c.  These results suggest that as long as the GP:CoPc:P4VP ratio is 

sufficiently large and remains constant during film deposition, then charge transport is not rate 

limiting regardless of the film loading and thickness.  Instead, the activity in systems with 

sufficiently large GP:CoPc:P4VP ratios may be limited by decreased H+ or CO2 transport to 

interior CoPc sites within the film, or by CoPc aggregation at higher loadings that may limit the 

number of active CoPc sites. 

One component contributing to the high activity and selectivity of the CoPc-P4VP/EPG system 

is the axial coordination of the pyridyl moieties on the polymer to the CoPc center.13,24,36  This 

axial coordination of σ-donating moieties to CoPc shifts the rate-determining step of the CO2 

reduction mechanism from an initial CO2 binding step to a subsequent proton transfer event, 

resulting in increases in selectivity and activity for the CO2RR compared to four-coordinate CoPc 

systems.24,44  An important question is whether such axial-coordination is still beneficial to the 
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activity of CoPc-P4VP/GP/GCE systems.  In our systems with added GP, strong interaction 

between the CoPc and the GP particles are likely necessary to facilitate efficient charge 

transport,33,57,61,62 and these CoPc-GP interactions might be inhibited by axial coordination of the 

CoPc to the polymer or other pyridyl species.  To help address this question, we measured the 

activity and selectivity of the CO2RR as we modulated the extent of axial coordination through 

systematic modifications of the CoPc-polymer-GP system. In particular, we compared the CO2RR 

performance of 1) CoPc-P4VP/GP/GCE, where CoPc is axially coordinated to the pyridyl moieties 

in P4VP;24,36 2) CoPc-P2VP/GP/GCE, where no axial coordination between CoPc and the poly-2-

vinylpyridine (P2VP) polymer is expected;24,36 3) CoPc(pyNMe2)-P2VP/GP/GCE, where the 

CoPc is axially coordinated to the strong σ-donor 4-dimethylaminopyridine (pyNMe2) and 

embedded in the non-coordinating (P2VP) polymer,44 and 4) CoPc-P4CS/GP/GCE, where we 

expect sluggish activity due to both a lack of axial coordination to the poly-4-chloropolystyrene 

polymer (P4CS) and poor H+ transport due to lack of multisite proton relays in the system.24   

The results of the measured activity at different CoPc loadings with a fixed CoPc: polymer 

ratio and a fixed GP loading of 0.51 mg cm-2 are shown in Figure 5.  In general, the systems with 

axial coordination to the pyridyl moieties on the P4VP polymer (CoPc-P4VP/GP/GCE) or 

prepared as the 5-coordinate CoPc(pyNMe2) species and encapsulated in the non-coordinating 

P2VP polymer (CoPc(pyNMe2)-P2VP/GP/GCE) showed similar high activity at most CoPc 

loadings.  Both CoPc-P4VP/GP/GCE and CoPc(pyNMe2)-P2VP/GP/GCE showed slightly higher 

activity than CoPc-P2VP/GP/GCE with no axial coordination at most CoPc loadings > 1 × 10-9
 

mol cm-2, but the difference was not as pronounced as when comparing similar systems deposited 

on EPG.  For instance, we had previously shown that CoPc-P4VP/EPG operates with > 4× the 

activity of CoPc-P2VP/EPG,13,24 whereas CoPc-P4VP/GP/GCE operates with only ~1.5× the 
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activity of CoPc-P2VP/GP/GCE at most CoPc loadings (Figure 5).  These results suggest that axial 

coordination is still important to maximizing activity of the system with added GP, but it has a 

smaller effect on the overall activity compared to systems without added GP.  One explanation 

may be that the CoPc partially coordinates to heteroatoms on the GP particles, meaning that some 

fraction of CoPc in the non-coordinating P2VP case is still 5-coordinate.  Such partial axial 

coordination of CoPc to surface species carbon systems has been previously suggested,27 and could 

result in the observed higher-than-expected activity for CoPc-P2VP/GP/GCE.  

Note that in all systems in Figure 5, there is a decrease in activity at the highest CoPc loadings 

measured.  In particular, in the case of  CoPc(pyNMe2)-P2VP/GP/GCE there is a measureable 

decrease in activity at the highest CoPc loading, to the point where the activity of CoPc(pyNMe2)-

P2VP/GP/GCE and CoPc-P2VP/GP/GCE have similar activities at the highest CoPc loading.  We 

attribute this decreased activity at the highest CoPc loadings to the inefficient charge transport.  In 

the systems reported in Figure 5, GP loading is held constant as the film loading increases.  As we 

discussed above for films with intermediate GP loadings in Figure 3, as the film loading increases, 

the individual GP particles are spaced further apart, and charge transport is inhibited at higher film 

loadings.  The important takeaway from these studies is that axial coordination increases activity 

for the CO2RR by the CoPc system with added GP, but this axial coordination becomes less 

important under charge transport limitations. Even when we encapsulate CoPc(pyNMe2) within 

the coordinating P4VP polymer, to ensure CoPc is axially coordinated, the activity at the highest 

CoPc loading is similar to that for CoPc-P2VP/GP/GCE (see Supplementary Table S18). CoPc 

aggregation and/or inefficient CO2 or H+ transport at higher CoPc and film loadings may also 

contribute to this observed decreased activity. 
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We also measured the activity in CoPc-P4CS/GP/GCE, where the polymer is unable to 

coordinate axially to the CoPc, and the polymer cannot participate in the proton transfer 

mechanism via multisite proton relays.  In previous studies, we used PS as a non-coordinating, 

inert polymer.24  Unfortunately, the large polymer loadings used in the preparation suspensions in 

this study resulted in aggregation and precipitation of the PS from the suspensions.  P4CS was 

chosen as an alternate polymer that does not aggregate under these conditions due the added steric 

bulk of the Cl group, but also does not interact with the CoPc and does not have a proton-shuttling 

moiety.  The electrochemical stability of P4CS has not been rigorously addressed in the literature, 

but it shows similar stability to thermal degradation compared to PS and P4VP,63-65 and we 

observed no evidence of activity loss or polymer degradation during our electrochemical 

measurements. We expected that CoPc-P4CS should behave similarly to CoPc-PS with low 

activity for the CO2RR.  Indeed, CoPc-P4CS/GP/GCE showed little activity for the CO2RR as 

expected. In previous studies, we used CoPc-polystyrene (CoPc-PS) to show that the pyridyl 

moieties within the polymer are vital to the effects that we see due to P4VP encapsulation of CoPc.  
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Figure 5. The effect of axial coordination on activity of catalyst-polymer composites with 

graphite powder (GP) on GCEs. The overall activity of the system is higher when the CoPc is 

coordinated to either the polymer (in the case of CoPc-P4VP/GP/GCE) or to a fifth ligand (in 

the case CoPc(pyNMe2)-P2VP/GP/GCE).  Activity is reported as the absolute value of the 

average total measured current density from RDE-CA measurements at −1.25 V vs SCE in CO2-

saturated 0.1 M phosphate solution at pH 5 reported as a function of CoPc loading.  For each set 

of measurements, the GP loading is 10 mg/mL or 0.51 mg/cm2 and the CoPc:polymer ratio stays 

constant as the CoPc loading increases.  All data points are reported as averages from at least 

three experiments on independently prepared samples, and the error bars represent standard 

deviations.  The solid black lines connecting the points are guides to the eye, and not indicative 

of fits of the data.  For all measurements, the loading of CoPc, polymer, and GP for each data 

point is summarized in Supplementary Tables S2 and S14-S16, representative RDE-CAs for 

selected CoPc loadings are shown in Supplementary Figures S2 and S12-S14, and activity data 

is summarized in Supplementary Tables S21 and S28-S30.  

 

Based on the measurements above, we chose an optimized loading for CoPc-P4VP/GP/GCE 

consisting of 0.05 mM CoPc – 3% P4VP – 1% GP in the preparation slurry, corresponding to 

0.023 mM CoPc – 0.3% P4VP – 1% GP deposition ink and we conducted selectivity measurements 
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for the CO2RR at this optimized loading.  We compared the selectivity measurements for CoPc-

P4VP/GP/GCE to those for CoPc-P2VP/GP/GCE and CoPc(pyNMe2)-P2VP/GP/GCE at similar 

CoPc, polymer, and CP loadings as shown in Figure 6.  The trends in selectivity for the CoPc-

polymer/GP/GCE systems are qualitatively similar to those observed on the CoPc-polymer/EPG 

systems without the added GP.13,24  In particular, on both EPG and GP/GCE, CoPc-P4VP and 

CoPc(pyNMe2)-P2VP show the highest selectivity for the CO2RR due to the synergistic effects of 

axial coordination facilitating CO2 binding and the polymer controlling H+ transport and inhibiting 

the competitive HER.   In comparison, on both EPG and GP/GCE, CoPc-P2VP shows slightly 

lower selectivity for the CO2RR—it benefits from the controlled H+ transport, but not the axial 

coordination effects.   The systems on GP/GCE overall have slightly lower selectivity for the 

CO2RR compared to the systems on EPG, and we attribute this to increased background HER on 

the GP itself.   Control experiments conducted with CoPc-P4VP/GP prepared at the same polymer 

and CoPc loadings but without centrifugation showed similar Faradaic Efficiency for CO 

production of 82% compared to the centrifuged CoPc-P4VP/GP/GCE case (Table S31), but 

substantially lower overall activity in the CPE measurements consistent with our RDE-CA 

measurements of the same system (Figure S1). 
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Figure 6.  The measured Faradaic Efficiency for different CoPc-polymer systems on GP/GCE 

and EPG.  CoPc-P4VP and CoPc(pyNMe2)-P2VP operate with the highest Faradaic Efficiency, 

and thus the highest selectivity for the CO2RR, on GP/GCE and EPG.  CoPc-P2VP operates 

with comparatively lower CO2RR selectivity.  The CoPc-P4VP system on GP/GCE operates 

with similar but slightly lower Faradaic Efficiency than of that on EPG, and this is attributed to 

the higher background HER on the added GP in the GP/GCE system. All reported Faradaic 

efficiencies are reported as averages from at least three CPE experiments on independently 

prepared samples, and the error bars represent standard deviations.  The loading of CoPc, 

polymer, and GP for each data point is summarized in Supplementary Table S19, representative 

current-potential traces for each CPE are shown in Supplementary Figures S15-S18, and the 

metrics from the CPE measurements are summarized in Supplementary Table S31. 

 

CONCLUSIONS 

Incorporating graphite powder into a catalyst-polymer composite system such as CoPc-P4VP 

increases charge transport and therefore increases activity—this is expected activity based on 

numerous previous studies.  Importantly, we developed a specific multistep deposition procedure 

that maximizes the interactions between the CoPc and GP to facilitate efficient charge transport.  
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We show that there is a point of diminishing returns where further increasing the graphite 

powder loading , where sufficient loading of either 0.51 mg cm-2 or 0.76 mg cm-2 resulted in similar 

overall activity (Figure 3a).  At low to moderate constant GP loadings, increasing the CoPc and 

P4VP polymer loadings results in losses in activity at sufficiently high film thicknesses, 

presumably due to inefficient charge transport (Figure 3a).   

When GP loading remains constant in relation to CoPc and P4VP, increasing the CoPc and 

P4VP polymer loadings results in a plateau, not a loss, in activity at sufficiently high catalyst 

loading (Figure 4).  This plateau in the catalytic activity at high CoPc, P4VP, and GP loadings is 

attributed to either inefficient H+ and CO2 transport to interior CoPc sites, or lower per-Co activity 

due to CoPc aggregation since the GP:CoPc:P4VP ratio remained constant, and was therefore 

sufficiently large to allow for charge transport as the film thickness increased. Axial coordination 

is still required for the highest activity in the polymer composite systems even in the presence of 

GP (Figure 5), suggesting that the CoPc does not fully coordinate to heteroatoms on the GP surface, 

although some extent of coordination between CoPc and the GP surface may be present.   

Based on the various activity measurements as a function of CoPc, P4VP, and GP loading, we 

determined a set of optimized loading conditions that maximized the catalytic activity.  Under 

these optimized conditions, we showed that the selectivity for the CO2RR over competitive HER 

was similar to those measured previously on EPG, but with much higher catalytic activity in the 

GP/GCE case (Figure 6).  The detailed study presented here will be used in future studies to 

develop optimal loading conditions for other polymer-catalyst composite systems with various 

carbon supports.  Future studies for this system may also include in situ XAS measurements to 

understand better the nature of the catalyst/polymer/GP interactions as a function of loading and 

applied potential.    
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