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Abstract 
 

 

The carbon dioxide reduction reaction (CO2RR) is one among many electrocatalytic small 

molecule transformations important for a decarbonized energy economy. However, industrial CO2 

electrolyzer technologies are still far from meeting benchmarks for activity, reaction selectivity, 

and stability needed to be economically viable, and fundamental studies are still necessary to find 

methods of improving these parameters. Spectroscopic and microscopic techniques are essential 

tools for probing the structure, reaction microenvironment, and reaction mechanism of 

electrocatalyst materials for the CO2RR, and provide key insights to supplement or inform 

electrochemical studies. My work has primarily focused on molecular catalyst-polymer composite 

materials, specifically cobalt phthalocyanine (CoPc) encapsulated in poly(4-vinylpyridine) 

(P4VP) and related polymers. Previous work by our group and others has shown this simple 

composite system to have high activity and selectivity for the CO2RR to CO. However, little 

characterization work had been done with the system and many questions remained unanswered. 

I first studied how the aggregation behavior of CoPc is influenced by codeposition with 

P4VP. I used UV-Vis to gauge the extent of CoPc monomerization in deposition solutions and in 

the resulting deposited layers. CoPc and other phthalocyanines readily self-associate through π-

stacking interactions, but I found that axial coordination by P4VP or molecular pyridine 

disaggregated CoPc in deposition solutions, while polymers lacking axial coordination did not 

have the same effect. Upon deposition, the CoPc-P4VP composite forms a solid solution which 

retains the monomerization of the CoPc. Both the axial coordination and the presence of a 
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polymeric structure are needed to achieve a solid solution, and the non-coordinating structural 

analogue poly(4-vinylpyridine) also created a highly monomerized solid solution with CoPc when 

pyridine was added to the deposition solution. The ubiquitous binding polymer Nafion was found 

to be ineffective at promoting or retaining CoPc disaggregation in the deposited layer. 

I also investigated how the composition of the electrolyte buffer solution influences the 

protonation of the P4VP layer. Previous investigations had revealed that proton delivery to 

catalytic sites in the CoPc-P4VP composite layer occurs primarily through a proton relay 

mechanism, which was expected to be influenced by solution pH. Through a combination of 

electrochemical and spectroscopic experiments, we confirmed that a lower bulk solution pH results 

in greater protonation of the P4VP layer, which is correlated with increased activity for HER and 

declining Faradaic efficiency for the CO2RR. We also discovered that layer protonation, and thus 

HER activity, scales with the electrolyte concentration in the buffer. We attribute this effect to 

increased equilibrium partitioning of ions into the P4VP layer, which increases the maximum 

concentration of protons allowed by local charge balancing. 

Eventually, our goal is to apply in situ spectroelectrochemical techniques to these 

questions. To that end, in a two-phase process I designed, constructed, and tested a 

spectroelectrochemical flow cell (SEC-FC) for polarization-modulation infrared reflection 

absorption spectroscopy (PM-IRRAS). The design was successful in some areas but was hindered 

by design challenges. Lessons learned from the PM-IRRAS SEC-FC will be inform future efforts 

to use in situ spectroelectrochemistry to probe the structure, microenvironment, and reaction 

mechanisms of electrocatalytic materials. 
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1. Introduction 
 

 

1.0. Preface 

This chapter provides background information related to my thesis work. Section 1.1 

introduces the carbon dioxide reduction reaction and its challenges. Section 1.2 provides an 

overview of and outlook for industrially-relevant CO2RR gas-fed reactors. Section 1.3 looks 

specifically at previous work on the CoPc-P4VP composite catalyst investigated in this dissertation 

and provides context for the relevance of my work to the broader project. Section 1.4 summarizes 

the findings of the investigations in subsequent chapters. Parts of Section 1.3 are modified from a 

manuscript originally published in Accounts of Chemical Research,1 and Section 1.2 is modified 

from unpublished work originally prepared for that manuscript. I was a secondary author of the 

final manuscript, with some portions being my writing, and having made substantial contributions 

to structuring and editing the manuscript. Taylor L. Soucy was the primary manuscript author, and 

portions of Section 1.2 are derived from her contributions with some modifications. 

 

1.1. Electrochemical Reduction of CO2 

As the world moves towards a decarbonized future powered primarily by renewable 

sources, the ability to transform electricity into useful chemicals is critical for replacing 

petrochemical precursors, storing intermittent energy, and creating clean fuels for high energy 

density applications. Electrochemical small molecule transformations are therefore poised to be 
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some of the most impactful chemical technologies of the 21st century. While water electrolysis and 

hydrogen fuel cell technologies have received significant attention,2 other electrochemical 

transformations could prove to be players in a decarbonized economy. The oxidation of ammonia 

to N2 has been investigated as an alternative fuel cell reaction,3,4 and electrochemical N2 reduction 

could be used to supplement or replace the Haber-Bosch reaction at the other end of the supply 

chain.5,6 Combined hydrogen reduction and alcohol oxidation electrolyzers could be used to 

produce valuable chemicals on both sides of the reaction.7 

However, electrocatalysis could also play a major role in the carbon economy itself. 

Electrocatalytic conversion can be used to recycle carbon dioxide (CO2) from industrial waste 

streams into fuels or chemical precursors.8-12 While the basic principles of the electrochemical CO2 

reduction reaction (CO2RR) have been understood since the 19th century, research into the process 

gained traction in the 1970s and 1980s when concerns about declining fuel supplies prompted 

investment in a variety of alternative energy technologies. A robust CO2 reduction industry would 

ease decarbonization difficulties in sectors such as aviation where chemical fuels are difficult to 

avoid. Ultimately, electrochemical CO2 reduction could displace petrochemical processes by 

providing a carbon-negative source for a variety of crucial chemical products.9 However, a wide 

array of technical and policy hurdles stands between this vision and the current state of CO2RR 

technology. 

Much of the foundational work on the CO2RR was published by Hori and compiled in a 

seminal review in 2008.13 While many transition metals are capable of catalyzing the CO2RR, Hori 

demonstrated that Cu metal has high current densities and the nearly unique ability to produce 

multi-carbon (C2+) products such as ethane and ethanol. However, while Cu electrocatalysts have 

excellent activity (in terms of mA/cm2, current passed per unit time per unit of surface area), Cu 



 3 

suffers from significant selectivity issues. Despite the common terminology, the CO2RR is not a 

single reaction, but any combination of several different reactions leading to a variety of products. 

Key CO2 reduction reactions are noted in Equations 1-7, arranged by the number of electrons 

transferred, corresponding roughly to the difficulty in obtaining the product. Additionally, CO2 

reduction competes with the hydrogen evolution reaction (HER, Equation 8.) Note that the reaction 

equations are in the form of cathodic half-reactions, with neutral water as the proton source—the 

dominant form of the reaction in most neutral or basic media. In principle the half reactions could 

be balanced by any oxidation reaction, but reoxidation of OH- to H2O is the most likely case. 

 

CO2 + H2O + 2e- → CO + 2OH- (1) 

CO2 + 2H2O + 2e- → HCOOH + 2OH- (2) 

CO2 + 5H2O + 6e- → CH3OH + 6OH- (3) 

CO2 + 6H2O + 8e- → CH4 + 8OH- (4) 

2CO2 + 8H2O + 12e- → C2H4 + 12OH- (5) 

2CO2 + 9H2O + 12e- → C2H5OH + 12OH- (6) 

3CO2 + 13H2O + 18e- → C3H7OH + 18OH- (7) 

H2O + 2e- → H2 + 2OH- (8) 

 

The tantalizing promise of copper catalysts is their ability to produce highly reduced 

products, and crucially, C2+ products. This latter feature could lead to direct electrolysis of CO2 to 

relevant fuels like ethane, ethanol, or propanol. Unfortunately, minor differences in reaction 

conditions trigger large changes in product distribution. Intrinsic local gradients in electrode 

potential and solution pH complicate matters by forcing a variation in conditions across the 
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electrode surface.14 Moreover, the copper catalyst itself contains a variety of reaction sites (steps, 

faces, etc.) leading to further product variance.14,15 Seemingly minor contamination of electrolyte 

solutions can lead to major changes in product distribution.16 As a final complication, Cu surfaces 

are known to change morphology when voltage is applied.17 Even under highly controlled 

conditions, Cu-catalyzed CO2RR will produce a minimum of 2-3 products at a given applied 

voltage, as seen in Figure 1.1.15 The products must then be separated downstream, limiting the 

overall efficiency of the system. 

Molecular systems can be developed that improve selectivity at the cost of lower activity relative 

to metal nanoparticles.18 At the extreme end of this spectrum, plants naturally convert CO2 to a 

bewildering array of reduced products with exquisite selectivity through photosynthesis, but with 

very poor “activity.” Bioinspired molecular catalyst systems mimic this enzymatic selectivity, at 

the cost of energy efficiency relative to heterogenous systems. Transition metal porphyrins and 

phthalocyanines, corroles, cyclams, and other metal complexes have all been studied for their CO2 

reduction activity.19-22 Investigations of these systems have yielded tremendous insight into 

catalytic mechanisms, in part because of their reaction site specificity and the resulting product 

selectivity.18,23 However, from a practical perspective, homogeneous molecular catalysts for the 

CO2RR suffer from poor stability and solubility in aqueous solutions and are intrinsically limited 

by their kinetics.24 The tension between activity and selectivity defines electrochemical CO2RR 

research. Technoeconomic analyses suggest an industrial reactor for the CO2 → CO reaction must 

achieve >200 mA cm-2 current density with 95%+ Faradaic efficiency to start making sense 

economically.10,25 Industrial electrolyzers will be discussed in more depth in the following section, 

but the key imperative for researchers is to find a system that can achieve both.  
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Figure 1.1  The distributions of major, intermediate, and minor products of the CO2RR on 

copper as a function of applied potential, emphasizing the large number of possible products 

and the impossibility of selecting for only one without significant modifications to the system. 

Reproduced from Ref. 15 with permission from the Royal Society of Chemistry. 
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Heterogenized molecular catalyst systems, wherein traditionally homogeneous molecular 

catalysts are attached to a surface, could combine best aspects of both systems. Being attached to 

a surface, they benefit from the superior kinetics of heterogeneous catalysts, but since they retain 

the tuned, single-site structures of homogenous catalysts, they can have tremendous selectivity for 

a single product.23 A number of methods are available for attaching catalysts to electrode surfaces. 

In the simplest case, the molecular catalyst can be physically adsorbed onto the electrode substrate. 

Catalysts can also be mixed with an encapsulating substrate (such as carbon nanotubes or a 

polymer) in solution before deposition onto the surface.26-28 Covalent tethering, as with a click 

reaction, creates a more robust bond between the molecule and the surface.29 On the extreme end, 

electropolymerization or the synthesis of covalent organic frameworks (COFs)30,31 and metal-

organic frameworks (MOFs)32 can be used to build surfaces with defined molecular catalyst 

moieties. However, catalyst aggregation is a significant issue for the evaluation of heterogenized 

systems.23  

Heterogenizing a molecular catalyst also opens up an additional avenue for tuning catalytic 

activity—besides altering the catalyst itself, one can alter the environment around the catalyst to 

influence substrate transport. The clearest example of this effect is the introduction of hydrophobic 

domains which can throttle the availability of protons and thus minimize parasitic HER. A recent 

review from our group33 highlights the role of blocking layers and other methods for controlling 

substrate transport to catalytic active sites. 
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1.2. Using Polymer-Catalyst Composites to Address Shortcomings in CO2 Electrolyzer 

Technologies 

Feasibility and Performance Benchmarks of Industrial Gas-Fed CO2RR Electrolyzers 

Eventually, the goal of CO2RR research is the creation of large-scale electrolyzers that can 

selectively convert industrial CO2 waste streams to usable products as part of a carbon capture, 

utilization, and storage (CCUS) scenario.34 To minimize transport costs, such electrolyzers would 

likely be integrated with systems producing high-concentration CO2 streams, particularly 

petroleum refineries, steel plants, blue hydrogen plants, or power generation stations burning 

natural gas or biomass-derived fuels.35-37 Aside from the CO2, the only inputs for the electrolyzer 

are water and electricity, the latter of which could be supplied from renewable sources or from a 

portion of the output of the power generating station. In order to be viable, a CO2 electrolyzer must 

compete economically with other CCUS technologies. On the utilization side, these include 

enhanced oil recovery (EOR),38 greenhouse agriculture,39 and thermal catalysis to value-added 

products.8 Geologic storage—either through direct sequestration in saline aquifers or by EOR—

receives tax incentives in the US that will likely be expanded in coming years.40-42 Therefore, in 

the absence of expanded incentives, the economic benefits of electrochemical CO2RR must be 

sufficient to outweigh the revenue from storage. 

Several benchmarks are cited in the technoeconomic literature for CO2 electrolyzer 

viability.10,25 Specific cost-benefits for any given project will depend on many factors, including 

capital costs associated with installation and maintenance, transportation costs, electricity prices, 

and the market value of the CO2RR products. For instance, performance targets for electrolyzers 

producing CO are 200-500 mA cm-2 of current density with 95% selectivity for CO.10 Ideally an 

electrolyzer would need to operate with minimal voltage increase (<10 µV h-1) for more than 500 
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million turnovers, translating to an operating lifetime of about 2-3 years before the catalyst needs 

to be replaced. 

The key difference between most lab-based CO2 electrolysis cells and industrial 

electrolyzers is the method of CO2 delivery. Traditional CO2RR electrochemical studies use an 

electrolysis cell in which CO2 is delivered to the electrode from a CO2-saturated aqueous solution. 

The concentration of CO2 in such solutions reaches a maximum at about 33 mM—and more 

critically, has a diffusion coefficient of only 1.6×10-3 mm2 s-1.43 In contrast, humidified gaseous 

CO2 at ambient pressure has a concentration around 41 mM with a diffusion coefficient around 16 

mm2 s-1, enabling rapid delivery of CO2 to the catalytic sites and dramatically enhancing the 

maximum CO2RR rate.43 To achieve commercial viability, any CO2RR catalyst system must be 

integrated into a gas-fed electrolyzer due to the intrinsic limitations of aqueous CO2 delivery. 

The gaseous reactant feed dictates the basic structure of industrial CO2 electrolyzers. An 

example of a standard gas-fed reactor is shown in Figure 1.2. The cathode material and any 

additives form a catalyst layer (CL) which is directly deposited onto a gas diffusion layer (GDL), 

forming a gas diffusion electrode (GDE). The gas diffusion electrode is in contact with a metal 

plate patterned with flow channels. The plate delivers electrons and CO2 to the GDE and carries 

away reduction products. On the other side, the CL is in contact with a polymer electrolyte 

membrane (PEM—or ion exchange membrane). The membrane shuttles water and ions between 

the anode and cathode. Within the cathode layer, the electrolyte, solid cathode, and humified CO2 

gas supply combine in a triple-phase junction where the catalyst has sufficient influx of reactants 

(CO2, water, and electrons) and efflux of products to maintain rapid catalytic turnover. The anode 

has a similar morphology to the cathode, with a thin catalyst layer in contact with the flow plate. 
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Figure 1.2  Illustration of a conventional zero-gap CO2 flow electrolyzer. Anode and cathode 

flow plates supply hydroxide solution and humidified CO2, respectively. Catalyst layers are 

separated by an anion exchange membrane which transports hydroxide created at the cathode 

to the anode to be reduced. Inset: a visualization of the gas diffusion electrode on the cathodic 

side. Silver nanoparticles are bound with Nafion to create a catalyst layer (CL) where the triple 

phase junction occurs. A microporous layer separates the CL from the microporous gas 

diffusion layer, which supplies the humified CO2. Reproduced from Ref. 68 with permission from 

the Royal Society of Chemistry. 
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GDE catalyst systems must maintain a delicate triple-phase junction where gaseous CO2, 

proton-carrying electrolyte, and electrons meet and react within the catalyst layer.44,45 Because this 

junction can be easily disrupted, the choice of materials dictating the microenvironment of the CL 

is critical to maintaining device activity. The construction, challenges, and failure modes of 

CO2RR GDEs have been reviewed extensively elsewhere in recent years.10,43-48 The primary 

technical challenges of GDE systems are: 1) flooding, where the too much electrolyte is present in 

the CL and as migration to the catalytic sites is blocked, 2) carbonation, where hydroxide produced 

by the CO2RR reacts directly with CO2 to form precipitated carbonate crystals that damage the 

layer, and 3) reaction competition from HER. Specific GDE architectures have been devised to get 

around these problems, but generally come with additional complications of their own. 

Electrolyzers for the 2e- reduction of CO2 to CO are closest to achieving 

commercialization. Despite being a toxic greenhouse gas, CO produced by electrolyzers would 

find a ready market in the chemicals industry, where it could replace petrochemical CO as a key 

chemical reagent.12 The state-of-the-art electrolyzer for CO2 to CO uses a silver or gold 

nanoparticle catalyst to achieve high activity and selectivity.10 Ag has the advantage of being 

considerably less expensive, but Au catalysts may be able to accommodate lower-purity reactant 

streams without being poisoned or losing selectivity. A prototype commercial electrolyzer from 

Dioxane Materials incorporates a silver nanoparticle catalyst into a zero-gap cell with a Sustainion 

anion exchange membrane as a separator.49 Since the main competitive reaction with CO2RR is 

HER, CO reactors could also be tuned to produce a controlled mixture of CO and H2, creating 

ready-to-use syngas for further processing into other chemical products. 

Electrolyzers for generating C2+ products are much further from commercialization.50 

Three main strategies have been considered: 1) a “one-pot” approach that aims to generate a 
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specific C2+ product from CO2 with a single catalyst; 2) a “two-pot” approach where two 

electrolyzers are employed, the first producing CO from CO2 and the second coupling and 

hydrogenating CO to form C2+ products; and 3) a hybrid approach in which the two catalyst 

materials are mixed in a single electrolyzer.10 In all cases, Cu is needed to provide C-C coupling, 

with all the attendant challenges of product selectivity detailed in earlier sections.  

 

Improving CO2RR Electrolyzer Performance by using Polymer-Catalyst Composites to Tune 

Catalytic Microenvironment 

The innate fragility of the GDE system demands fine-tuning of the catalyst 

microenvironment. Integrating rationally designed polymers with targeted functionalities into the 

catalyst layer could mitigate many of the problems faced by researchers constructing GDE 

systems. GDE device composition varies considerably between studies, making generalizations 

about structure difficult. However, it is very common for researchers to incorporate a binding 

polymer in the catalyst layer,44 which may be the same polymer material used in other cell 

components (e.g the GDL, microporous layers on either side of the CL, or the polymer electrolyte 

membrane in zero-gap configurations). Many CO2RR GDE studies have used Nafion as a binding 

polymer,51-70 popularized by its extensive application as a proton exchange membrane in fuel cells. 

Nafion has attractive properties, including high porosity, ionic conductivity, and resistance to 

degradation,71 and has been the default polymer for this purpose. Berlinguette and coworkers68 

have investigated how optimizing Nafion loading in the catalyst layer influences device 

performance. However, researchers have begun to look beyond Nafion to find other systems that 

may improve device performance. Much of the research to-date using non-Nafion polymers to 

optimize GDE catalyst microenvironment has focused on CL wettability, which determines the 
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position and extent of the triple-phase boundary, and thus the availability of substrates.49,71-76 The 

wettability of the CL must be balanced such that sufficient water permeates the layer to provide a 

proton source and to transport ions, but not so much water that the pores permitting gas transfer 

are filled.  

Berlinguette and coworkers demonstrated that by increasing the weight percentage of 

hydrophobic PTFE in the catalyst layer, they could retain high faradaic efficiency for CO at 200 

mA/cm2 in a zero-gap MEA assembly.74 Feng and coworkers similarly demonstrated that by 

mixing PTFE nanoparticles in with the Cu catalyst nanoparticles, activity and selectivity for 

CO2RR could be enhanced in a GDE system.75 A series of reports by Masel and coworkers49,77-79 

introduced imidazolium-functionalized Sustainion as a possible anion-exchange polymer for 

CO2RR applications. Gewirth, Kenis, and coworkers specifically looked at PTFE and Sustainion 

as alternatives to Nafion, finding that combining polymer with different benefits could be 

advantageous.71 Blending Nafion with PTFE hindered undesirable carbonate formation, while 

adding a Sustainion overlayer improved catalyst stability while retaining performance.  

Maintaining the conductivity of the catalyst layer is another concern for GDE construction, 

as increasing the hydrophobicity of the binding polymer (e.g., by adding PTFE) tends to 

simultaneously depress electron conductivity.50 This is especially the case for molecular catalysts, 

which lack the intrinsic conductivity of metal nanoparticle catalysts. Several publications have 

used GDE systems where the catalyst is codeposited with carbon nanotubes, both to improve 

conductivity and to disaggregate the catalyst.27,60,80-83 For example, Liang and coworkers27  

dispersed modified nickel phthalocyanines on carbon nanotubes, achieving high selectivity to CO 

at up to 300 mA/cm2. While increasing conductivity with graphitic carbon has been an effective 

strategy, it is possible that incorporation of functionalized conductive polymers would serve a 
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similar function. Depressed TOF due to aggregation23,26,84 is also a significant concern when 

incorporating molecular catalysts into GDE electrolyzers. Selection of a polymer that interacts 

favorably with the catalyst could mitigate aggregation and remove this limitation. 

To date, the CO2 electrolysis community has only barely tapped into the immense variety 

of structures made possible by modern polymer chemistry. In theory, a polymer-catalyst composite 

is endlessly tunable, with many “knobs” that can be turned to produce different effects: blends and 

copolymers to provide a mixture of functional domains, covalent grafting of catalytic macrocycles 

to provide stability, branching structures that create diffusion pathways, and more. 

Electropolymerization techniques could permit structured growth of complex composite systems 

directly onto the electrode substrate. As an example of what the future could hold for more intricate 

systems, Sargent, Sinton, and coworkers presented a complex catalyst architecture72 with a 

multifunctional ionomeric binding polymer. The structure combines hydrophobic domains that 

facilitate CO2 transfer with hydrophilic domains that enable water and ion transport. By 

maximizing the extent of the triple-phase boundary layer through deposition of a ~6 µm-thick 

Cu/ionomer layer, the authors achieved a maximum activity of 1.32 A/cm2 for CO2RR, mainly to 

C2+ products. 

In summary, the transition from solution-fed to gas-fed CO2RR electrolyzers brings 

significant challenges related to the triple-phase boundary in the catalyst layer. Using polymers to 

control the catalyst wettability has been fruitful, but significant gaps remain in the literature. To 

date, we could find no studies that have tried using the binding polymer in the GDE catalyst layer 

to synergistically imbue primary or secondary coordination sphere effects, nor any studies 

incorporating an intrinsically conductive polymer to improve electron transport. More research is 

needed to look past Nafion and explore different catalyst layer compositions and morphologies 
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that will maximize a) intrinsic catalytic performance through manipulation of primary-sphere 

effects; b) substrate and product transport into, within, and out of the catalyst layer; and c) electron 

conductivity in the catalyst layer. Next-generation polymer architectures that incorporate multiple 

synergistic functionalities could be an effective strategy for optimizing device performance. 

Polymer blends, copolymers with different functional blocks, electropolymerized catalysts, and 

multilayered structures all bear further investigation. 

 

1.3. CoPc-P4VP and Related Systems for the Electrochemical Carbon Dioxide Reduction 

Reaction 

Previous Investigations of Cobalt Phthalocyanine Catalyst Systems for the CO2RR 

One molecular catalyst that has been heterogenized frequently for the CO2RR is cobalt 

phthalocyanine (CoPc).23 CoPc was first reported for the CO2RR in the 1970s,85 and has been 

shown to operate with moderate activity and reaction selectivity with a Faradaic efficiency of 

approximately 35-60% for CO production (FECO) over the competing HER in aqueous phosphate 

buffer when coated onto a planar carbon electrode.86,87 The activity and stability of CoPc-based 

system can be tuned by modulating the electronic structure of the system through axial 

coordination88 and/or synthetic modification of the Pc ring.89,90  For these reasons, CoPc is one of 

the most promising and well-studied CoN4 porphyrinoid catalysts for the CO2RR. 

It has been recently reported that CoPc can catalyze the reduction of CO2 to formic acid 

and methanol under specific conditions,90-92 making CoPc one of the only molecular catalysts 

capable of reducing CO2 to highly-reduced products. Two papers published in 2019—one from 

Robert and coworkers92 and the other from Wang and coworkers90—demonstrated that CoPc 

codeposited with carbon nanotubes can catalyze the six-electron reduction of CO2 to methanol at 
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relevant Faradaic efficiencies (as high as 40% under certain conditions in the latter report) in 

addition to the expected CO and H2 more commonly reported. The precise reasons for this activity 

are unclear, but the results are a promising indicator that with sufficient tuning of the reaction 

environment, CoPc may someday be able to produce highly-reduced products at industrially-

relevant rates. 

CoPc has also been incorporated into flow cell architectures. Two studies by Berlinguette 

and coworkers from 201951,70 employ CoPc mixed with carbon powder as a catalyst layer in a gas-

fed flow electrolyzer. In the study published in Nature, the authors reached a current density of 

150 mA/cm-2 with high Faradaic efficiency towards CO, achieving a commonly-cited benchmark 

for industrially-relevant systems. Together, these studies confirm that CoPc—and molecular 

catalysts generally—are capable of reaching the activities needed to compete with conventional 

metal nanoparticle catalysts in industrial electrolyzers.  

 

Features of the CoPc-P4VP Composite System 

Polymer encapsulation has been considered a method for CoPc heterogenization since the 

first report of CO2RR by CoPc, where the authors demonstrated that using polystyrene as a binding 

agent decreased activity compared to that of the parent CoPc complex.85 Kaneko and coworkers 

used polymer encapsulation within putative hydrophobic polymers to improve the selectivity of 

molecular CO2RR electrocatalysts in aqueous electrolytes,93,94 and showed that encapsulating 

CoPc within poly(4-vinylpyridine) (P4VP) enhanced the selectivity for CO2 reduction to CO over 

the competitive HER.95-98 In Table 1.1 are summarized a few recent studies of turnover frequency 

for the CO2RR to CO by heterogenized CoPc and related Co porphyrinoid materials prepared with 

different binders and supports and measured in various electrolyte conditions.  
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Catalyst Electrode 
Polymer/  

Binder 

Electrolyte 

(pH) 

Potential / 

V vs. RHE 

TOFCO 

/ s−1 

Ref 

CoPc 
Edge-Plane 

Graphite 
N/A 

0.1 M 

NaH2PO4 (4.7) 
−0.73 1.1 

108 

CoPc-P4VP 
Edge-Plane 

Graphite 
P4VP 

0.1 M 

NaH2PO4 (4.7) 
−0.73 4.2 

108 

CoPc-P4VP/Graphite 

Powder 

Glassy 

Carbon 
P4VP 

0.1 M 

NaH2PO4 (4.7) 
−0.73 3.1 

109 

CoPc/CNTs 
Carbon 

Paper  
Nafion 

0.5 M 

NaHCO3 (7.3) 
−0.67 4.1 

70 

CoPc/CNTs 
Carbon 

Paper 
Nafion 

0.1 M 

NaHCO3 (6.8) 
−0.63 4.1 

110 

Cobalt 

Protoporphyrin/CNT 

(CoPP)  

Carbon 

Paper 
Nafion 

0.5 M 

NaHCO3 (7.3) 
−0.65 2.1 

84 

Cobalt Tetraphenyl 

Porphyrin/CNT (CoTPP) 

Glassy 

Carbon 
None 

0.5 M 

NaHCO3 (7.2) 
−0.68 2.7 

111 

Covalent Organic 

Framework COF-36-

Co(1%) 

Carbon 

Fabric 
None 

0.5 M 

NaHCO3 (7.3) 
−0.67 2.6 

112 

 

Table 1.1  A few recent studies of CoPc and related Co-porphyrinoid materials for the CO2RR, 

along with their corresponding turnover frequency (TOF) for CO production. 
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Although many researchers use polymers as binding agents for adhering catalysts to 

surfaces, relatively few studies have investigated the effects of polymer encapsulation on CO2RR 

photocatalysts99-103 and electrocatalysts.101-107 The few studies that have considered these 

interactions include work by Koper and coworkers examining the impact of different encapsulating 

polymers on the CO2RR performance of indium protoporphyrin (InPP);104 studies by Grubbs, 

Gray, and coworkers examining the effect of brush polymer ion gels on the activity of Re-based 

CO2RR molecular electrocatalysts;105,106 and Reisner and coworkers tuning the CO:H2 product 

ratio in a series of polymer-catalyst materials by tuning the hydrophobicity of the polymer 

moieties.107   

Our previous work with CoPc has focused on understanding the specific influence of P4VP 

polymers on the activity of CoPc in CoPc-P4VP composite polymer-catalyst systems. In particular, 

we have shown that CoPc-P4VP operates with a ~4-fold enhancement in CO2RR activity 

compared to the parent CoPc, and with nearly quantitative Faradaic Efficiency for CO production 

(FECO ≈ 100%) compared to the parent CoPc which operates with FECO ≈ 60%. Our work tested 

three core hypotheses regarding polymer-catalyst interactions (Figure 1.3): 1) pyridyl moieties 

from the polymer axially coordinate to the cobalt center, increasing affinity for CO2 coordination 

and reduction; 2) partially protonated pyridyl moieties from P4VP provide secondary coordination 

sphere effects via hydrogen bonding; and 3) proton delivery in P4VP is controlled by a multisite 

proton relay involving the polymer pyridyl moieties.113   

 

Axial Coordination 

 In our first studies of polymer-encapsulated CoPc, we concluded that axial coordination of 

pyridyl residues from the P4VP polymer in the CoPc-P4VP composite film was crucial to the  
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Figure 1.3  Illustration of the three coordination sphere effects contributing to the activity and 

selectivity of CoPc encapsulated in P4VP. Reproduced from Ref. 114 with permission from the 

Royal Society of Chemistry. 

 

 

Figure 1.4  a) Different combinations of the parent complex CoPc with polymers and ligands 

discussed herein, along with the proposed coordination environment and proton transport 

mechanism.  Adapted with permission from Ref. 113. Copyright 2019 Liu, Y. and McCrory, 

C.C.L. Published by Springer Nature under a Creative Commons CC BY 4.0 license 

http://creativecommons.org/licenses/by/4.0. b) The turnover frequency (TOFCO) and Faradaic 

Efficiency (FECO) for CO production of each catalyst-polymer composites.  Data from Ref. 113. 

http://creativecommons.org/licenses/by/4.0
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increased activity and selectivity of CoPc-P4VP for the CO2RR compared to the CoPc parent 

system.108,113 The 5-coordinate CoPc(py) complex with no polymer and an axially coordinated 

pyridine reduces CO2 with a modest increase in activity and selectivity compared to the parent 

CoPc complex, as seen in Figure 1.4. In contrast, encapsulating CoPc with the non-coordinating 

P2VP polymer results in no increase in CO2RR activity and a modest increase in selectivity 

compared to CoPc.  Combining these effects in the CoPc(py)-P2VP system results in a large 

increase in CO2RR activity and selectivity, as observed with CoPc-P4VP.  We interpreted these 

results to suggest that 1) axial coordination in the primary coordination sphere is crucial for the  

observed enhanced activity and 2) this influence of the axial coordination works synergistically 

with other effects imbued by the polymer to achieve the enhanced activity and selectivity observed 

in CoPc(py)-P2VP and CoPc-P4VP.113 

 To confirm that the pyridyl residue of the P4VP was indeed axially coordinating to the 

CoPc molecule, we performed in situ X-ray Absorbance Near-Edge Structure (XANES) 

measurements (Figure 1.5).114 CoPc exhibits a strong 1s-4p pre-edge peak at ~7716 eV (Figure 

3a), characteristic of macrocyclic square planar Co complexes.115,116 Conversion of the metal 

center into a square pyramidal geometry leads to a dramatic decrease in peak intensity,116 as 

observed for CoPc(py) and CoPc-P4VP (Figures 3b-c). This loss of the 1s-4p pre-edge peak 

intensity is not observed for CoPc-P2VP in the non-coordinating P2VP polymer,114 so we interpret 

these results to mean that the pyridyl residues in P4VP axially coordinate to the Co center in CoPc-

P4VP, as hypothesized in Figure 1.3. 

 We further hypothesized that coordination of an axial ligand to the CoPc increases the 

electron density on the metal center, leading to an increase in the energy of the dz2 orbital of the 

Co center, thereby increasing the metal site nucleophilicity and its ability to coordinate and activate  
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Figure 1.5  X-ray absorbance near edge structure (XANES) measurements at different applied 

potentials under N2 of (a) CoPc, (b) CoPc(py), and (c) CoPc-P4VP.  The insets show the 1s-4p 

pre-edge peak used to determine whether the system is primarily 4-coordinate or 5-coordinate. 

Reproduced from Ref. 114 with permission from the Royal Society of Chemistry. 
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Figure 1.6  Turnover frequency for CO production for CoPc(L) with various axial ligands L.  

Activity increases as a function of σ-donor strength of the axially coordinating ligand.  The 

calculated HOMO of the reduced CO2 adduct from Mechanism 1 for CoPc(L8) is shown in the 

inset, highlighting the interaction between CO2 and the Co dz2 orbital. Adapted with permission 

from Ref. 88. Copyright 2021 American Chemical Society. 

 

 

 
Figure 1.7  Proton-inventory studies for CoPc, CoPc-P2VP, CoPc-P4VP, CoPc(py)-P2VP, and 

CoPc(py). Adapted with permission from Ref. 108. Copyright 2019 Liu, Y. and McCrory, C.C.L. 

Published by Springer Nature under a Creative Commons CC BY 4.0 license 

http://creativecommons.org/licenses/by/4.0. 
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CO2. Because the Co dz2 orbital is geometrically most likely to interact with CO2, we postulated 

that the increased energy of this orbital drive the increased ability of the 5-coordinate complex to 

bind and reduce CO2.
113 The corollary to this hypothesis is that increasing the σ-donor ability of 

the axial ligand will further increase the energy of the dz2
 orbital, and further increase the activity 

for the CO2RR.  In a combined experimental and computational study, we showed that increasing 

the σ-donor ability of the axial ligand (L) results in an increase in the CO2RR activity by CoPc(L) 

(Figure 1.6).88 Computational studies confirmed that the strength of the σ-donor ability was 

correlated with the relative energy of the dz2
 orbitals, that the HOMO of the pertinent reduced 

[CoPc(L)-CO2]
− involves an interaction between the dz2 orbital and the CO2 adduct.88 

 

Proton Transport 

Encapsulating polymers are often used to increase the hydrophobicity around the catalyst, 

thereby enhancing CO2RR selectivity by suppressing competitive HER.107,117  For example, 

Kaneko and coworkers showed that incorporating various Re- and Co-based molecular catalysts 

within Nafion enhanced their activity for the CO2RR over competitive HER due to the relative 

hydrophobicity of Nafion exposed to pH 7 electrolyte under their catalytic conditions.93,94  

Notably, Kaneko and coworkers also suggest that controlled proton transport plays an important 

role in the enhanced CO2RR selectivity of CoPc-P4VP compared to the parent CoPc complex.95-

98 After our initial study of CoPc-P4VP for the CO2RR,113 we became interested in understanding 

better the mechanism of proton transport in the polymer-catalyst system.  In particular, we 

hypothesized that proton transport might occur via a multisite proton relay, similar to those 

frequently proposed in enzymatic and bioinspired systems.118-121  To test this hypothesis, we 
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conducted a series of proton inventory studies, a technique in which the attenuation in activity is 

measured as a function of the fractional deuteration of the system.122-124 

For systems where the RDS involves a proton transfer event such as CoPc(py), CoPc(py)-

P2VP, and CoPc-P4VP, the shape of the curve in Figure 1.7 provides information about the proton 

relay mechanism.  For CoPc(py), the linear curve is consistent with a normal kinetic isotope effect 

involving a single hydrogenic site in the RDS.125,126  However, for CoPc(py)-P2VP and CoPc-

P4VP, the non-linear dome-shaped response of the relative activity as a function of fractional 

electrolyte deuteration is consistent with a normal isotope effect at a single hydrogenic site in the 

RDS preceded by an aggregate inverse isotope effect involving multiple hydrogenic sites on the 

polymer.123,127 This aggregate inverse isotope effect is also responsible for the decrease in the KIE 

from KIE ~ 3 for CoPc(py) to KIE ~ 2.1 for CoPc-P4VP and CoPc(py)-P2VP.  We interpret these 

results as evidence that proton delivery in the P2VP- and P4VP-encapsulated systems occur via a 

multisite proton relay involving the pyridyl residues on the polymer.108   

 

Charge Transport and Carbon Supports 

As one considers integrating polymer-catalyst composites into electrochemical reactors, it 

is crucial to consider not only controlling substrate transport, but also maintaining efficient charge 

transport.105,128 The incorporation of carbon supports into the polymer-catalyst system is a common 

strategy for increasing charge transport in CoPc-based catalyst-polymer composites for the 

CO2RR.28,90,92,110,129 In some cases, incorporation of specific carbons supports have resulted in new 

product formation—both Wang and coworkers and Robert and coworkers demonstrated that CoPc 

immobilized onto multiwalled carbon nanotubes (MWCNTs) with a Nafion film reduce CO2 to 

CH3OH via a cascade catalysis mechanism.90,92 
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Figure 1.8  The activity of CoPc-P4VP with different loadings of graphite powder (GP) as a 

function of catalyst-film loading.  In these studies, the ratio of CoPc:P4VP is held constant, so 

CoPc loading is a convenient proxy for CoPc-P4VP film loading and thickness.  Reproduced 

with permission from Ref. 109. Copyright 2021 American Chemical Society. 
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Our work in this area has focused on studying how incorporating graphite powder (GP) 

within CoPc-P4VP systems influences the performance of these systems for the CO2RR.109  

Importantly, it is not enough simply to mix the CoPc-P4VP and GP together—doing so results in 

no enhancement of activity upon the addition of GP.  Instead, it is crucial to develop deposition 

procedures that facilitate interaction between CoPc and the GP supports. When no GP is present, 

we observe no appreciable change in activity for CoPc-P4VP as a function of catalyst film loading 

(Figure 1.8). When moderate loadings of GP (0.26 mg cm-2) are incorporated into the CoPc-P4VP 

film using our optimized deposition procedure, we observe significantly higher activity for the 

CO2RR (Figure 8), suggesting that incorporation of GP increases the effective distance of charge 

transport within the film and, thus, increases the number of CoPc sites that are active. At 

sufficiently high loadings of GP (0.51 mg cm-2), the activity increases and then plateaus as a 

function of increasing catalyst film loading. This suggests that charge transport is not limiting at 

these high GP loadings, and instead, catalytic activity is limited by another parameter—possibly 

inefficient substrate transport to interior sites or CoPc aggregation at high catalyst loadings. Note 

that aggregation is particularly problematic for CO2RR systems based on CoPc due to the 

molecule’s high propensity to aggregate because of the strong π-π interactions between CoPc 

molecules.  CoPc aggregation has been specifically linked to decreased activity in polymer-catalyst 

systems at high loadings.23 In nanoparticulate systems, deleterious aggregation can be mitigated 

through polymer encapsulation in some studies.130,131 

 

Motivation for Studying Aggregation of CoPc  

Evidence from our work and others has raised concerns that CoPc aggregation may be a 

significant limiting factor in CoPc performance for the CO2RR. The aggregating tendencies of 
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CoPc and other metal phthalocyanines (MPcs) are well-known and have been studied extensively 

outside the electrocatalysis community. Phthalocyanine rings have a flat, highly conjugated 

aromatic structure and thus strongly associate through π-stacking interactions. Most MPcs are 

difficult to solvate, and ring substituents are commonly added to increase their solubility. In the 

solid phase, simple MPcs have two primary crystal structures (a and b). In solution, even highly-

substituted MPcs will often dimerize because of the high favorability of the π-stacking interaction. 

A kinetic treatment of dimerization—which extracts a dimerization rate constant—is commonly 

used to account for the influence of aggregation on the visible-range optical properties of MPcs. 

 Researchers investigating CoPc for the CO2RR have often noted the possibility of 

aggregation and taken steps to mitigate it. For example, Officer and coworkers132 adopted the 

approach of many spectroscopy-focused researchers by attaching bulky alkoxy groups to the ring, 

increasing the molecule’s steric bulk and solubility in organic solvents. The most common 

approach for electrocatalysis groups is to mix the CoPc with carbon nanotubes (CNTs) in the 

deposition solution, leading to dispersion of the catalyst across the high surface area 

carbon.26,90,92,129,133 This approach has the additional benefit of increasing the electron transport to 

catalyst sites. Wang and coworkers90 and Robert and coworkers92 used unmodified CNTs 

combined with CoPc, while Huai and coworkers129 used the same but with pyridine as the solvent. 

Wu and coworkers133 used hydroxyl functionalized CNTs. Zhu and coworkers26 used pyridine-

functionalized CNTs. These studies suggested two interactions which could drive CoPc 

disaggregation in deposited layers: 1) axial coordination to the Co center, as with pyridine moieties 

on the py-functionalized CNTs, and 2) π-stacking interactions with the carbon support. 

Despite these studies, little characterization work has been done to understand the factors 

driving CoPc aggregation for conditions relevant to heterogeneous catalytic systems, or to confirm 
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a prevention of aggregation in systems specifically designed to mitigate it. A key exception is a 

2018 study from Manthiram and coworkers134 which probes how the turnover frequency (TOF) 

and mechanism of the CO2RR changes as a function of CoPc loading. As the CoPc becomes more 

dispersed at lower loadings, the authors observed both in increase in TOF as a greater proportion 

of Co sites were available for catalysis, and they observed a change in the mechanism as evidenced 

by Tafel slope analysis. SEM was used to demonstrate the presence of micron-scale CoPc 

aggregates in the deposited layers. However, this report was still focused primarily on reporting 

the effects of inferred aggregation rather than systematically investigating how the aggregation 

was occurring. 

Based on these literature reports, we felt that the electrocatalysis community would benefit 

from a fundamental investigation of how CoPc aggregates in deposition solutions and the resulting 

deposited layers, under conditions relevant to investigations currently being performed. At the 

same time, we were interested in determining whether combining CoPc with axially-coordinating 

P4VP would drive disaggregation in a similar manner to py-functionalized CNTs. We chose to use 

the simple model systems of unsubstituted CoPc and CoPc(py) for a few reasons: 1) they provide 

a “base case” in which aggregation is likely to be most prevalent, compared to substituted CoPc; 

2) for better comparison to previously published electrocatalysis studies, most of which employ 

unsubstituted CoPc; and 3) CoPc cheap to produce and commonly available, increasing the 

relevance of the results for later industrial applications. We used deposition solutions with a 

concentration range matched to previous investigations. The results of this investigation are 

detailed in Chapter 2. 



 28 

Motivation for Studying Protonation of the P4VP Layer 

 Our previous work on the CoPc-P4VP catalytic system has provided substantial evidence 

for a proton relay effect that modulates proton transport to the catalytic site. The solution pH 

chosen by Liu and McCrory108 was matched to the pKa of the pyridine moieties in P4VP, aiming 

for a partial protonation to facilitate the proton relay effect as illustrated in Figure 1.4a. We 

expected that altering the solution pH would significantly affect the fractional protonation of the 

polymer, and thus the electrocatalytic activity and selectivity for the CO2RR. At higher pH, the 

polymer is expected to be largely deprotonated, and at lower pH, it should transition to fully 

protonated. 

 Electrochemical analysis of CoPc-P4VP layers and related systems under variable pH 

conditions confirmed that the CO2RR activity and selectivity did change as a function of buffer 

pH. More unexpectedly, the electrochemical activity also changed when the buffer concentration 

was altered, and when an additional “reaction innocent” perchlorate salt was added to the buffer 

to increase electrolyte density. To understand and contextualize the electrochemical results, it was 

necessary to find a characterization method that would directly probe the protonation of the P4VP 

layer.  

Fortunately, the structure of P4VP itself provides a convenient spectroscopic handle for 

protonation without the need to incorporate an exogenous indicator into the layer. The breathing 

modes of the pyridine ring in the IR region are sensitive to the quaternization of the nitrogen atom, 

either by protonation or by addition of an alkyl substituent.135-138 Specifically, protonated pyridyl 

moieties have a characteristic absorbance at around 1638 cm-1 which does not overlap with any 

surrounding bands and is therefore an excellent indicator of layer protonation. Previous 

investigations have exploited this band intensity to monitor the extent of proton transfer between 



 29 

codeposited layers containing P4VP and a polymer with corresponding acidic moieties136-138 in a 

process closely analogous to the protonation of P4VP layers by a buffer solution. Moreover, the 

IR spectrum of P4VP has a nearby CH2 bending band at 1450 cm-1 arising from the vibrations of 

the polymer backbone.135,139 This band is insensitive to pyridyl protonation, and therefore provides 

an internal calibrant for the intensity of the protonation band. Using this spectroscopic marker we 

were able to match ex situ spectroscopic analysis of the relative protonation of layers exposed to 

buffer solutions of varying pH with electrochemical analysis of the analogous CoPc-P4VP layers 

in the same buffer solutions. The results of this investigation are presented in Chapter 3. 

 

1.4. Conclusion and Subsequent Investigations 

The previous sections have detailed some of the motivations and challenges driving our 

work on heterogenized molecular catalyst systems for the CO2RR. Traditionally, electrocatalytic 

investigations have used electrochemical methods as the primary analytical workhorse, and 

researchers have gleaned an incredible array of information from current and voltage traces. 

Spectroscopic and microscopic data tends to play a critical—but secondary—role in interpreting 

the relationship between the system’s material composition and its electrocatalytic response. 

However, as research progresses and we attempt to build ever more complete pictures of catalytic 

mechanisms, we must rely more and more on careful spectroscopic methods that can selectively 

probe phenomena of interest. In the work detailed in this thesis, we put this principle into practice 

in three key areas of investigation, which are detailed in Chapters 2, 3, and 4. The primary methods 

and results of each investigation are summarized here. 

In Chapter 2, we use spectroscopy to unravel a materials characterization issue with 

polymer-encapsulated CoPc. UV-Vis spectroscopy and scanning electron microscopy (SEM) are 
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used to discern how the aggregation of deposited CoPc layers is influenced by polymer 

codeposition. The visible-region Q-band absorbance of CoPc serves as a metric for comparing 

relative CoPc aggregation between samples codeposited with different polymers: P4VP, poly(4-

chorostyrene) (P4CS), and Nafion. Based on the spectroscopic evidence, we conclude that P4VP 

serves to disaggregate CoPc, thus forming a CoPc-P4VP solid solution upon deposition. 

Meanwhile, Nafion serves poorly as a disaggregant, presumably due to a lack of specific 

interactions with the CoPc. SEM is used to corroborate the UV-Vis results and give additional 

insight into the mechanisms by which P4VP disaggregates CoPc. Finally, we make an 

electrocatalytic comparison between CoPc-P4VP and CoPc-Nafion, finding that CoPc-P4VP is 

more active and selective for the reduction of CO2 to CO. 

 In Chapter 3, we use IR spectroscopy to make a novel comparison between the protonation 

level of the P4VP layer and the pH of the electrolyte solution. Deposited P4VP layers are exposed 

to buffer solutions with a variety of conditions, then ex situ transmission IR spectroscopy is used 

to monitor the growth of a ring vibration characteristic of a protonated pyridine. We find that the 

protonation of the P4VP layer scales both with solution pH (becoming more protonated when 

exposed to more acidic solutions) and with electrolyte concentration. These results are compared 

to electrocatalytic measurements to demonstrate that increased layer protonation is associated with 

an increase in HER activity, and thereby a decrease in Faradaic efficiency for the conversion of 

CO2 to CO. In closing, we propose further experiments that exploit the pyridine IR handle to probe 

the in situ behavior of the P4VP layer under catalytic turnover. 

 In Chapter 4, we design and test a spectroelectrochemical flow cell (SEC-FC) specifically 

intended to enable the in situ spectroscopic observation of species on electrode surfaces, both for 

materials characterization and for the identification and quantification of reaction intermediates. 
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In particular we focus on alkanethiol self-assembled monolayers as a test substrate, and on metal-

cyanate complexation as a test proxy for reaction intermediates. We choose polarization-

modulation infrared reflection-absorption spectroscopy (PM-IRRAS) as the key technique for the 

cell, determine a set of design constraints based on the limits of the technique and the target 

samples, and determine a final cell design. Finally, we perform tests of the cell and identify areas 

for improvement in the next design iteration.  
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2. Mitigating Cobalt Phthalocyanine Aggregation Through Codeposition 

with an Axially-Coordinating Polymer 

 

 

2.0. Preface 

This chapter discusses the aggregation behavior of cobalt phthalocyanine deposited onto 

electrode surfaces as a heterogenized molecular catalyst, and how aggregation can be mitigated 

using poly(4-vinylpyridine). This chapter of my thesis is derived from a manuscript in preparation 

for submission. I was the primary author on the study and was responsible for all sample 

preparation, UV-Vis and SEM studies, data organization, manuscript writing, figure creation, and 

preparation of the manuscript. Taylor L. Soucy performed the electrochemical studies. Bradley D. 

Terry and Bart M. Bartlett provided assistance with conceptualizing and performing the diffuse 

reflectance measurements. Dr. Charles C. L. McCrory provided significant direction for the project 

and useful insight and expertise for characterization techniques and experimental interpretation. 

 

2.1. Abstract 

Cobalt phthalocyanine is a promising molecular catalyst for aqueous electroreduction of 

CO2, but its catalytic activity is limited by aggregation at high loadings. Codeposition with axially 

coordinating poly(4-vinylpyridine) mitigates aggregation in addition to providing other catalytic 

enhancements. Transmission and diffuse reflectance UV-Vis measurements demonstrate that a 

combination of axial coordination and π-stacking effects from pyridyl moieties serve to disperse 
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CoPc in the deposition solution and ensure it remains monomeric upon deposition. Polymers 

lacking axial coordination, such as Nafion, are ineffective at CoPc dispersion. SEM images 

corroborate these findings through particle counts and morphological analysis.  Electrochemical 

measurements show that codeposition of CoPc with P4VP provides higher activity and selectivity 

for the CO2RR than codeposition with Nafion. 

 

2.2. Introduction 

Capturing industrial CO2 waste and electrochemically transforming it to value-added products 

is an appealing strategy for mitigating atmospheric CO2 release, and the subject of intense 

scientific study.1-9 Transition metal nanoparticles or nanostructured surfaces are the conventional 

catalyst materials for the CO2 reduction reaction (CO2RR),10-13 but heterogenized molecular 

catalysts have recently gained attention as a viable alternative with high product selectivity.14-16 

Cobalt phthalocyanine (CoPc) immobilized onto various carbon supports has emerged as a 

particularly promising heterogenized molecular catalyst system for the CO2RR,17-30 and has 

demonstrated high activity and stability, even when operating under long-term electrolysis 

conditions.31 However, CoPc has strong π-stacking interactions and tends to form micron-sized 

aggregates.32 Aggregation may hinder substrate access to Co catalytic centers in CoPc,33 and this 

aggregation has been suggested as a reason for the plateauing in CO2RR activity and declining 

turnover frequency (TOF) with increasing CoPc loading observed in several studies.25,34,35  In 

addition, various studies have modified heterogenized CoPc systems to improve dispersion, and 

correlated this improved dispersion with increased CO2RR performance.35-38  

Previous studies by our group24-28 and others29,30 have demonstrated the efficacy of 

encapsulating CoPc within the coordinating polymer poly(4-vinylpyridine) (P4VP) to increase the 
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system’s electrocatalytic activity and selectivity for the CO2RR compared to the nonencapsulated 

CoPc parent complex. The increased activity of the polymer-encapsulated CoPc-P4VP system has 

been attributed to the modification of the CoPc catalyst’s primary, secondary, and outer 

coordination sphere by the encapsulating P4VP polymer.24-26 Of particular interest is the 

propensity of the pyridyl moieties in the P4VP polymer to axially coordinate to the Co centers in 

the CoPc-P4VP system, as demonstrated by in situ X-ray absorbance near edge structure 

measurements of CoPc-P4VP under electrocatalytic conditions.27 This result is consistent with 

numerous other reports showing that pyridine readily coordinates with CoPc.35,39-42 The axial 

coordination of the pyridyl residues to CoPc increases the binding affinity of the CoPc for CO2,
28 

increasing the overall electrocatalytic rate for the CO2RR.25,28 

We hypothesize that the axial coordination of the P4VP polymer to the CoPc may play an 

additional synergistic role by mitigating CoPc aggregation. Due to the ability of pyridine to 

coordinate CoPc, pyridine is an effective solvent for CoPc.43,44 We postulate that in the CoPc-

P4VP system, the P4VP polymer may similarly “solvate” CoPc, facilitating disaggregation of 

CoPc particles and resulting in the dispersion of monomeric CoPc throughout the polymer layer. 

Previous studies citing CoPc aggregation as a limited factor in CO2RR activity for catalytic layers 

on high-surface area carbon mainly used a combination of scanning electron microscopy 

(SEM)34,35,38 and electrochemical CO2RR activity measurements25,34-36,39 as indicators of 

aggregation at high CoPc loadings. However, the extent of CoPc aggregation is difficult to probe 

directly using electrochemistry, especially for CoPc-P4VP where rate-influencing effects besides 

aggregation affect electrocatalytic activity.24,25   

In this study we build upon these previous studies by using a combination of UV-Vis 

spectroscopy and SEM to identify quantitative trends in CoPc aggregation both in the CoPc-
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polymer deposition solution and when deposited as CoPc-polymer films. We explore the extent of 

CoPc aggregation in three model polymer systems (Figure 2.1): 1) P4VP, our standard 

coordinating polymer that promotes enhanced activity for the CO2RR in CoPc-P4VP catalyst-

polymer composite films; 2) poly(4-chlorostyrene) (P4CS), a structural analogue to P4VP which 

lacks the coordinating ability of the pyridyl moiety; and 3) Nafion, perhaps the most ubiquitous 

binding polymer used in heterogeneous electrocatalysis, including molecular CO2RR 

systems.17,21,31,34,45-49 The extent of CoPc aggregation in each polymer system is compared to CoPc 

films deposited without any polymer from deposition solutions containing either CoPc alone, or 

CoPc with exogenous pyridine (py) to explore the effect of axially-coordinating moieties on CoPc 

aggregation without a polymeric structure. 

 We show that deposited CoPc-P4VP and CoPc(py)-P4VP films show the lowest extent of 

CoPc aggregation of all systems studied. This result suggests that both the axial coordination of 

P4VP to the cobalt center and the aromatic interactions of the polymer with the Pc ring play 

important roles in producing a disaggregated CoPc-polymer layer. This postulate is supported by 

additional studies showing that adding pyridine into the CoPc deposition solution does promote 

CoPc disaggregation in solution but does not prevent reaggregation upon surface deposition and 

film formation, suggesting that the axial coordination by itself is not enough for low-aggregate 

film formation. However, CoPc(py)-P4CS films do show lower aggregation compared to CoPc(py) 

and CoPc films. The CoPc(py)-P4CS result further suggests that both axial coordination and the 

aromaticity of the polymer are important for promoting disaggregation. Crucially, we also find 

that Nafion is entirely ineffective at mitigating CoPc aggregation, with or without added py in the 

deposition solutions. Targeted electrochemical comparisons of CoPc and CoPc(py) films prepared 

with P4VP and Nafion on edge-plane graphite surfaces demonstrate higher activity and selectivity 
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when P4VP is used as the binder compared to Nafion, possibly in part due to increased CoPc 

disaggregation. We believe that these insights into the influence of polymer choice on catalyst 

aggregation will aid in the rational design of practical catalyst-polymer composite systems with 

improved dispersion of CoPc and similar porphyrinoid catalysts. 
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Figure 2.1 Deposition solutions in this study contained either cobalt phthalocyanine (CoPc) or 

cobalt phthalocyanine with added pyridine to form the 5-coordinated CoPc(py), and one of three 

polymers: poly(4-vinylpyridine), poly(4-chlorostyrene), and Nafion. 
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2.3. Methods 

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. Cobalt phthalocyanine (CoPc, 97%), poly(4-

vinylpyridine) (P4VP, average MW ~160,000), N,N-dimethylformamide (DMF, ACS grade), 

pyridine (ACS Reagent), methanol (>99.9%), 2-propanol (>99.9%), sodium phosphate monobasic 

monohydrate (BioXtra, >99.0%), sodium hydroxide (TraceMetal grade), ferrocene carboxylic acid 

(97%), Nafion-117 cation exchange membrane (Nafion membrane separator), and Nafion-117 

cation exchange membrane (Nafion, 5% solution) were purchased from Sigma Aldrich. Poly(4-

chlorostyrene) (P4CS, formula weight 51,000) was purchased from Acros Organics. Nitric acid 

(ACS grade) was purchased from Millipore. Acetone (ACS grade) was purchased from Fisher.  

Quartz microscope slides (25 cm x 25 cm) were purchased from Electron Microscopy 

Sciences. A 6” degeneratively-doped silicon wafer was purchased from UniversityWafer, Inc. and 

diced into 1 cm x 1 cm segments with an ADT 7100 Dicing Saw. Edge-plane graphite (EPG) 

electrodes were 3.81 mm EPG disks encapsulated in epoxy with 0.114 cm2 surface area and were 

purchased from Pine Research Instrumentation. 

Preparation of Deposition Solutions  

Standard Procedure for Deposition Solutions – All sonication steps were performed using a 

heated Fisherbrand 112xx Ultrasonic Cleaner, set to 37 kHz in sweep mode. The bath was set to 

the desired sonication temperature (typically 50 °C), and a cooling coil with circulating room 

temperature water was submerged in the sonication bath to help maintain the temperature set level. 

All CoPc-containing solutions were wrapped in aluminum foil during all sonication steps to 
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mitigate photodegradation. All solutions were vortexed immediately before taking aliquots in 

order to maintain the nominal CoPc concentration despite the presence of precipitating aggregates. 

A stock solution was prepared by first adding 50.0 mL of DMF to 0.0056 g (±1%) CoPc in a 

polypropylene centrifuge tube. The resulting 2 × 10-4 M CoPc mixture was sonicated for 2.0 h at 

50 °C to achieve maximum disaggregation, and then vortexed to resuspend any remaining 

undissolved CoPc. A 5.00 mL aliquot was removed and diluted to 50.0 mL in a volumetric flask 

resulting in a 2 × 10-5 M CoPc stock solution, which was then sonicated for 1h at 50 °C. The 2 x 

10-5 M CoPc stock solution was then diluted to the desired CoPc concentration by adding an 

appropriate amount of the CoPc stock solution to a 25.0 mL volumetric flask, and then filling the 

flask with DMF. The diluted CoPc/DMF solutions were then transferred into polypropylene 

centrifuge tubes and sonicated for another 1.0 h at 50 °C.  

For deposition solutions containing only CoPc, 2.00 mL of the appropriate diluted CoPc/DMF 

solution was added to a high-density polyethylene (HDPE) scintillation vial for further processing 

and deposition. For deposition solutions containing P4VP or P4CS, 0.0200 g (±5%) of the polymer 

was added to an HDPE vial followed by 2.00 mL of the appropriate diluted CoPc/DMF solution, 

resulting in a 1% w/v polymer solution. The deposition solutions were sonicated for 2h at 70°C, 

then vortexed. 

Deposition Solutions Containing Nafion – For deposition solutions containing Nafion, a 

slightly modified procedure was used. Because Nafion is supplied as a 5% solution in a proprietary 

mixture of aliphatic alcohols, all Nafion-containing solutions were prepared with 20% of the 

alcohol mixture by volume. As such, all dilutions were performed using a correspondingly 25% 

more concentrated CoPc/DMF solution (e.g., 2.5 × 10-5 M instead of 2 × 10-5 M) to achieve a final 

CoPc concentration in the deposition solution equivalent to the corresponding non-Nafion 
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solutions. In the final solution preparation step, 1.60 mL of the more concentrated CoPc/DMF 

solution was added to 0.400 mL of the Nafion solution, resulting in a deposition solution with 1% 

Nafion w/v (~0.0200 g) and ~80% DMF v/v. For non-Nafion containing solutions intended to 

approximate the DMF-alcohols mixture, solutions were prepared with 20% of a proxy solution 

containing 78% 2-propanol, 20% ultrapure water, and 2% methanol. 

Deposition Solutions Containing Pyridine – All pyridine-containing solutions were prepared 

with a 5% v/v mixture of pyridine in DMF. No pyridine was added during the initial 2 × 10-4 M 

CoPc/DMF solution preparation, but rather added during the dilution to the 2 × 10-5 M CoPc stock 

solution. In subsequent dilutions, sufficient pyridine was added to return the solution to a 5% v/v 

pyridine composition (e.g., when diluting 2 × 10-5 M CoPc/py/DMF to 1 × 10-5 M, the volumetric 

flask contained 12.50 mL of the original 5% py/DMF solution, 1.25 mL of additional pyridine, 

and 11.25 mL of additional DMF). 

Deposition Solutions for Low Concentration Studies – A slightly modified procedure was used 

for deposition solutions prepared for absorbance calibration curves of CoPc/DMF and 

CoPc(py)/DMF at low concentrations. After the 2 × 10-5 M stock solution was prepared as 

described above, aliquots of stock solution were added directly to HDPE scintillation vials and 

diluted with the appropriate quantities of DMF and pyridine to create calibration solutions. 

Solutions were then sonicated for 2h at 70°C, vortexed, allowed to cool to room temperature, and 

absorbances were measured using a Varian Cary 100Bio spectrophotometer and a 1 cm pathlength 

quartz cuvette.   

Transmission UV-Vis Measurements 

Transmission UV-Vis measurements of CoPc Q-band absorbance in the deposition solutions 

were performed using a PerkinElmer Lambda 265 spectrophotometer and a 1 cm pathlength quartz 
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cuvette unless noted otherwise. The cuvette was rinsed with DMF and dried in a stream of N2 

between each measurement, and all absorbance spectra were blanked against pure DMF. 

Absorbance spectra were collected immediately after solution preparation, and all solutions were 

vortexed to ensure homogeneity before being decanted into the cuvette. A linear background 

subtraction was used to account for variations in measured absorbance due to background 

scattering and determine CoPc monomer peak absorbance values for analysis. An example 

spectrum demonstrating the background subtraction is provided in Figure A.1. 

 

Diffuse Reflectance UV-Vis Measurements 

For diffuse reflectance analysis, quartz microscope slides were selected as a deposition 

substrate due to their visible-range transparency. The quartz slides were washed by sonication in 

DMF, then rinsed with water and acetone and dried under stream of N2. The slides were preheated 

to 70 °C prior to deposition. Onto each 25mm x 25mm slide, 200 µL of the deposition solution 

was drop cast and spread to ensure the deposition solution was in contact with the entire surface. 

The slides were dried overnight in a 70 °C oven. Drop casting was chosen as the deposition method 

over spin coating due to the high boiling point of DMF, which resulted in extremely low and 

inconsistent CoPc loading on spin coated surfaces. While drop casting resulted in significant 

variation of the layer thickness across the slide surface, total CoPc loadings remained consistent 

between samples deposited using deposition solutions of equivalent concentration. For each quartz 

slide, one reflectance spectrum was collected in each of the four quadrants to approximately 

account for uneven distribution of the deposited layer. All diffuse reflectance spectra are presented 

in Figures S8-S15, to demonstrate the variation in absorbance. 
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Diffuse reflectance measurements of CoPc Q-band absorbance on quartz slides were 

performed using a Cary 5000 UV-Vis-NIR instrument with a diffuse reflectance accessory. For 

each measurement, the sample slide was fixed in position against the beam outlet with Scotch tape 

with the deposition layer facing the beam, then compressed against a puck packed with BaSO4 

(see Figure A.2). The spectra of 100% reflectance and 0% reflectance were determined by, 

respectively, collecting a spectrum with only the BaSO4 puck, and by blocking the beam. All 

measurements were collected in terms of a %R bracketed by these two extremes. The %R was 

transformed into F(R)—analogous to absorbance—using the Kubelka-Munk transform:50,51  

F(R) =
(1−R)2

2R
      (1) 

Once in terms of F(R), a linear background subtraction was used before determining the height of 

the CoPc monomer Q-band peak. An example spectrum demonstrating the linear background 

subtraction is provided in Figure A.1b. 

   

Preparation of SEM Samples 

For SEM analysis, degeneratively-doped Si wafers were selected as a deposition substrate due 

to their micron-level smoothness and conductivity. An as-received 6-inch diameter Si wafer was 

diced into 1 cm x 1 cm Si substrates. The Si substrates were washed by sequential sonication in 

DMF, isopropyl alcohol, 3 M nitric acid, and ultrapure water for 10 minutes each. The Si substrates 

were then dried under a stream of N2 before being preheated to 70 °C. Onto each 1 cm x 1 cm Si 

substrate, 20.0 µL of a deposition solution prepared as above was drop cast and spread to ensure 

the solvent droplet was in contact with the entire surface. The slides were dried overnight in a 70 

°C oven. 
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SEM images of deposited surfaces were collected using a Thermofisher Scientific Nova 200 

Nanolab SEM/FIB. Samples were affixed to aluminum stubs using double-sided conductive tape. 

To collect particle-counting data for each sample, nine SEM images at a magnification of x250 

(image dimensions 0.584 mm x 0.505 mm) were collected in a 2 mm x 2 mm grid pattern (see 

Figure A.3). CoPc particles were identified based on morphology, and for one sample of each type, 

point-spectrum EDX was used to confirm the presence of cobalt in the particles using the 

characteristic Co K edge peak at 6.9 keV. This process is illustrated in Figure A.3, but in brief: for 

each image position, particles on the surface were identified regardless of morphology and 

assigned letter designations. The SEM was switched to EDX collection settings (15.0 keV beam 

energy, 2.2 nA beam current), and a point EDX spectrum was collected at each lettered spot. 

Particles were identified as CoPc based on the presence of the Co K edge peak. These data were 

used to confirm the morphologies characteristic of CoPc. 

 

Electrochemical Measurements 

General Procedures: Electrochemical measurements were conducted using a Bio-Logic 

SP200 potentiostat/galvanostat. Data were recorded using EC-Lab software. The electrolyte for all 

experiments was 0.10 M NaH2PO4 solution in ultrapure water buffered to pH 5 (pH ~4.7 after a 

30-minute CO2 purge). The electrolyte pH was confirmed using an Atlas Scientific pH probe and 

Fisher Scientific Accumet pH Meter, calibrated with a three-point calibration curve (pH = 4.01, 

7.00, 10.01). Auxiliary electrodes were graphite rods (99.999%, Strem Chemicals), and reference 

electrodes were commercial saturated calomel electrodes (SCE, CH instruments) that were 

externally referenced to ferrocenecarboxylic acid in 0.2 M phosphate buffer at pH 7 (0.284 V vs 

SCE).52 
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Working electrodes were 5 mm diameter edge plane graphite (EPG) disk electrodes (3.81 mm 

EPG disk encapsulated in epoxy, 0.114 cm2 effective surface area, Pine Research Instrumentation) 

with deposited films of CoPc-P4VP, CoPc(py)-P4VP, CoPc-Nafion, or CoPc(py)-Nafion.  Prior 

to film deposition, the edge-plane graphite electrodes were manually polished using ultrapure 

water on a 600-grit silicon carbide grinding paper (Buehler, CarbiMet), then rinsed with ultrapure 

water, sonicated in ultrapure water for ~2 minutes, and dried under an N2 stream.  Then, 5 µL of 

the deposition solution was drop cast onto the surface of the EPG disk electrode, and the disk 

electrode was then dried in an oven at 70°C for 15 minutes to allow the solvent to evaporate.   

All electrochemical measurements were conducted at least three times with independently 

prepared electrodes. All results are the average of these three measurements and all associated 

errors are standard deviations of these measurements. 

 

Rotating Disk Electrode Chronoamperometry Measurements 

For rotating disk electrode chronoamperometric step (RDE-CA) measurements, the catalyst 

film-modified EPG electrode was loaded into a Pine Research Instrumentation E6-series change 

disk rotating disk electrode (RDE) assembly attached to an MSR rotator. The experiments were 

conducted in a custom two-compartment glass H-cell as previously described.25 The first 

compartment held the working and reference electrode submerged in ~30 mL electrolyte, and the 

second chamber held the auxiliary electrode submerged in ~15 mL electrolyte.  The two chambers 

were separated by a Nafion membrane. Prior to each experiment, the working chamber was 

sparged with CO2 for ~30 min.  The CO2 was saturated with electrolyte solution prior to use by 

bubbling through a gas washing bottle containing the same electrolyte solution as in the cell.  RDE-

CA measurements were conducted as 1600 rpm with a single 6-minute potential step at -1.25 V 
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vs. SCE. The uncompensated resistance of the cell (Ru) was measured prior to each experiment 

using a single-point high-frequency impedance measurement, and all RDE-CA measurements 

were compensated for iR drop at 85% through positive feedback using the Bio-Logic EC-Lab 

software. In a typical electrochemical cell, the measured uncompensated resistance was Ru < 200 

Ω. 

Controlled Potential Electrolysis Experiments 

Controlled potential electrolysis (CPE) experiments were used to determine gaseous product 

distribution.  CPE measurements were conducted using a custom, gastight two-chamber H-cell as 

previously described.25 The first compartment held the working electrode and reference electrode 

submerged in ~25 mL of electrolyte. The second compartment held the auxiliary electrode 

submerged in ~20 mL of electrolyte. The two compartments were separated by a Nafion 

membrane.  The working electrode was a modified EPG electrode loaded into an RDE internal 

hardware kit (Pine Research Instrumentation) and mounted into a custom PEEK sleeve. Prior to 

each experiment, the first compartment was sparged with CO2 for ~30 min, and then was sealed 

under a CO2 atmosphere. The uncompensated resistance of the cell (Ru) was measured prior to 

each experiment using a single-point high-frequency impedance measurement, but the applied 

potential was not adjusted for iR drop, and the reported electrolysis potentials are the actual applied 

potentials. In general, the electrochemical cells used for CPE measurements had an uncompensated 

resistance Ru < 400 Ω.   

After each CPE experiment, a 5 mL aliquot of the headspace was collected using a Pressure-

Lok gastight syringe (10 mL, Valco VICI Precision Sampling, Inc). The amount of H2 and CO 

produced was determined using a previously described product detection and quantification 

protocol.25 The 5-mL aliquot was injected into a 3-mL sample loop on a Thermo Scientific Trace 
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1310 gas chromatography system with a custom valve system and two analyzer channels for the 

detection of H2 and C1-products. Using a custom valve system and method provided by Thermo 

Scientific, gases were separated such that H2 was 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 He carrier gas and a TCD.  The GC system was calibrated using SCOTTY Specialty Gas 

gaseous calibration standards with H2 at 0.01%, 0.02%, 0.05%, 0.5%, 1%v/v and CO at 0.02%, 

0.05%, 0.5%, 1%, and 7% v/v. Chromatographs were analyzed using Chromeleon Console 

Workstation software.  Faradaic efficiencies (FE) of the products were calculated using Equation 

2 where VHS is the volume of the headspace, Vg is the molar volume of gas at 25 ºC and 1.0 atm 

(24,500 mL/mol), G is the volume percent of the gaseous product detected by GC (%), n is the 

number of electrons needed to reduce each gaseous product (n = 2 for both H2 and CO), F is the 

Faraday constant (96,485 Coulombs/mol), and Q is the charge passed during the CPE passed 

(Coulombs). 

FE =  

𝑉HS
𝑉g

 ×𝐺 ×𝑛 ×𝐹

𝑄
            (2) 

 

The volume of the headspace, VHS, was determined after each electrolysis by measuring the 

volume of H2O needed to fill the first chamber when the cell was fully assembled with the 

working and reference electrodes, and then subtracting from that the amount of electrolyte in the 

cell during the electrolysis. 
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2.4. Results and Discussion 

We studied how the aggregation of CoPc is influenced by the inclusion of different polymers 

both in deposition solutions and in drop cast films using a combination of UV-Vis spectroscopy 

and SEM. Three polymers were investigated for their disaggregating effects: poly(4-vinylpyridine) 

(P4VP), poly(4-chlorostyrene) (P4CS), and Nafion. We expected that P4VP would have two 

effects: 1) P4VP in the deposition solution would disaggregate undissolved CoPc particles, and 2) 

P4VP in the deposited films would prevent reaggregation of CoPc during drying. We studied P4CS 

as a close structural analogue to P4VP that lacks the axial coordination of the pyridyl moiety. 

Nafion was chosen because of its ubiquity as an electrocatalyst binding polymer, including in 

several recent studies using CoPc.17,21,31,34,46 We used UV-Vis analysis of the Q-band absorption 

of CoPc to measure the extent of CoPc disaggregation, both in the deposition solution and the 

subsequent drop cast layers. SEM of deposited layers was used to confirm the results of the UV-

Vis analysis. 

 

UV-Vis Analysis of Deposition Solutions 

We anticipated that any disaggregation of the cobalt phthalocyanine would occur during the 

preparation of the deposition solutions. The ability of P4VP, P4CS, and Nafion to promote CoPc 

disaggregation was therefore assessed by studying the deposition solutions after the completion of 

the preparation steps. To assess the extent of CoPc aggregation, we measured changes in the Q-

band absorbance in the UV-Vis spectra. All phthalocyanines have a characteristic Q-band 

absorbance corresponding to a ligand-based π→π* transition in the approximate range of 600-700 

nm.32,53 For CoPc, this manifests as a prominent absorption band around 660 nm, along with one 

or more smaller vibronic bands closer to 600 nm.53 If no aggregation of CoPc occurs, the 
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absorbance at 660 nm should increase linearly with CoPc concentration in the deposition solution 

according to Beer’s law.  

The position, shape, and absorbance of the phthalocyanine Q-band is highly influenced by 

aggregation.32 Dimerization is commonly observed in phthalocyanine solutions, resulting in a 

blue-shifted Q-band absorbance that grows in intensity with increasing dimer concentration.54-61 

Dimers and larger aggregates do not contribute to the main monomer absorbance band, and 

therefore cause the monomer absorbance to deviate from Beer’s law linearity as concentration 

increases.32 Representative spectra and associated monomer peak absorbances for CoPc deposition 

solutions at a range of concentrations are shown in Figure 2.2. As concentration increases, there is 

no new peak associated with a dimeric species. Instead, the baseline due to scattering increases 

with increasing CoPc concentration. The scattering decreases over time as the solution is allowed 

to rest, indicating settling out of suspended CoPc aggregate particles (Figure A.4). These results 

suggest that non-monomeric CoPc does not primarily form dimers when in DMF but instead 

lingers as large aggregates that do not contribute an additional resolvable absorbance to the Q-

band spectrum. At very high concentrations ([CoPc] ~2 × 10-4 M) large aggregates of undissolved 

CoPc are clearly visible to the naked eye. 

We used a linear baseline to account for scattering from large aggregates, allowing us to plot 

the baseline-adjusted monomer peak absorbance as a function of the concentration of CoPc and 

evaluate deviation from linearity as a qualitative means of assessing relative aggregation extent 

between different polymer additives. At very low concentrations of CoPc ([CoPc] < 1 × 10-6 M), 

the peak absorbance increases linearly with concentration. At moderate concentrations of CoPc (1 

× 10-6 M ≤ [CoPc] ≤ 5 × 10-6 M), the dependence of peak absorbance as a function of concentration 
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Figure 2.2  a) Representative spectra of the CoPc Q-band absorbance at a range of 

concentrations in DMF. To better illustrate the increased baseline at the highest concentrations, 

linear baselines due to background scattering have not been removed. b) Peak monomer 

absorbances of CoPc in DMF at a range of concentrations. Error bars indicate the first standard 

deviation of values across seven independently prepared samples. 
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Figure 2.3 a) Representative spectra of the CoPc Q-band absorbance for 5 × 10-7 M CoPc 

and CoPc(py) solutions. b) Peak monomer absorbances for CoPc and CoPc(py) samples prepared 

at low CoPc concentrations. Error bars indicate the first standard deviation of values across three 

independently prepared samples. A line to demonstrate the Beer’s law relationship was calculated 

using the linear least squares regression of the CoPc(py) absorbances. c) Representative spectra 

of the CoPc Q-band absorbances for 2 × 10-5 M CoPc and CoPc(py) solutions. A linear 

background subtraction has been applied to both spectra. d) Peak monomer absorbances for CoPc 

and CoPc(py) samples prepared at high CoPc concentrations. Error bars indicate the first 

standard deviation of values across at least three independently prepared samples. 
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deviates from the expected linear response, suggesting that Beer’s law does not solely govern Q-

band absorbance (Figure 2.2b). This deviation from linearity of peak absorbance vs concentration 

becomes more pronounced at high concentrations of CoPc ([CoPc] ≥ 1 × 10-5 M) (Figure 2.2b).  

The deviation from the linear Beer’s law response in Figure 2.2 supports the assertion that large 

CoPc aggregates which lack a distinct Q-band absorbance form in high-concentration CoPc 

solutions. 

To test our hypothesis that axial coordination to CoPc facilitates disaggregation, we compared 

deposition solutions of CoPc by itself to those containing both CoPc and 5% w/v of pyridine 

(CoPc(py)). Solutions with low CoPc concentrations were prepared to compare the molar 

absorptivities of CoPc and CoPc(py) in a concentration range where a linear Beer’s law 

relationship is expected. As shown in in Figure 2.3a-b, absorptivities at low concentration were 

very similar between the two species (ε = ~8.5 × 104 M-1 cm-1 for CoPc in DMF, and ε = ~8.8 × 

104 M-1 cm-1 for CoPc(py) in DMF) with some deviation from linearity evident for CoPc above 1 

× 10-6 M. At higher concentrations the CoPc(py) solutions maintained a much higher absorbance 

than CoPc (Figure 2.3c-d), confirming that axial coordination by pyridine promotes 

disaggregation. 

We prepared deposition solutions containing 1% P4VP and 1% P4CS to determine the effect 

of these polymers on the CoPc disaggregation in solution. The results are presented in Figure 2.4a-

b, compared to CoPc without a polymer. The addition of axially-coordinating P4VP has a more 

modest disaggregating effect than pyridine, but still substantial. The Q-band absorbance vs. 

concentration curve continues to rise past 2 × 10-6 M CoPc-P4VP, though the curve does not 

remain linear as concentration increases. Noncoordinating P4CS appears to slightly increase the 

monomerization of CoPc. The wavelength of the peak absorbance shifts by about 6 nm when P4VP  
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Figure 2.4 a) Representative spectra of the CoPc Q-band absorbance for 2×10-5 M CoPc, 

2×10-5 M CoPc with 1% P4VP, and 2×10-5 M CoPc with 1% P4CS. b) Peak monomer 

absorbances of CoPc, CoPc-P4VP, and CoPc-P4CS across a range of concentrations. Error bars 

indicate the first standard deviation of values across seven independently prepared samples. Peak 

monomer absorbance values and associated errors can be found in Table A.1.  c) Representative 

spectra of the CoPc Q-band absorbance for 2×10-5 M CoPc(py), 2×10-5 M CoPc(py) with 1% 

P4VP, and 2×10-5 M CoPc(py) with 1% P4CS. d) Peak monomer absorbances of CoPc(py), 

CoPc(py)-P4VP, and CoPc(py)-P4CS across a range of concentrations. Error bars indicate the 

first standard deviation of values across three independently prepared samples. Peak monomer 

absorbance values and associated errors can be found in Table A.2. 
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is present, and by 8 nm when P4CS is present. We attribute these changes to π-stacking interactions 

with the polymer that alter the solvation environment. In Figure 2.4c-d, spectra and peak 

absorbances are presented for the corresponding CoPc(py) solutions. Apart from minor shifts in 

the Q-band peak positions due to polymer interactions, the spectra are insensitive to added 

polymer, presumably because close-to-complete disaggregation has already been achieved by 

pyridine. These results demonstrate that a favorable coordination by the pyridyl moiety 

monomerizes additional CoPc from the suspended aggregates, past what would be solvated by 

DMF alone. This interpretation is supported by additional experiments in which we centrifuged 

the CoPc/DMF solutions to remove suspended aggregates before preparing the deposition inks. In 

this case, the addition of P4VP did not increase the monomer absorbance (Figure A.5). 

Finally, we prepared deposition solutions containing 1% Nafion. Because our Nafion source 

was a 5% solution in a proprietary mixture of aliphatic alcohols and water, the solutions were 

prepared with only 80% DMF, with the balance being made up of the Nafion solution. For 

comparison, we also prepared CoPc and CoPc-P4VP solutions in 80% DMF, with the remainder 

of the volume made up with a solution containing 39% 2-propanol, 39% isopropanol, 20% water, 

and 2% methanol as a proxy for the proprietary mixture. As shown in Figure 2.5a, we observe that 

the Nafion solutions do disaggregate CoPc more readily than without a polymer in the mixed 

solvent. However, the mixed-solvent solutions have lower absorbances than the corresponding 

100% DMF solutions. We attribute this observation partly to the mixed solvent required to create 

a 1% Nafion solution—the CoPc has lower solubility in an 80% DMF solution than in 100% DMF. 

At high CoPc concentrations, P4VP is more effective than Nafion at disaggregating CoPc, even in 

the mixed solvent. However, addition of 5% pyridine as shown in Figure 2.5b (for a solution with 
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75% DMF, 16% alcohols, 5% pyridine, and 4% water), causes disaggregation equivalent to the 

95%/5% DMF/py solutions presented in Figure 2.4. 

Overall, UV-Vis analysis of CoPc deposition solutions reveals that axial coordination of CoPc 

by a pyridyl moiety—either from P4VP or from exogenous pyridine—drives disaggregation in 

deposition solutions. Because aggregated CoPc remains present as large particles without a 

characteristic absorbance band, relative levels of disaggregation between different conditions can 

be evaluated through differences in the monomer peak absorbance between samples with the same 

CoPc concentration. 
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Figure 2.5 a) Peak monomer absorbances of CoPc, CoPc-P4VP, and CoPc-Nafion solutions 

prepared with 20% v/v of a mixture of water and aliphatic alcohols, an across a range of CoPc 

concentrations. Error bars indicate the first standard deviation of values across three 

independently prepared samples. Peak monomer absorbance values and associated errors can be 

found in Table A.3. b) Peak monomer absorbances of CoPc(py), CoPc(py)-P4VP, and CoPc(py)-

Nafion solutions prepared with 20% v/v of a mixture of water and aliphatic alcohols, an across a 

range of CoPc concentrations. Error bars indicate the first standard deviation of values across 

three independently prepared samples. Peak monomer absorbance values and associated errors 

can be found in Table A.4. 
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UV-Vis Analysis of Deposited Layers 

While the UV-Vis analysis of deposition solutions provided key insights about the mechanism 

of CoPc disaggregation, we also performed diffuse reflectance UV-Vis measurements of deposited 

layers to understand whether the codeposited polymer hinders reaggregation of CoPc. Deposition 

solutions were drop cast on quartz slides to minimize visible-range absorbance by the substrate. 

To account for the nonhomogeneous distribution of the drop cast layers, six samples were prepared 

for each condition, and four spectra were collected per sample in different quadrants of the slide 

(see Figure S2) to ensure that sampling accounted for both high-thickness and low-thickness 

regions of the sample layer. As with the solution transmission measurements, the baseline-

corrected peak absorbance of the CoPc monomer Q-band (derived from reflectance as described 

in the Methods section) was used to evaluate the extent of CoPc dispersion in the CoPc-polymer 

layers. For comparison, CoPc and CoPc(py) were also deposited without a supporting polymer. 

We used SEM as a secondary confirmation of the findings from diffuse reflectance UV-Vis. 

In Figure 2.6a, we present the Q-band absorbance (F(R)) vs. CoPc loading relationships for 

the non-polymer, P4VP, P4CS, and Nafion cases and in Figure 2.6b we present F(R) vs. CoPc 

loading relationships when pyridine is present. CoPc loadings are presented as deposition solution 

concentrations to aid in comparison with solution-phase transmission UV-Vis measurements, and 

the corresponding CoPc loadings in terms of mg/cm2 are included in Table A.5. Because of the 

significant nonuniformity of the drop cast surfaces, error bars have been omitted for clarity, and 

instead box-and-whisker plots of normalized mean peak F(R) in Figure 2.6 demonstrate the 

distribution of F(R) values for each sample type. Non-normalized box-and-whisker plots are 

presented in Figure A.6 and Figure A.7, with the statistical values e presented in Table A.6 and 

Table A.7.  To demonstrate the variance arises from inhomogeneity within the samples rather than  
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Figure 2.6 Plots of CoPc monomer Q-band absorbance vs. deposition solution CoPc 

concentration for diffuse reflectance spectra of deposited layers on quartz. Absorbance is plotted 

as the mean baseline-adjusted monomer peak F(R) value across all measurements. In lieu of error 

bars and to better demonstrate the data distribution within each sample type, box-and-whisker 

plots are presented to the right of each abs vs. conc. plot, with F(R) values normalized to the 

maximum data value at each concentration. Hollow squares represent the mean for each sample, 

the box areas show the interquartile range, the center line is the median, and the whiskers are the 

data in the outside the first and fourth quartiles that fall within an additional 1.5x the interquartile 

range. Outliers beyond 1.5x the interquartile range are presented as dots. The plots are labelled 

by CoPc concentration and by polymer type: N = no polymer, V = P4VP, C = P4VS, F = Nafion. 

(a) Plot of absorbance vs. concentration for layers deposited from 100% DMF solutions. (b) Plot 

of absorbance vs. concentration for layers deposited from 95% DMF, 5% pyridine solutions. 
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significant variation between samples, all baseline-corrected diffuse reflectance spectra for each 

condition are presented in Figure A.8 through Figure A.15. 

The results from Figure 5a show a striking difference between P4VP layers and all other 

conditions. Without a codeposited polymer, the CoPc monomer absorbance largely disappears. 

Codeposition with P4CS results in a minor retention of monomeric CoPc, and this retention is 

significantly higher when P4VP is used. Nafion appears to have no efficacy whatsoever for 

preventing reaggregation of CoPc. In Figure 5b, a similar pattern is observed despite the addition 

of pyridine to the deposition solutions. Absorbance for the P4VP layers remains high and is even 

enhanced relative to the no-pyridine case. Addition of pyridine to axially coordinate the CoPc 

gives the CoPc(py)-P4CS system an equivalent absorbance to P4VP. With no polymer, and with 

Nafion, absorbance remains negligibly low. 

We draw a few key insights from the transmission and diffuse reflectance UV-Vis data, as 

represented schematically in Scheme 2. These data demonstrate that not only is P4VP effective for 

disaggregating CoPc in the deposition solution, but it also prevents reaggregation of CoPc during 

deposition by formation of a solid solution. We also determined that while pyridine is highly 

effective for disaggregating CoPc in the deposition solution, it does not prevent reaggregation upon 

deposition. The disaggregation efficacy of CoPc(py)-P4CS compared to CoPc(py) and CoPc-

P4CS demonstrates that both the axial coordination and the presence of a pi-stacking polymer are 

crucial. Nafion had no efficacy whatsoever for preventing reaggregation of CoPc(py). We attribute 

this both to the lack of moieties for axial coordination, and to the non-aromatic backbone structure 

that provides no opportunity or pi-stacking interactions. 
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Figure 2.7 CoPc particle count data are presented for SEM samples. Each count is the sum of 

CoPc particles found at all nine sampling locations, averaged across three independently 

prepared samples for each sample type. See Figure A.3 and Figure A.16 for more information on 

the sampling method and Table A.8 for the raw particle counts. There is no bar for CoPc(py)-

P4VP because no CoPc particles were found in any of the three samples. The counts for samples 

without polymer are marked with a * to indicate that due to strong nucleation during deposition, 

they account only for particles outside the nucleation spot. 
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Figure 2.8 Representative SEM images of CoPc nucleation on silicon surfaces in the absence 

of a polymer, with a) nucleation of CoPc, b) EDX map of CoPc with Co-K edge in blue and Si-K 

edge in yellow, c) nucleation of CoPc(py), d) EDX map of CoPc(py) with Co-K edge in blue and 

Si-K edge in yellow. Separate EDX maps for C, Si, and Co are presented in Figure A.23 and Figure 

A.24. 
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SEM Analysis of Deposited Layers 

SEM was used to directly image deposited layers, providing additional insights to support the 

conclusions drawn from UV-Vis. For all SEM samples, layers were deposited from a 2 × 10-5 M 

CoPc solution (corresponding to the highest solution concentration investigated with UV-Vis) onto 

a smooth silicon substrate.  

Two types of information were drawn from the SEM samples. For each sample, a 

representative area (totaling about 1% of the wafer surface) was imaged at ×250 magnification. 

Within that area, the number of CoPc nanorods was visually determined based on characteristic 

morphology and confirmed by EDX point spectra (Figure A.16). For samples with polymer layers 

(P4VP, P4CS, and Nafion), we determined that the CoPc particles were spread relatively evenly 

across the wafer surface, with the sample spot pattern accounting for large nonuniformities in the 

polymer layer. However, for the CoPc and CoPc(py) cases without polymer, the particles tended 

to nucleate around a single spot on the wafer surface. Particle counts are included for these cases 

in Figure 2.7, but with the caveat that they represent CoPc particles left on the majority of the 

surface, and not at the nucleation spot. Additionally, we imaged the nucleation spots of the CoPc 

and CoPc(py) samples, as seen in Figure 2.8, to draw qualitative information from their 

morphologies.  

The particle counting data in Figure 2.7 gives corroborating evidence that P4VP—and to some 

extent, P4CS—drive CoPc disaggregation in the deposition solution and prevent reaggregation 

upon drying. P4VP and P4CS both had much lower particle counts than Nafion, confirming that 

more CoPc was incorporated into the polymer rather than staying as undissolved aggregates. 

Addition of Nafion helped to scatter the particles around the surface but did not drive 

disaggregation. The difference with pyridine added is substantial. The number of particles seen for 
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the P4VP and P4CS cases went to near-zero, whereas particles were still observed in the Nafion 

case. While addition of pyridine to the deposition solution drives initial disaggregation, Nafion 

does not prevent reaggregation upon drying. 

Looking at the deposition patterns in the absence of a polymer provides additional insights. In 

the CoPc-NP case, undissolved particles were dispersed across the surface as well as clumping at 

the nucleation site, whereas for CoPc(py)-NP, no particles were observed on the surface except at 

the nucleation site, indicating that the CoPc was initially dissolved upon solution deposition, and 

only precipitated as the DMF was removed. CoPc(py)-NP demonstrated the reaggregation of 

CoPc, corroborating the diffuse reflectance data in which CoPc(py)-NP did not have any UV-Vis 

absorbance. Looking at the difference morphologies of the particles in CoPc-NP and CoPc(py)-

NP in Figure 8 gives further information. The nucleation spot of CoPc-NP has random clumping 

and fusing of particles that look otherwise identical to those seen in the other CoPc cases. In 

contrast, the nucleation spot of CoPc(py)-NP displays an ordered CoPc(py) deposition pattern 

corresponding to drying rings. This indicates that these particles precipitated out of the deposition 

solution from a dissolved, monomeric form rather than settling out of the solution as undissolved 

nanorods. 
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Figure 2.9 Plot of the absolute value of current density for CoPc-Nafion, CoPc-P4VP, 

CoPc(py)-Nafion, CoPc(py)-P4VP as measured by RDE-CA and with product distribution 

detected by CPE. Activity measurements were taken under rotation at 1600 rpm at -1.25 V vs. 

SCE. All data are reported as averages from at least three experiments on independently prepared 

samples, and error bars represent the standard errors combined from the CPE and RDE-CA 

activity measurements. For all measurements, activity data can be found in Table A.9, product 

distributions can be found in Table A.10, and representative RDE-CA and CPE current traces are 

shown in Figure A.25 through Figure A.32. 

  

0

0.5

1

1.5
 | jH2|

 | jCO|

| 
j 
| 
/ 
m

A
 c

m
-2

C
oP

c-
N
af

io
n

C
oP

c-
P4V

P

C
oP

c(
py

)-

P4V
P

C
oP

c(
py

)-

N
af

io
n

C
oP

c(
py

)-

P4V
P



 75 

Electrochemical Comparison of P4VP and Nafion Films 

 To assess how the difference in disaggregation between CoPc between Nafion and P4VP 

influences catalytic activity, we performed CO2 reduction measurements using drop cast CoPc-

polymer layers on edge-plane graphite electrodes. CoPc-Nafion and CoPc-P4VP layers were 

chosen to investigate whether any beneficial substrate transport properties of Nafion were 

sufficient to produce better performance despite higher incidence of CoPc aggregates. The 

measurements were also performed with CoPc(py)-P4VP and CoPc(py)-Nafion to evaluate 

whether the disaggregating ability of pyridine in the deposition solution enhances the catalytic 

ability of the resulting layer. Relative activity was evaluated using rotating disk voltammetry, and 

then controlled potential electrolysis measurements were used to discern the underlying product 

distributions. 

 The results are presented in Figure 2.9. We see that for both the CoPc and CoPc(py) cases, 

both the activity and selectivity of the P4VP layers was superior to the Nafion layers, with the 

CoPc-P4VP layers producing less H2 overall despite a threefold increase in the CO2RR activity 

compared to CoPc-Nafion. As expected from the diffuse reflectance results, the presence of 

exogenous pyridine in the deposition solution appears to have little overall influence on the activity 

of the deposited layers, probably in part due to CoPc(py) reaggregation upon deposition. However, 

it is also possible that under the conditions used, availability of catalytic sites is not the primary 

rate inhibitor, making the extent of aggregation irrelevant. Further studies should compare these 

systems in a gas diffusion electrolyzer where the number of active catalytic sites is more likely to 

be rate-influencing. 
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2.5. Conclusions 

In conclusion, we demonstrate that a few different factors determine whether a CoPc 

deposition solution will result in a layer containing mostly dispersed, monomeric CoPc. Axial 

coordination is critical for the initial disaggregation of the CoPc, and for forming a solid solution 

of monomeric CoPc when deposited. However, axial coordination alone will not prevent 

reaggregation of the CoPc—for this, a binding material with strong intermolecular interactions is 

needed. We limited our investigation to transparent polymers in order to obtain diffuse reflectance 

UV-Vis data, but other strategies may also be effective. These include mixing in a carbon support 

like graphite powder or carbon nanotubes, or simply depositing onto a high surface area substrate 

such as O-functionalized carbon paper. Critically, Nafion has little or nothing to offer for this 

purpose, despite its ubiquity in the literature. We recommend that subsequent investigations of 

CoPc electrocatalyst systems account for these effects when determining the composition of 

catalyst layers. 
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3. Evaluating Poly(4-Vinylpyridine) Layer Protonation Using Infrared 

Spectroscopy 
 

 

3.0. Preface 

This chapter discusses the effects of bulk pH and electrolyte concentration on the activity, 

selectivity, and mechanism of the CO2 reduction reaction and hydrogen evolution reaction with 

CoPc-P4VP layers. Specifically, it details my contributions to the project from IR spectroscopy. 

Sections of this chapter (3.2-3.4) are heavily modified from a manuscript in preparation for 

submission. In Section 3.5 I draw brief conclusions from the manuscript, then provide an outline 

of how the spectroscopic studies from the manuscript can be greatly expanded to provide a detailed 

in situ understanding of the nature of the CoPc-P4VP composite layer during electrolysis. 

I conceived of the idea to use IR spectroscopy to determine fractional protonation of the 

polymer, performed sample preparation and IR spectroscopy, and contributed to the interpretation 

and framing of the results. Taylor L. Soucy was the primary author on the manuscript and was 

responsible for all electrochemical studies, sample preparation, ICP-MS analysis of the samples, 

as well as data organization, manuscript writing, figure creation, and preparation of the manuscript. 

Jonah B. Eisenberg collected some of the electrochemical experiments for one figure and assisted 

in sample preparation as well as some data organization and interpretation. Dr. Charles C. L. 

McCrory provided direction for the project and useful insight and expertise for electroanalytical 

techniques and experimental interpretation. 
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3.1. Abstract 

Composite layers of cobalt phthalocyanine (CoPc) encapsulated in poly(4-vinylpyridine) 

(P4VP) are a useful model system for understanding the influence of catalytic microenvironment 

on the activity, selectivity, and mechanism of the CO2 reduction reaction (CO2RR) in 

heterogenized molecular systems. In this work, we explore the effects of bulk electrolyte 

composition on the fractional protonation of the P4VP layer, and thus on the electrocatalytic 

behavior of reduction reactions in the composite layer. We demonstrate that activity and selectivity 

for the CO2RR improves as the bulk solution pH increases, while total activity—including 

competitive HER—reaches a peak at intermediate pH. We correlate this behavior with decreasing 

fractional protonation of the layer at high pH, as observed with infrared spectroscopy. We further 

determine that the concentration of the electrolyte significantly impacts catalysis, as the activity 

for the HER scales with bulk phosphate concentration. IR spectroscopy of the corresponding layers 

reveals that high electrolyte concentrations in the buffer solution drive protonation of the layer. 

We conclude that both the pH and the electrolyte concentration of the buffer solution are critical 

factors in determining the protonation state of the CoPc-P4VP layer, and thus the 

microenvironment of reductive catalysis. We provide significant future directions for this work, 

including in situ spectroelectrochemical measurements to better understand how the protonation 

of the layer influences the electrochemical behavior. 
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3.2: Introduction 

The electrocatalytic CO2 reduction reaction (CO2RR) could convert CO2 from industrial 

waste streams into value-added products as a strategy for harnessing intermittent renewable energy 

sources.1-11 However, in aqueous electrolytes, the CO2RR competes with the hydrogen evolution 

reaction (HER) which reduces protons to molecular hydrogen at a similar overpotential.12 Both 

solid-state and molecular catalysts have been tested, each of which poses challenges for activity 

and selectivity for the CO2RR over HER. Cobalt phthalocyanine is a modestly active catalyst for 

the CO2RR when deposited onto a carbon substrate. The presumed mechanism of the CO2RR and 

competing HER on CoPc is shown in Figure 3.1.13 

Previous work13-18 has demonstrated that encapsulating CoPc in a poly(4-vinylpyridine) 

polymer layer enhances both activity and selectivity through various effects, including an outer 

sphere proton relay providing transport of protons to the catalytic sites.13 This proton relay is 

illustrated in Figure 3.2. The kinetic isotope effect of CO2 reduction on CoPc provided evidence 

of the proton relay. CoPc alone has a KIE of ~1, indicating that a proton transfer step is not rate-

determining, while CoPc with an axial pyridine (CoPc(py)) has a KIE of ~3, indicating that the 

rate-determining step does involve a proton transfer. CoPc encapsulated in P4VP (CoPc-P4VP) 

has an intermediate KIE, and further proton inventory studies using fractionally deuterated 

solutions provided evidence of an aggregate inverse KIE due to rate-influencing proton transfer 

events in the relay. The proton inventory technique has been used extensively in understanding 

biological catalytic mechanisms,19-22 and provided strong evidence that protons are transported to 

the CoPc active sites through a relay rather than through diffusion. 
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Figure 3.1  An illustration of the competing mechanisms of the CO2RR and HER on CoPc. 

Reproduced with permission from Ref. 13. Copyright 2019 Liu, Y. and McCrory, C.C.L. 

Published by Springer Nature under a Creative Commons CC BY 4.0 license 

http://creativecommons.org/licenses/by/4.0. 

 

 

 

Figure 3.2  Proposed mechanism of proton relay in CoPc-P4VP layer as a function of bulk 

pH. We expect that as the proton concentration in the bulk solution increases, the polymer 

changes from fully deprotonated to fully protonated, with an intermediate partially-protonated 

region dictated by the polymer pKa and the availability of electrolyte anions.   

 

  

http://creativecommons.org/licenses/by/4.0
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In previous studies of the CoPc-P4VP system, we used a single electrolyte condition, 

chosen to achieve partial protonation of the layer based on the presumed pyridyl pKa: 0.1 M 

phosphate buffer titrated to pH 5, then bubbled with CO2. The effectiveness of P4VP for 

modulating proton transport was attributed to a combination of the general hydrophobicity of the 

layer—which we expected to hinder the intercalation of water through the layer and thus deprecate 

diffusion as a major source of proton transport—and the proton flow channels provided by the 

regularly-spaced, protonatable pyridyl moieties. However, we expected that the effectiveness of 

both factors would be altered by the composition of the bulk electrolyte solution outside the layer. 

A change in the solution should change the extent of intercalation of water, protons, and electrolyte 

ions, and thus the effectiveness of the proton relay mechanism for promoting CO2RR activity and 

selectivity. In light of this finding we undertook a comprehensive, systematic study of how the 

electrolyte composition affects the catalytic outcomes of the encapsulated CoPc-P4VP model 

system. 

Previous studies have discussed how the selectivity of CO2 electroreduction of copper and 

gold can cause changes in product distribution and activity.23,24  Numerous studies have discussed 

that pH is important in practical applications for the reduction of CO2 in an electrochemical fuel 

cell system, especially when considering the impact of electrolyte identity and concentration and 

how these experimental parameters can impact the local pH.25-27 As membrane-coated 

electrocatalysts have become ubiquitous throughout the literature, the role of counterions and the 

electrolyte composition has been an outstanding question with regards to the intercalation of ions 

within the polymer membrane. This is particularly difficult to study within a polymer where the 

moieties have a relevant pKa (about 3.5 as determined by potentiometric titration) and therefore 

an artificial buffering system. Similar work by Koper and coworkers showed the importance of 
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performing systematic studies to determine the interconnected role of cation concentration and pH 

by performing alkaline HER on a gold electrode, and showed that activity increased with 

increasing alkali metal concentration, but at higher concentration, the dependence on metal cations 

diminished and activity decreased.28 In this study, we altered three factors in the buffer solution: 

1) the pH of the solution, 2) the concentration of phosphate, and 3) the addition of perchlorate. 

Changes in the activity, selectivity, and mechanism of the CO2RR in the resultant systems were 

evaluated electrochemically. Experiments were also conducted without CO2 (i.e., with HER as the 

only catalytic process) to isolate the influence of proton transfer kinetics without the complication 

of reaction selectivity. These results were then correlated to IR spectroscopic observation of the 

partial protonation of P4VP layers, which provided crucial information about relative protonation 

between different conditions. We believe that insights from this study will prove useful for the 

community as polymer-catalyst composite systems are implemented into industrially relevant 

technologies. 

We first analyzed the influence of bulk solution pH. We found that selectivity for the 

CO2RR drops off as the pH of the bulk solution decreases, as the higher proton concentration in 

the bulk solution increases the fractional protonation of the polymer, making more protons 

available relative to CO2 and thus driving up the HER rate. Experiments without CO2 confirmed 

that HER activity decreased with increasing pH. However, total reductive activity (including both 

HER and CO2RR) peaks at around pH 5. We also determined that the kinetic isotope effect (KIE) 

of the catalytic system decreases at higher pH, suggesting an alteration in mechanism whereby a 

catalytic proton-transfer event is no longer rate-determining. These observations were 

supplemented by comparisons of electrolyte concentration. We found that the catalytic activity, as 

evaluated with HER alone, increased with increasing electrolyte concentration. This suggested that 
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the partial protonation of the P4VP layer was enhanced by the higher concentration of electrolyte, 

and this hypothesis was confirmed with spectroscopic characterization. We observed that this 

increase in the layer protonation was driven not only by phosphate, but also by additional sodium 

perchlorate. We therefore determined that as the ionic concentration of the bulk solution increased, 

the partitioning of anions into the P4VP layer also increased, and thus increased the ability of the 

pyridyl moieties to hold protons due to greater capacity for charge balancing. Finally, we 

determined that the KIE of the catalytic system increased with increasing electrolyte concentration. 

Together, the KIE results from this study and our previous work suggest that the catalytic proton 

transfer event is rate-limiting only when the partial protonation of the P4VP layer is sufficient to 

enable rapid transport of protons to the catalytic site. 

 

3.2. Methods 

Materials  

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

this study was ultrapure water (18.2 MΩ cm resistivity), prepared via purification by 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, 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 μm), cobalt phthalocyanine (CoPc, 97%), poly-4-vinylpyridine (P4VP, average Mw 

~ 160,000), N, N-dimethylformamide (DMF, ACS grade), sodium phosphate monobasic (BioXtra, 

>99.0%), Nafion-117 cation exchange membrane (Nafion), ferrocene carboxylic acid (97%), and 

sodium hydroxide (NaOH, TraceMetal grade). Sodium perchlorate anhydrous was purchased from 
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Oakwood Chemical. Sodium perchlorate monohydrate (NaClO4, 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 cm2) were 

purchased from HTW Hochtemperatur-Werkstoff GmbH. Edge-plane graphite electrodes (EPGs, 

total area of 5 mm with 3.8 mm EPG disk encapsulated in epoxy, effective electrode area 0.114 

cm2) were purchased from Pine Research Instrumentation.  

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. Experiments performed to 

determine the pH dependence of the electrochemical system were performed in electrolyte 

solutions of 0.4 M NaH2PO4 added to 0.5 M NaClO4 in order to minimize any ionic strength 

differences across a variety of pH levels.  Experiments used to study the activity dependence of 

buffer concentration were performed in varying concentrations of phosphate/perchlorate buffer 

systems as specified in the main text. Importantly, all electrochemical glassware were vigorously 

washed, and prior to their use, the cells and Nafion membrane separators to be used in the 

electrochemical studies were soaked in water for at least 12 hours prior to the experiments to ensure 

that all salt was removed from the cell.  

Prior 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 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% 

H3PO4 into the electrolyte while it was blanketed by CO2 or N2 and sealed under 1 atm of the 

appropriate gas. All pH measurements were conducted with a Fisher Scientific Accumet AB200 
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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  

CoPc-polymer/GP deposition inks were prepared as previously described.30  The preparation 

conditions and resultant loadings of catalyst, polymer, and graphite powder can be found in Table 

B.1.  

CoPc-P4VP deposition inks (no graphite powder) 

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 media jar (Fisher Scientific ®). 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, 0.015 g P4VP was added to 5 mL of the CoPc/DMF mixture in a 

duct tape-jacketed 20 mL scintillation vial to create a 0.05 mM CoPc – 0.3% w/v P4VP in DMF. 

The P4VP was allowed to disperse by sonication for 30 minutes.   

CoPc-polymer deposition inks with graphite powder 

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 jar (Fisher Scientific ®). 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 stir bar was then added to the scintillation vial and the CoPc-polymer/GP 
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mixture was magnetically stirred by stir plate 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 ⁰C 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 

Prior to modification, glassy carbon electrodes (GCEs) were polished on a Struers Labo Pol-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 on a MDFloc 

(Struers) synthetic nap polishing pad and 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. The speed of the was held at 200 rpm and, in the opposite rotation direction from the 

platen, the specimen mover was held at a speed of 8 rpm.  Between each polish of the sequential 

diamond size, the electrodes were rinsed with water. After the final polishing step, the GCE disks 

were sonicated in isopropyl alcohol for 3 minutes, followed by water for 3 minutes, and in 1 M 

HNO3 for 30 minutes. The electrodes were then rinsed with water and dried under an N2 stream. 

In order to decrease any likelihood of water being present and skewing results due to the use of 

deuterated electrolyte, all electrodes were dried in an oven at 60⁰C for 10 minutes prior to the drop 

casting of deposition ink.  The electrodes were coated by drop casting 5 µL of the CoPc-P4VP/GP 

deposition ink, allowing the surface to dry in an oven at 60⁰C for 10 minutes, and then was followed 

by a second coating of 5 µL of the deposition ink and drying at the same temperature.  

Edge-plane graphite electrodes (EPGs) were polished by manually hand-polishing on a 600-

git silicon carbide polishing paper (Buehler, CarbiMet) with water for 10 seconds. The electrodes 
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were rinsed with water then sonicated in isopropyl alcohol for 1 minute, rinsed with water, 

sonicated in water for 1 minute, and then dried under an N2 stream. Prior to drop casting, the 

electrodes were allowed to dry in an oven for 10 minutes at 60⁰C. A volume of 5 µL of the CoPc-

P4VP deposition ink was drop cast onto the polished EPG and was allowed to dry in an oven for 

10 minutes at 60 ⁰C. 

Cobalt Loading Determination 

Catalyst loading was determined as previously described.16  After centrifugation, the graphitic 

pellet was digested by the addition of 15 mL TraceMetal Grade 1 M HNO3. The solution was 

stirred overnight, and then was filtered using a cellulose syringe (Pore Size 0.45 μm, 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 Error! Reference source not found.- Error! Reference so

urce not found..  

𝑋 ppb ×  

1 𝜇𝑔
L

1 ppb
 × 0.015 L = mass Co in 𝜇g 

(1) 

mass in 𝜇g x 
1 mol Co

58.93 g Co
×  

10−6 g

1 𝜇g
=  mol CoPc 

(2) 

mol CoPc  

0.0010 L initial deposition ink
= 𝑀 CoPc in deposition ink 

(3) 
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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 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 or EPGs described in the previous section. 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. The errors of interpretations that required mathematical operators were the 

standard errors of two standard deviations (for example, kinetic isotope measurements that 

required division of two average measurements). 

For rotating disk electrode (RDE) chronoamperometric (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 

CO2 and/or proton delivery to the electrode surface in a way that is not present in a longer 

controlled potential electrolysis (CPE) experiment where substrate delivery is dependent on 

diffusion or convection by magnetic stirring.  
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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 the gas (CO2 or N2) 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 the 

experiment and was compensated via software at a rate of 85% via a positive feedback loop 

software correction. Solution resistance varied across electrolyte concentrations but were generally 

between 50 and 300 Ω. 

CPE experiments were conducted at room temperature in custom, gas-tight, two-chamber U-

cells. 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 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 ~20 min, the pH was adjusted, the cell was 

sparged with CO2
 for ~20 min, and then the main chamber was sealed under CO2 atmosphere. The 

pH of the electrolyte was measured immediately prior to the sealing of the cell after CO2 purge. 
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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 Ω in all pH solutions.  

Product Detection and Quantification 

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

(GC) and high-performance liquid chromatography (HPLC), respectively. 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 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 = 0.02, 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: 

FE =  

𝑉𝐻𝑆

𝑉𝑔
 ×  𝐺 ×  𝑛 ×  𝐹

𝑄
  

(4) 

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.  
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Ex Situ Infrared Spectroscopy 

 To spectroscopically evaluate 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 µL of a 1% P4VP/DMF solution 

onto a clean 0.5” diameter uncoated CaF2 window (Thorlabs) and dried in an oven at 60°C 

overnight to drive off all DMF. Buffer solutions were prepared and brought to the desired pH as 

described above. Onto each P4VP-coated window, a 150 µL buffer droplet was deposited and 

allowed to soak for 45 minutes. The buffer droplet was then removed via pipette, and remaining 

buffer was wicked away using a Kimwipe. The window was dried in an oven at 60°C for 1 hour. 

To collect spectra (before and after buffer exposure), the windows were mounted inside the FTIR 

transmission chamber, and backgrounded against a clean CaF2 window with a dry N2 purge. Each 

spectrum was collected with 128 scans at 2 cm-1 resolution (data spacing of 0.241 cm-1). 

 

3.4. Results and Discussion 

The primary techniques we used to evaluate the influence of bulk solution on the P4VP 

layer were electrochemical—rotating disk voltammetry to gauge total activity and controlled 

potential electrolysis to extract the underlying product distributions. These techniques were crucial 

for understanding the net effect of the solution on the catalytic outcomes but did not provide direct 

insight into protonation state of the layer. We turned to infrared spectroscopy as a straightforward 

method of evaluating relative layer protonation between pH values. P4VP has a rich infrared 

spectrum, but we focused on a set of characteristic ring-stretching bands in the 1400-1650 cm-1 

region. These bands are closely analogous to those observed in pyridine, and previous studies have 

made band assignments for pyridine,31 pyridinium,32,33 and P4VP.34,35  Moreover, a body of 
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research has explored the IR spectra of protonated P4VP specifically,36-40 using major peak shifts 

between the protonated and unprotonated states to evaluate proton transfer between species in 

blends of P4VP and acidic polymers. The pyridinyl ring vibrational modes are susceptible to a 

change in the quaternization of the N atom, including through protonation. The 8a ring stretching 

mode appearing at 1596 cm-1 in neutral P4VP shifts to 1637 cm-1 when P4VP is protonated. 32,36-

38 This band does not overlap significantly with other bands in the region, making its relative 

intensity between spectra a convenient indicator of the layer's protonation state. 

We used an ex situ method to evaluate the relative protonation of P4VP layers exposed to 

different buffers. Water has a significant absorbance band between 1500 cm-1 and 1700 cm-1 which 

greatly complicates both in situ measurements and wet ex situ measurements of the ring-stretching 

region. Because of this, we had to evaluate 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. While we do not expect that the resulting protonation of these model dried layers 

is exactly the same as for the corresponding layers in solution, we use protonation trends to draw 

insight about how the buffer composition influences protonation in the electrochemical system. 

pH Effects 

In previous studies the electrolyte used for all electrochemical studies of CoPc-P4VP was 

0.1 M sodium phosphate titrated to pH 5 and saturated with CO2. This pH was chosen based on 

the pKa of the pyridyl moieties. We note that the pKa of protonated pyridyl residues of a P4VP 

polymer is measured to be approximately 3.5 by potentiometric titration, considerably lower than 

the pKa of the monomeric analogue, presumably due to the hydrophobic backbone of the polymer.  
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Figure 3.3  Reaction selectivity as a function of pH, measured by faradaic efficiency of the 

CO2RR product, CO, and the HER product, H2. As the pH increases, the reaction selectivity for 

CO2RR also increases. This trend holds at -0.647 V vs. RHE (where a majority of experiments 

in this paper were studied) and a more negative potential of -0.707 V vs RHE, with a 

considerably higher H2 production at pH 3. Controlled potential electrolysis experiments were 

performed in a sealed H-cell in 0.4 M phosphate/0.5 M perchlorate electrolyte as described in 

the Experimental Section. Faradaic efficiency values can be found in Table B.2and Table B.3. 

 

 
Figure 3.4  Total activity of CoPc-P4VP/GP/GCE (jTotal , red square) and activity corrected for 

CO production (jCO, blue triangle) showing a peak in total activity near pH 5 and a plateau in 

activity for CO production that begins near pH 5. Activity measurements were taken under 

rotation at 1600 rpm via a 6-min CA step at -0.647 V vs. RHE in 0.4 M phosphate 0.5 M 

perchlorate electrolyte. Activity values can be found in Table B.4. 
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We proposed that fractional protonation of pyridyl moieties in the P4VP layer could be modeled 

as a function of the solution pH and the pyridyl pKa. As the solution becomes more acidic, we 

expect the fractional protonation of the layer to increase, reaching about 50% protonation when 

the solution pH is equal to the polymer pKa.  

We postulated that an increase in pH of the electrolyte would result in a corresponding 

increase in reaction selectivity for the CO2RR over the competing HER. At low pH the availability 

of protons within the polymer as seen by fractional protonation would increase the likelihood that 

CoPc-catalyzed HER would proceed, while higher pH and lower fractional protonation would 

provide the dual result of an increase of hydrophobicity of the polymer layer (increasing the CO2 

concentration within the polymer film) and a decrease in available protons, which decreases the 

likelihood of HER. As seen in Figure 3.3, we did observe an increase in Faradaic efficiency for 

the CO2RR as the pH increased, as measured by product analysis of controlled potential 

electrolysis (CPE) experiments. Furthermore, measurements of total activity were performed via 

rotating disk voltammetry and corrected for CO production using the CPE data. The activity results 

are presented in Figure 3.4, where we observe that while total activity peaks at around pH 5, the 

activity of the CO2RR is highest in the pH 6-7 range. 

We used ex situ IR spectroscopy at different pH values as described above to gauge the 

relative protonation. As seen in Figure 3.5, the intensity of the 1637 cm-1 band increases as the pH 

of the buffer solution decreases, indicating a greater layer protonation as expected. This trend held 

across all buffer concentrations tested, as shown in Figure B.1. Together with the electrochemical 

results, this confirmed that the solution pH is a crucial factor in determining the extent of 

protonation in the P4VP layer. 
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Figure 3.5  Representative transmission infrared spectra of P4VP 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-1 band 

that rises with decreasing buffer pH, while the red arrow marks the 1596 cm-1 peak which 

shrinks with decreasing buffer pH. 
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Electrolyte Effects 

In order for the pyridyl moieties of the P4VP to become protonated, it is necessary for a 

counterion to be present. In previous studies we have not explicitly accounted for this fact, but it 

became relevant in order to understand the relationship between the solution pH and the fractional 

protonation of the P4VP layer. Reaching a higher partial protonation of the P4VP layer would 

necessitate a higher concentration of anions in the layer to counterbalance the additional charge. 

From a practical perspective, it was necessary to increase the phosphate concentration from the 

previously-used 0.1 M to 0.4 M in order to reach a bulk solution pH of 7 with CO2 bubbling. We 

also added 0.5 M sodium perchlorate to maintain a relatively consistent ionic strength across the 

pH ranges. We expected that the electrolyte concentration would not directly determine the 

protonation of the layer, and instead anticipated that the bulk pH would be the crucial factor—

sufficient anions would diffuse into the layer to reach an equilibrium protonation fraction 

determined by the relationship between bulk pH and pyridyl pKa. 

However, we found that increasing the electrolyte concentration dramatically influenced the 

activity and selectivity of the CoPc-P4VP system. The reaction selectivity of the CO2RR over the 

HER decreased slightly at pH 5 compared to a solution of 0.1 M phosphate. In general, we saw 

that increasing electrolyte concentration at a common pH resulted in a mild decrease in selectivity 

for the CO2RR over the HER (see Table B.5 for a comparison of the CoPc-P4VP/GP/GCE system 

under different levels of electrolyte concentration). As seen in other studies, persistent alkalinity 

is maintained close to the electrode surface when an electrode is performing CO2RR, as the 

consumption of protons drives up the local pH.41 A higher concentration of buffer prevents the 

buffer breakdown and maintains the low pH close to the electrode surface, which results in a lower 

pH and therefore more HER over the CO2RR.  
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Figure 3.6  Electrolyte-dependent activity of CoPc-P4VP/GP/GCE in 0.4 M phosphate 0.5 M 

perchlorate electrolyte at pH 5 for the production of H2 (HER) under an N2 atmosphere. The 

system shows an increase in activity as the concentration of phosphate increases. Activity 

measurements were taken under rotation at 1600 rpm via a 6-min CA step at -0.647 V vs. RHE. 

Activity values can be found in Table B.6.  

 

 
Figure 3.7  Representative transmission infrared spectra of P4VP 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. a) Comparison of spectra with 0.1, 0.2 and 0.4 M 

sodium phosphate buffers without perchlorate. b) Comparison of 0.4 M sodium phosphate 

buffers with and without 0.5 M sodium perchlorate.  
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Comparisons of reductive activity between different phosphate concentrations without 

perchlorate were also done under N2 atmosphere (allowing only HER) to eliminate any 

confounding effects from reaction selectivity. The results are presented in Figure 3.6, where HER 

activity is evaluated at increasing bulk phosphate concentrations. We find that activity for the HER 

rises roughly proportionally to phosphate concentration. IR spectroscopy confirmed that 

increasing phosphate concentrations drove a higher level of protonation in the polymer. As seen 

in Figure 3.7a, the intensity of the 1637 cm-1 band at a representative pH of 5 increases 

substantially with increasing phosphate concentration. However, the comparison between a 0.4 M 

phosphate solution and a 0.4 M phosphate, 0.5 M perchlorate solution reveals that the increase in 

protonation is not limited to the phosphate in the solution. As seen in Figure 3.7b, the perchlorate 

also appears to contribute to increasing the fractional protonation of the layer. We also performed 

a study evaluating the time dependence of the layer protonation. We found that the resulting spectra 

(Figure B.2) were largely unaffected by the buffer soak time, indicating that partitioning of protons 

and electrolyte into the layer from the buffer occurs rapidly, reaching an equilibrium within a few 

minutes. Contrary to our initial expectation that P4VP fractional protonation would be independent 

of bulk electrolyte concentration, we found that fractional protonation scales with increasing buffer 

concentration. We attribute this simply to a higher equilibrium partitioning of the electrolyte into 

the layer, which raises the anion concentration and thus the maximum protonation that can be 

achieved at a specific solution pH. 

 

3.5. Conclusions  

This study serves as a comprehensive introduction to the effects of bulk pH and electrolyte 

concentration on the activity, selectivity, and mechanism of electrochemical reduction of CO2 and 
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protons using a CoPc-P4VP polymer composite layer. Through a combination of electrochemical 

experiments and ex situ spectroscopic characterization, we determined that the bulk pH and the 

electrolyte concentration both play a role in determining the fractional protonation of the pyridyl 

residues in the layer. Total reductive activity peaks at about pH 5 and has a decreasing Faradaic 

efficiency for the CO2RR over the HER as pH decreases. Additionally, activity for the HER 

increases with increasing electrolyte concentration in the buffer. Infrared spectra of P4VP layers 

exposed to these buffers reveal that fractional protonation of the layer trends upward both as pH 

decreases and as electrolyte concentration increases. This study provides unequivocal evidence 

that carefully controlling both parameters is crucial for tuning the fractional protonation—and by 

extension, the activity and selectivity of the CO2RR—of the composite layer. 

 

3.6. Future Directions 

Ex Situ Measurements 

The ex situ evaluation of P4VP layer protonation is imperfect and could be expanded in a 

number of ways. While we can be confident that the general trends in protonation hold between 

the dried layers and the actual electrocatalyst material, there may be a significant difference in the 

actual fractional protonation values. For this reason, in this study we solely compared trends 

between the electrochemical and spectroscopic data and did not use the spectra to predict a precise 

value of fractional protonation at each condition. Further measurements could also be made to 

evaluate how changing the size of the anion alters the equilibrium partitioning into the layer. 

Additionally, results included in the full version of this manuscript but not included here 

demonstrate that the catalytic response of the CoPc-P4VP layer changes dramatically under some 

conditions as a result of switching from H2O to D2O solutions, as evidenced by changes in the 
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kinetic isotope effect (KIE) of HER when pH and electrolyte concentration are changed. We expect 

that this is unlikely to manifest in the dried ex situ measurements where the partitioning of species 

between the P4VP layer and electrolyte is allowed to reach equilibrium, and thus is not influenced 

by electrolysis-related kinetic effects, but it may be valuable to confirm that the H2O and D2O 

solutions yield similar results. 

Quantifying the precise fractional protonation could also be valuable. There are two 

plausible methods for determining a fractional protonation value from the intensity of the 1637 

cm-1 band. The first would be to compare its intensity with that of the 1596 cm-1 band, which is 

identified as being the same vibrational mode in the unprotonated pyridyl moiety.32,34,36-38 A simple 

proportion should suffice to extract a relative protonation. However, this approach is complicated 

by the appearance of an overlapping 1607 cm-1 band in the protonated species, itself a shift of the 

1555 cm-1 band from the unprotonated species. Careful backgrounding and peak deconvolution 

would be needed to ensure an accurate and dependable value for the 1596 cm-1 intensity, especially 

at very high protonations where it is reduced to a shoulder on the larger 1607 cm-1 band. The other 

method would involve a comparison of the 1637 cm-1 ring stretching band with the CH2 bending 

mode that appears around 1450 cm-1,34,37 which arises from the polymer backbone and is 

unaffected by the protonation state of the pyridyl. This peak would first be used to normalize the 

1637 cm-1 mode intensity between spectra, allowing them to be compared regardless of any 

variations in the quantity of polymer in the beam path arising from inconsistencies in optical 

positioning, layer thickness, or P4VP density. However, to extract an absolute fractional 

protonation from this method, one would need to prepare a P4VP layer with 100% protonation 

with which to compare the normalized peak intensities. This is probably feasible and would 
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involve depositing the P4VP layer from an acidified alcohol solution instead of DMF.37 Ideally, 

both methods would be employed and used to crosscheck. 

In Situ Measurements 

 The ultimate goal of this project is to make in situ measurements of pyridyl protonation in 

the P4VP layer to more directly probe how factors such as anion identity, solution pH, electrolyte 

concentration, and modifications to the layer structure influence the electrochemical behavior. 

There are some key advantages to performing an in situ spectroelectrochemical measurement 

instead of an ex situ measurement with a dried P4VP layer. For one, the presence of water in the 

layer may have a significant effect on the protonation state that is not accounted for in the dried 

layer, due to hydrogen bonding networks, polymer swelling, etc. More importantly, a 

spectroelectrochemical measurement allows the protonation state of the polymer to be measured 

under catalytic potential. A steady state fractional protonation can be determined at different 

applied voltages using simple step voltammetry, and innumerable variations in condition can be 

used to probe various effects. Depending on the sensitivity of the spectroscopic technique, it may 

also be possible to probe different layer depths to observe a gradient in protonation between the 

electrode surface and the solution interface. Some anions may also have IR signatures which allow 

their presence in the layer to be verified independently of layer protonation, providing additional 

information about ion intercalation. 

 The key challenge for this system is the IR absorbance of water, which necessitates using 

deuterated solutions. D2O also has a peak overlapping the ring-stretching region, but it has a much 

smaller intensity and can likely be accounted for through backgrounding. As an example, a 

preliminary experiment was performed in which a droplet of D2O was placed on a dried P4VP 

layer (as described in the Methods section), then tightly sandwiched with an additional CaF2  
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Figure 3.8  Demonstration of a simple subtraction of the overlapping D2O band from the P4VP 

ring-stretching region. a) Two Gaussian-Lorentzian curves are used to fit a spectrum with D2O 

alone. The intensities of these curves are then increased to make a model background fit to the 

spectrum with a D2O-soaked P4VP layer. b) The resulting spectrum with the D2O peak 

subtracted out. 
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window, creating a D2O-hydrated P4VP layer. As seen in Figure 3.8a, the overlapping peak from 

this thin D2O layer is small enough to be subtracted out using a model spectrum from D2O alone, 

leaving only the P4VP peaks (Figure 3.8b). An in situ spectroelectrochemical apparatus for these 

measurements would ideally use an internal reflection technique such as SEIRAS42 which probes 

only the P4VP layer itself and does not penetrate into the bulk solution. 

 However, using this spectroelectrochemical system does come with additional challenges. 

Deuterated buffer solution may be needed in large quantities and must be stored and handled 

carefully to minimize hydrogen exchange. The intense D2O band centered around 2500 cm-1 will 

likely drown out any features of interest above ~2000 cm-1, though this problem also exists with 

H2O solutions at a slightly different wavenumber range. Crucially, care must be taken to not 

overinterpret the applicability of D2O results to H2O systems. As mentioned above, measurements 

not included here demonstrate that the catalytic response of the CoPc-P4VP layer changes between 

H2O to D2O solutions, as evidenced by changes in the KIE of HER. This could substantially affect 

the results from spectroelectrochemical experiments and make them difficult to compare directly 

to other systems. Finally, other variations in the layer composition between a 

spectroelectrochemical system and a practical electrocatalytic system (such as the presence or 

absence of carbon additives that may obfuscate the IR signal) mean that these measurements will 

probably remain in the territory of “model” system. 

 With these challenges in mind, the use of a commercial spectroelectrochemical cell such 

as the Jackfish cell from Pike Technologies seems prudent. This cell is designed for SEIRAS 

experiments and can use microgrooved Si ATR wafers as the substrate/window instead of a large 

face-angled Si crystal. I envision two likely systems which could be investigated with the Jackfish 

apparatus that would give useful information about the behavior of the P4VP layers, as illustrated 
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in Figure 3.9. The first (Figure 3.9a) would involve sputtering a thin layer of Pt onto the Si window, 

then drop casting a P4VP layer. This system could be used to evaluate how different modifications 

to the conditions influence layer protonation during catalytic turnover for HER on the Pt surface. 

In this system, catalysis should only be occurring at the Pt surface, allowing the transport of protons 

and another species through the entire P4VP layer to be evaluated. Different loadings of P4VP 

could be used to see how layer thickness influences transport. The other systems would use a layer 

of C deposited on the Si, possibly using pyrolyzed photoresist,43 onto which a CoPc-P4VP layer 

is drop cast. This system could then be used to evaluate spectroelectrochemical behavior for both 

the HER (Figure 3.9b) and the CO2RR (Figure 3.9c). With a profusion of adjustable conditions for 

all elements of this system, this investigation should provide an opportunity to probe many aspects 

of the CoPc-P4VP composite layers. While it will likely remain a “model” system, the results will 

be broadly useful to the electrocatalysis community, where issues of catalyst layer hydration, pH, 

and substrate transport are critical to the creation of efficient and long-lasting electrolyzers. 
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Figure 3.9  Three systems for in situ spectroelectrochemical analysis of reductive catalysis in 

CoPc-P4VP composite layers. a) P4VP on Pt surface for evaluation of HER. b) CoPc-P4VP on 

carbon surface for evaluation of HER. c) CoPc-P4VP on carbon surface for evaluation of 

CO2RR. 
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4. Polarization Modulation Infrared Reflection-Absorption Spectroscopy 

for Characterizing Electrocatalytic Surfaces 

 

 

4.1. Abstract 

Reflective IR spectroscopy is a crucial technology for probing the structure and reactivity 

of electrode surfaces ex situ and in situ. In a two-stage process, we developed a table optical 

module and spectroelectrochemical flow cell for performing polarization-modulation IR 

reflection-absorption spectroscopy (PM-IRRAS) analyses of electrochemical systems. In the first 

stage, a dry ex situ PM-IRRAS arrangement was used to evaluate the packing density, azide mole 

fraction, and “click” completion of mixed monolayers of methyl- and azide-terminated 

alkanethiols on gold surfaces. In the second stage, we designed, constructed, and tested a flow cell 

for in situ detection of electrochemical species adsorbed on metal electrode surfaces. Technical 

problems stymied the use of this apparatus for in situ electrochemical applications, but insights 

gained from the process will be essential for further development of spectroelectrochemical 

capabilities in the McCrory group. 

 

4.2: Introduction 

While conventional transmission IR measurements can be helpful for probing certain 

systems, most electrocatalyst characterization would greatly benefit from IR spectroscopy with 
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enhanced surface selectivity. While the details vary between techniques, this is most commonly 

achieved through some type of reflectance spectroscopy, in which the IR beam is reflected off the 

surface which it is probing rather than transmitted through. Many techniques are available for this 

purpose,1 including sum frequency generation (SFG),2, 3 subtractively normalized interfacial 

Fourier transform IR spectroscopy (SNIFTIRS),4, 5 surface enhanced Raman spectroscopy 

(SERS),6-8 and surface enhanced IR reflection-absorption spectroscopy (SEIRAS).9 Any surface 

IR technique will have certain advantages and disadvantages, as well as restrictions on the type of 

sample for which it is appropriate.  

Of critical importance for the characterization of electrocatalytic materials is the difference 

between internal reflectance and external reflectance, as illustrated in Figure 4.1. In an internal 

reflectance technique such as SEIRAS, the sample is deposited as a thin layer atop the IR window, 

and the IR beam is reflected off the back of the sample, extending an evanescent wave into the 

sample itself, causing absorbance. This causes in inherent limitation, in that the sample of interest 

must be able to be deposited onto the window in a thin layer. This precludes the easy study of 

single-crystal metal electrodes or other macroscale surfaces but does have the benefit that 

attenuation of the beam by the electrolyte solution is not a problem. In contrast, external reflective 

techniques direct the beam through the electrolyte itself to reflect off the top of the electrocatalytic 

surface. This allows reflective materials of any morphology to be studied but introduces 

complications from beam passage through the electrolyte. 

Polarization-Modulation Infrared Reflection-Absorption Spectroscopy 

 We were interested in developing the capability to perform spectroscopic experiments on 

a variety of electrocatalytic surfaces in situ, including with single-crystal metals. As such, we 

turned to the external technique infrared reflection-absorption spectroscopy (IRRAS, IRAS, or  
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Figure 4.1  Diagram comparing the beam paths of internal and external reflection in situ 

infrared absorption techniques. 

 

 
Figure 4.2  Diagram of the reflection-induced phase shifts of p- and s-polarized light incident 

at a grazing angle on a reflective surface. For the p-polarized case, the two beam vectors 

combine constructively at the surface to produce enhanced absorbance, while in the s-polarized 

case they combine destructively to attenuate surface absorbance. 
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RAIRS),1, 10-14 and more specifically polarization-modulation IRRAS (PM-IRRAS). The PM-

IRRAS technique has been reviewed extensively elsewhere,5, 15, 16 but a short explanation of its 

salient features is given here. An infrared beam incident on a surface at a grazing angle can be 

broken into two polarization components: a p-polarized which is roughly perpendicular to the 

surface, and an s-polarized component that is roughly parallel, as seen in Figure 4.2. At the grazing 

angle, the s-polarized component of the reflected light undergoes a 180-degree phase shift. Near 

the sample surface, the incoming and outgoing beams will experience destructive interference in 

the s-polarized component, attenuating absorbance of this component by vibrational modes near 

the surface. In contrast, the s-polarized component undergoes minimal phase shift upon reflection,5 

and the incoming and outgoing beams therefore experience constructive interference in the p-

polarized component, causing an enhancement in absorbance. The difference in absorbances 

between these two components is the key to IRRAS—because the absorbances are equivalent  

between the two components everywhere other than the surface (e.g., in the surrounding 

atmosphere or solution), the difference between these two components gives surface-specific  

vibrational information. In a basic IRRAS measurement, two spectra are collected sequentially: 

one using light that has been s-polarized relative to the surface, and another that has been p-

polarized, simply by adjusting the position of a polarizer placed in the beam path. By subtracting 

the s-polarized spectrum from the p-polarized spectrum, a surface spectrum can be derived. 

PM-IRRAS builds upon this technique by the addition of a polarization modulation step, 

which allows simultaneous collection of the s- and p-polarized spectra, eliminating potential 

spectral artifacts due to background drift.17 To accomplish this, a photoelastic modulator (PEM) is 

placed in the beam path after the polarizer. The PEM contains a piezoelectric component to which 

an alternating voltage is applied. The voltage frequency is tuned to produce a half-wave retardation 
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in the polarized beam, rapidly modulating it between s- and p-polarizations. After the beam reaches 

the detector, a synchronous sampling demodulator (SSD) outputs two demodulated signals: a 

difference signal (p-s) and a sum signal (p+s). PM-IRRAS spectra are generally presented in terms 

of (p-s)/(p+s), or ΔR/R.15 

PM-IRRAS does have a number of restrictions on the types of samples it is appropriate for. 

The sample surface must be inherently IR reflective, which generally restricts its use to metals or 

thin layers atop metal surfaces. The surface selectivity is also not absolute—the difference signal 

will still detect species with (with declining sensitivity) out to a distance of about half the 

wavelength of light. In the IR range, this translates to between 1 and 10 microns. While this is not 

a critical limitation for ex situ measurements performed in air—especially if the chamber can be 

purged to remove water vapor and CO2—it is a major restriction for in situ PM-IRRAS through 

liquid layers.5 Since conventional PM-IRRAS uses a glow bar source rather than a laser, it has 

overall low sensitivity. The target molecule must be relatively abundant on the sample surface to 

be detectable. Moreover, PM-IRRAS will only detect molecules that have a vibrational component 

perpendicular to the sample surface. IRRAS, with or without polarization modulation, has most 

commonly been used to characterize polymerized surfaces,18 alkanethiol self-assembled 

monolayers,19-23 and sub-monolayer quantities of adsorbed small molecules on metal surfaces,24-

28 including in situ electrochemical systems. 

In situ PM-IRRAS in an electrochemical cell presents a further set of challenges.5, 29, 30 The 

beam must pass through at least four different phase interfaces as it passes from the air to the 

window, the window to the liquid electrolyte, and back out again (see Figure 4.3). Each interface 

will result in some amount of beam loss due to reflection. Additionally, the beam must pass through 

an IR-absorbing electrolyte layer, causing further attenuation in the wavenumber regions where   
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Figure 4.3  Diagram demonstrating the potential beam attenuation due to reflection for an IR 

beam passing through four phase boundaries in an external reflection in situ 

spectroelectrochemical cell. 
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the electrolyte absorbs.5 Calculations done by Zamlynny also reveal that there is a PM-IRRAS 

“hot spot” with enhanced absorbance about ~10 microns past the electrolyte surface.31 To avoid 

both this hot spot and overall beam attenuation, the spectroelectrochemical cell must be 

constructed with an extraordinarily thin electrolyte layer. The optimal layer thickness depends on 

a number of factors that have been reviewed in detail by Zamlynny and coworkers.5, 32 The thin 

electrolyte layer provides additional challenges for the electrochemical experiment, especially the 

rapid depletion of the electrochemical active species within the thin layer. Due to the long 

collection times required by PM-IRRAS experiments, a flow cell must be employed to force the 

constant replenishment of electrolyte. 

With these experimental parameters in mind, we envisioned two different phases for 

deployment of the PM-IRRAS technique in the lab. First would be an ex situ phase, in which the 

basic PM-IRRAS components were acquired and built into a functional apparatus. In this phase, 

PM-IRRAS could be used to characterize alkanethiol self-assembled monolayers on gold surfaces, 

in support of a project spearheaded by Robert Bonsall. In the second phase, we constructed a PM-

IRRAS spectroelectrochemical flow cell (SEC-FC) for in situ detection of electrochemical 

intermediates on metal electrode surfaces. The results of these two phases are detailed in sections 

4.2, 4.3, and 4.4. 

 

Theory of PM-IRRAS Characterization of Alkanethiol Self-Assembled Monolayers 

PM-IRRAS and related grazing-angle IR techniques have frequently been applied to the 

study of self-assembled monolayers (SAMs) on metal surfaces, particularly the well-studied 

system of alkanethiol monolayers on gold.33-39 Alkanethiol SAMs tend to be highly ordered,35 

making interpretation of their spectra relatively straightforward, and information can be gleaned 
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from the spectra about SAM packing density and orientation. Alkanethiol SAMs have significant 

industrial relevance in nanotechnology and biosensing, making their study otherwise useful.40 

 Alkanethiol SAMs have also been proposed as a system for tethering molecular catalysts 

to electrode surfaces to form heterogenized systems.33, 34 The main goal of such a system would 

be to ease spectroelectrochemical monitoring of the catalytic process, since a tethered molecular 

system with rapid catalytic turnover, combined with surface-selective spectroscopy, could be used  

to effectively “concentrate” the intermediate species and make it more available to be studied. 

Using an azide-capped SAM, the CuACC “click” reaction can be used to covalently tether an 

ethynyl-terminated catalyst molecule to the metal surface.33 However, alkanethiol SAMs do not 

have good reductive stability past about -1 V vs Ag/AgCl, limiting their utility for this application. 

We have been interested in probing this reductive desorption process, especially with mixed 

monolayers in which azide-capped tethering chains are mixed with space-filling uncapped 

alkanethiol chains.34 This system is illustrated in Figure 4.4, and provides two crucial handles for 

infrared spectroscopy: 1) the C-H stretching region around 2900 cm-1, where the position and 

intensity of peaks can give information about the monolayer packing, and 2) the azide stretch 

region around 2100 cm-1, which can give a quantitative measurement assessment of the amount of 

azide groups on the surface.  

The C-H region peaks are well-understood and were described by Chidsey and coworkers 

in 1987.35 For a basic alkanethiol SAM, five peaks appear: a CH3 asymmetric mode around 2938 

cm-1, a CH2 asymmetric mode around 2920 cm-1, a CH2 symmetric mode around 2851 cm-1, and 

two Fermi resonance CH3 symmetric modes around 2878 and 2938 cm-1 (see Figure 4.5). The 

intensities of the CH3 peaks should be unaffected by the chain length, while the CH2 peaks should 

scale with the number of methylene groups in the chain. Meanwhile, the large CH2 asymmetric   
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Figure 4.4  Diagram of an example mixed azide-terminated and methyl-terminated monolayer 

in which ethynyl ferrocene has been clicked to the azide groups. For visual simplicity the alkyl 

chains have fewer methylene groups than in studied systems. 

 

 

 
Figure 4.5  Peak assignments in the CH stretching spectral region of an alkanethiol self-

assembled monolater. Adapted with permission from Ref. 35. Copyright 1987 American 

Chemical Society. 
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mode is highly sensitive to the packing density of the layer, and by extension its level of order. As 

packing density increases the peak will blueshift from around 2924 cm-1 (a “liquid-like” disordered 

arrangement) to as low as 2918 cm-1 (approaching a more crystalline structure).35, 36 The strong 

azide peak is also helpful in characterizing mixed systems. Intensity of the azide stretch scales 

with its prevalence on the surface, allowing it to both serve as a monitor of azide mole fraction in 

the mixed layer, and an indication of the extent of click completion, since the click reaction breaks 

the azide structure. 

 

Application of PM-IRRAS to Probing Heterogenous Electrocatalysis of Nitrate and other 

Small Molecules 

The ultimate goal of PM-IRRAS development in the McCrory group is the in situ 

observation of electrochemical processes on electrode surfaces. In particular, we aimed to use PM-

IRRAS to detect adsorbed reaction intermediates of NO3-, NO2-, and NO reduction on well-defined 

heterogeneous metallic electrode surfaces, providing mechanistic insights for these key nitrogen 

cycle reactions and informing rational development of selective electrocatalysts. PM-IRRAS is 

ideal for this application—being an external reflectance technique it can be applied to study 

macroscale single-crystal metal electrodes, and as discussed previously, the real-time 

backgrounding provided by polarization modulation makes it insensitive to the significant 

background shifting expected for a complex electrochemical flow cell apparatus. Electrochemical 

reduction of nitrate and associated intermediate species to dinitrogen is a promising method for 

remediation of nitrogen compounds in drinking water41 and liquid radioactive waste.42 

Nitrate reduction can proceed via multiple pathways, and product selectivity varies 

considerably between materials. While the ideal product for wastewater remediation is N2, nitrate  
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Figure 4.6  Schematic of electrochemical nitrate reduction pathways, highlighting 1) the rate-

determining step of nitrate reduction to nitrite, 2) the fast step of nitrite reduction to nitrous 

oxide, and 3) the selectivity-determining step of nitrous oxide reduction.  
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reduction can also produce N2O, NH3OH+, or NH4
+ as major byproducts (Figure 4.6).43 The 

primary challenge is that the rate-determining step in the NO3
- reduction process is the initial 2 e- 

reduction to NO2
-, while the major selectivity-determining step is the reduction of NO.43 Research 

into new electrocatalytic materials for nitrate reduction focuses on combining two or more metals 

in an attempt to successfully pair a rate-enhancing metal (catalyzing the NO3
- → NO2

- 

transformation) with a selectivity-enhancing metal to drive subsequent N2 formation.44-47 In order 

to rationally design such catalysts, it is essential to have a fundamental understanding of how the 

identity of the metal affects product selectivity due to formation potentials and binding character 

of reductive intermediates. In situ spectroelectrochemistry would permit observation of how the 

formation potentials, binding energies, and binding modes of long-lived intermediates on the 

surface vary as a function of electrode identity and applied potential, and how these factors 

influence product selectivity. 

 

4.3: Construction of PM-IRRAS Table Optical Module and Ex Situ Characterization of 

Alkanethiol Self-Assembled Monolayers on Gold Surfaces 

Table Optical Module Arrangement and Data Treatment 

In the first phase of developing a PM-IRRAS system for characterization of electrocatalyst 

samples, we designed and built an apparatus for the ex situ PM-IRRAS evaluation of dry samples 

in air. This phase permitted us to troubleshoot and optimize the PM-IRRAS optical arrangement 

before using it for the more complex in situ spectroelectrochemical cell. The apparatus consisted 

of a Nicolet iS50 FTIR spectrometer purchased from Thermo Fisher Scientific, and a custom-built 

external table optical module (TOM). The optical arrangement of the TOM is diagrammed in 

Figure 4.7, and photographs of the TOM in operation are provided in Figure C.1. Briefly, the  
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Figure 4.7  Diagram of the PM-IRRAS TOM optical arrangement. The IR beam path is 

represented in red. 
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collimated FTIR beam from the spectrometer is directed through an external port, then converged 

using a parabolic mirror with a 9-inch focal distance. The converging beam passes through a 

vertically-mounted grid polarizer, then through the PEM mounted at 45°. A driving voltage 

alternating at 50.08 kHz is applied to the PEM, which modulates the IR beam between maximum 

p-polarization and maximum s-polarization. The sample is arranged at the focal point of the 

converging beam using a rotating mount and positioned so that the central axis of the beam is at 

about 80-82° from the surface normal (8-10° grazing angle). The beam reflected off the sample 

surface—now diverging—passes through a lens tube containing two biconvex CaF2 lenses that 

first collimate and then reconverge the beam, whereupon it reaches the MCT detector. The MCT 

detector passes the modulated signal through the synchronous sampling demodulator (SSD), which 

demodulates the signal into two components: the sum (p+s) signal and the difference (p-s) signal. 

Finally, the OMNIC software provides the PM-IRRAS spectrum ΔR/R, as well as the sum signal 

(effectively a background spectrum). 

The PEM oscillation must be optimized for a specific wavelength at which it produces 

perfect half-wave retardation. As the wavelength moves further from the point of optimization, the 

half-wave retardation becomes offset. This phenomenon produces a background curve described 

by a Bessel function, taking the form of one or more arches (See Figure 4.8). The PM-IRRAS 

spectrum sits atop this curve, and its intensity is distorted along the spectrum in proportion to the 

height of the Bessel curve (i.e., peaks at the apex of the Bessel curve will be proportionally 

enlarged relative to peaks near the base of the Bessel curve). Because the Bessel curve is imperfect, 

modeling it directly by use of a true Bessel function is impractical. Instead, a polynomial curve is 

generally used to fit the curve within a selected portion of the spectrum. Our method for performing 

this correction is illustrated in Figure 4.9. Briefly, a portion of the spectrum is selected that contains   
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Figure 4.8  Example PM-IRRAS spectrum demonstrating the Bessel curve. The PEM has been 

optimized at 2900 cm-1, and the sample is an alkanethiol SAM on gold. 

 

 

 

 

Figure 4.9  Demonstration of data treatment for a decanethiol SAM on a gold surface. a) 

removal of the Bessel background using an inverse exponential curve, and b) fitting of the 

backgrounded spectrum using Gaussian curves. 
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the peak(s) of interest and some adjacent sections of the Bessel curve without distinct peaks. An 

inverse exponential or polynomial function is used to produce a model curve closely matching the 

path of the underlying Bessel curve (Figure 4.9a). A generalized reduced gradient (GRG) nonlinear 

method is then used to systematically vary the model curve parameters in the regions beyond the 

peaks of interest, producing an optimized fit. The spectrum is then divided by the model curve, 

resulting in a backgrounded PM-IRRAS spectrum in arbitrary intensity units vs. a flat baseline 

(Figure 4.9b). Due to noise in the background, the PM-IRRAS spectra typically need a further 

peak fitting applied before precise information about peak position and intensity can be extracted. 

For alkanethiol spectra, the peak fitting in the C-H region is predicated on the peak assignments 

discussed in Section 4.1. A model with up to five Gaussian peaks in the region is appropriate 

depending on the exact SAM structure: a SAM with 100% azide-capped SAMs should have no 

CH3 peaks, though the perpetual presence of adventitious carbon means this is truer in theory than 

in practice. An example of a Gaussian peak-fitting is presented in (Figure 4.9b). Briefly, a set of 

Gaussians are constructed in the spectral region of interest and the parameters adjusted to create a 

rough approximation of the measured spectrum. Care must be taken to ensure that the modeled 

peaks have some basis in expected physical reality. It may be prudent to “pin” certain parameters, 

such as peak positions that are not known to substantially vary. The sum of the peaks produces a 

model spectrum, and this model can then be optimized using the GRG nonlinear method, applied 

within the peak region. 

Care must be taken not to overinterpret the PM-IRRAS results, as several factors 

complicate the data. The PM-IRRAS signal is overall weak and susceptible to noise that has proven 

difficult to eliminate. Significant background oscillations occur and become more noticeable at 

higher resolutions as seen in Figure C.2. We have typically performed measurements at 2 cm-1 
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resolution as a compromise between data collection time, ease of fitting, and accuracy of peak 

shape. While the spectra at 8 cm-1 resolution look “cleaner,” this is an artifact of the increased data 

spacing, and peak positions derived from spectra at lower resolutions must be treated with 

appropriate skepticism. Details of the optical arrangement may also produce data inconsistencies. 

In Figure C.3, different spectra are presented using the same sample with variations in beam 

aperture setting (Figure C.3a) and grazing angle (Figure C.3b). Because the spectra vary so wildly 

with these minor variations—including both the apparent peak intensities and positions—it is 

essential to use internal standards in experimental designs and to avoid making direct comparisons 

between different data sets that may have been collected with variations in the optical positions. 

As such, we have primarily used PM-IRRAS to evaluate trends within a set of data collected at a 

single set of conditions and a fixed set of optical positions. Finally, adventitious carbon is a 

potential obfuscating factor when evaluating carbonaceous samples such as alkanethiol SAMs. In 

our open-air TOM, adventitious carbon is effectively impossible to eliminate. Adventitious carbon 

causes peaks to appear in the CH region even for ostensibly clean surfaces and provides a possible 

source of error when evaluating these samples. 

 

Experimental Results 

Further evaluation of PM-IRRAS results for alkanethiol mixed SAMs are expected to be 

included in forthcoming publications, and key results are highlighted here mainly to serve as an 

example of the types of data which can be feasibly collected with the PM-IRRAS TOM. As an 

initial proof of concept, we collected spectra for a series of methyl-terminated alkanethiols of 

varying chain lengths: 1-dodecanethiol, 1-decanethiol, 1-octanethiol, and 1-hexanethiol. The 

alkanethiol SAMs were deposited from ethanol onto Si wafer surfaces with a sputtered Au layer.  



 131 

 

Figure 4.10  Variation in the methylene asymmetric mode (νa(CH2)) position as a function of 

methyl-terminated alkanethiol chain length. Data collected by our group is presented in (a), and 

a literature example for comparison (b) has been adapted with permission from Ref. 36. 

Copyright 2017 American Chemical Society. 
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After being rinsed with EtOH and dried in a stream of nitrogen, spectra were collected for three 

SAM surfaces of each alkanethiol chain length. The PEM optimization was set to 2900 cm-1. 1024 

scans were collected for each sample, with a 2 cm-1 resolution, 30% aperture, and ~8° grazing 

angle. After removing the Bessel background and performing Gaussian peak fitting, the positions 

of the CH2 asymmetric stretches for each chain length were averaged. These data are presented in 

Figure 4.10. The results roughly matched what is reported in the literature,35, 36 with the peak 

wavenumber redshifting as the SAM chain length increased, consistent with a transition from a 

more liquid-like state to a more crystalline state. The results indicated both that the PM-IRRAS 

TOM was functioning as expected, and that the process used for SAM surface synthesis was 

sufficient for creating well-packed layer. 

We then evaluated the packing and azide coverage of mixed monolayers, which were also 

prepared on Au-sputtered Si surfaces via deposition from ethanol. Comparison of the azide mole 

fraction on the surface was performed by integration of the 2100 cm-1 azide stretching mode. 

Corrected PM-IRRAS spectra for a range of azide mole fractions (ratio of azido-undecanethiol to 

decanethiol in the deposition solution) are presented in Figure 4.11a. The PEM optimization was 

set to 2100 cm-1. 1024 scans were collected for each sample, with a 2 cm-1 resolution, 30% 

aperture, and ~8° grazing angle. In Figure 4.11b, integrations for each mole fraction are presented 

using two different integration methods: 1) direct integration of the normalized spectrum between 

2050 cm-1 and 2150 cm-1, and 2) integration of a Gaussian peak fitted to the normalized spectrum 

as described in the previous section. In both cases, the integration scaled approximately linearly 

with the azide mole fraction, suggesting that the azide mole fraction of the deposited layer 

corresponded closely to the mole fraction in solution. These data support a similar conclusion 

made by Chidsey and coworkers.34 In a separate set of measurements, the azide stretching mode  
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Figure 4.11  PM-IRRAS evaluation of azide coverage as a function of azido-undecanethiol mole 

fraction in the deposition solution. a) Example spectra collected at 2100 cm-1 PEM optimization 

for samples at a range of deposition mole fractions. b) Direct and Gaussian integrations of the 

azide stretching modes, demonstrating linear relationship between azide mole fraction in 

solution and in the resulting SAM 

. 

 
Figure 4.12  PM-IRRAS detection of azide loss on mixed monolayer surfaces due to click 

reaction. a) Example spectra collected at 2100 cm-1 PEM optimization on a 100% azido-

undecanethiol SAM before and after the click reaction. b) Comparison of azide loss from click 

for 100%, 50%, and 10% azido-undecanethiol SAMs. Each data point is the average of three 

measurements, and error bars are the first standard deviation. 
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Figure 4.13  PM-IRRAS evaluation of the C-H stretching modes for mixed monolayers. a) 

Representative spectra at 100%, 50%, and 20% mole fraction of azido-undecanethiol, showing 

appearance of CH3 modes as the fraction of decanethiol increases (0%, 50%, and 80% 

respectively). b) Variation in the methylene asymmetric mode (νa(CH2)) position as a function 

of azido-undecanethiol mole fraction. Each data point is the average of three measurements, 

and error bars are the first standard deviation. 
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was evaluated for surfaces with 100%, 50%, and 10% azide mole fraction before and after a 

CuACC click reaction to add ferrocene groups to the azide-terminated chains. As shown in Figure 

4.12, the azide peak intensity fell substantially after the click reaction. For higher azide coverages, 

some azide remained unclicked, likely due to steric hindrance. 

Spectra were also collected for mixed monolayers of azido-undecanethiol and decanethiol 

in the C-H stretching region. Various data sets were collected with varying conditions, all of which 

demonstrated that the mixed monolayers had relatively poor packing density. Example spectra at 

100%, 50%, and 20% mole fraction are presented in Figure 4.13a, along with a full set of data 

demonstrating variation in the asymmetric CH2 stretching mode as a function of azide mole 

fraction in Figure 13b. The data appear to indicate a small redshift in the peak position as the 

fraction of azido-undecanethiol decreases, but the large errors make it difficult to say with 

certainty. Regardless, all spectra have an asymmetric CH2 mode position well above 2924 cm-1, 

indicating a liquid-like level of crystallinity. 

 

4.4: Design and Construction of a PM-IRRAS Spectroelectrochemical Flow Cell 

Overview of Design Principles 

To aid our investigations of electrochemical surfaces, we designed and constructed a PM-

IRRAS spectroelectrochemical flow cell (SEC-FC). A few different example cells from the 

literature were used as reference during the design,48-53 especially that of Zamlynny and 

Lipkowski.5 The finalized design of the SEC-FC is presented in Figure 4.14, with additional angles 

in Figure C.4 and an exploded view in Figure C.5. The design went through several iterative stages 

before the finalized design was settled on, and the part number designations are artifacts of this  
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Figure 4.14  Design illustration of the PM-IRRAS SEC-FC. The reference electrode, counter 

electrode, external tubing, pump, and positioning components are not included. The IR beam 

passing through the cell is represented in red.  

 

 

 

 

 

Figure 4.15  The path of the beam through the well is schematically represented with a top view. 

The components are not shown to scale. Blue regions represent the electrolyte present in the 

flow channel, thin layer, and solution reservoir. 
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process (e.g., Part 3 was eliminated partway through the design, and the finalized design therefore 

does not have a Part 3). 

Based on the restrictions of PM-IRRAS and the types of samples we were interested in 

characterizing, we had several different parameters in mind when designing our own SEC-FC. In 

PM-IRRAS, analyte species at a reflective surface are probed using an IR beam incident on the 

surface at a grazing angle (~80° from the surface normal). PM-IRRAS can be used to investigate 

solid-liquid interfaces, though the thickness of the liquid layer must be minimized. As such, the 

SEC-FC was designed around control of the gap between the optical window and the working 

electrode, which could be adjusted by increments of 0.1 microns using a differential micrometer. 

Cell rigidity and extremely precise machining were needed to ensure that the position of the 

electrode shaft exactly was perpendicular to the IR window. 

In order to maximize the IR beam throughput, we used a CaF2 crystal beveled at 60° as the 

optical window. The angle requirements of PM-IRRAS make it impractical to use a flat window 

for measurements, as the throughput of the IR beam will be significantly reduced due to reflection 

at the air/window interface. By using a modified triangular prism for the window, we caused the 

beam to strike the window at an angle favorable for high transmission. The use of a 60° bevel was 

intended to balance the need for an inclined surface for the incoming beam with commercial 

availability of the appropriate optics. A diagram of the CaF2 window and beam is presented in 

Figure 4.15. 

The need for a thin layer for the optical portion of the experiment was in conflict with the 

demands of the electrochemical experiment. Over the timespan of data collection for a single PM-

IRRAS experiment, the amount of analyte in a stagnant 10-micron electrolyte layer would be 

completely consumed, making the spectroscopic data useless. In order to work around this  
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Figure 4.16  A schematic representation of the working electrode assembly of the PM-IRRAS 

SEC-FC. The identity and function of the individual components is detailed in the next section. 
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limitation, we designed the SEC-FC as a flow cell, with the electrolyte being continuously drawn 

though a flow channel in the center of the window by a syringe pump during the experiment. The 

flow within the thin electrolyte layer constantly replenished the supply of analyte, allowing 

consistent spectroscopic measurements to be done over the long timescales required for PM-

IRRAS. 

The SEC-FC was designed with maximum modularity in mind. The cell was constructed 

with many different parts to simplify assembly, disassembly, and cleaning. Modularity of the 

working electrode was a significant design concern. In particular, we wanted a working electrode 

assembly that could accommodate a variety of single-crystal metal electrodes, and an attachment 

method that allowed it to be mounted in the call without contacting the working surface, avoiding 

damage to any delicate surface structures or layers. Furthermore, it was necessary for the working 

electrode to be securely encased in a Teflon sheath that prevented solution contact with any 

electrical components other than the WE surface itself. The resulting structure can be seen in 

Figure 4.16, incorporating a threaded rod onto which a tapped electrode head is attached. The rod-

electrode assembly can then be drawn back into the sheath and piston without contacting the front 

surface. 

The choice of materials for the cell was critical to ensure both the rigidity of the structure 

and to prevent organic or metallic contamination of the electrolyte solution, even with moderately 

corrosive solutions. The polymer polyphenylene sulfide (PPS) was selected for most cell 

components (Parts 1a, 2a, 4a, 5a, and 5b) due to a combination of exceptional chemical resistance 

and minimal malleability. Components not in contact with the solution were primarily made from 

either aluminum (for the base [Part 2b], the micrometer clamp [Parts 6a and 6b], and the Thorlabs-
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supplied optical rails and carriers) or stainless steel (the WE rod [Part 4b]). The contact surface for 

the micrometer head (Part 5c) was made from Vespel polymer. 

 

Design Details and Assembly of the PM-IRRAS SEC-FC 

The SEC-FC is divided into a series of parts whose numbers roughly corresponding to 

stages in its assembly. However, since significant iteration occurred during the design process, the 

numbers as presented in the finalized design are not a perfect indicator of assembly order. As such, 

the design is presented here in a non-numeric order. The design schematics for each part, including 

solid model views, can be found in Appendix C, Figure C.8 through Figure C.16.  

The structural core of the SEC-FC comprises Parts 2a and 2b, which we refer to as the cell 

body and the base respectively. The base is constructed from aluminum and has attachments on 

the bottom for a set of optical rails to enable precise lateral positioning. The top has additional rail 

attachments for positioning of Part 6. The remainder of the top consists of a precisely machined 

rectangular groove into which the remainder of the cell components are fitted. The cell body fits 

snugly into the groove and is pinned in place with a set of three 1/4” shoulder screws. The body 

itself has a complex set of features positioned around a central bore that serves as the outer wall of 

the electrolyte reservoir. In the front, the cell body has a large O-ring glad which forms a seal with 

the optical window. On the left and right sides are taps for 1/2-20 PEEK pipe fitting, leading into 

short shafts that direct electrolyte flow in and out of the reservoir. On top is another shaft to 

accommodate the reference electrode, held in place through O-ring compression via a clamp. 

Part 1b is a 60°-beveled CaF2 prism that serves as the optical window, provided as a custom 

order by Crystran Ltd. A 1 mm bore drilled through the window serves as a flow channel. Part 1a, 

the cell front, fits into the groove of the base. It contains a cutout that holds the CaF2 window, and 



 141 

a tapped flow channel with an O-ring gland on the front that mates with the flow channel cutting 

through the window. On the central vertical axis of the cell body are two 1/4" slip fit holes that 

mate with set pins on Part 1a, and at each corner is another hole to admit a 1/4” shoulder screw. 

Together, these hold the cell front and body together as a rigid assembly that compression-seals 

the optical window. 

Part 4 contains the working electrode, and Part 5 holds Part 4 in place. Part 4 consists of a 

piston (4a), electrode shaft (4b), and electrode sheath (4d). The piston has a complex structure as 

it serves a number of roles in the cell. First, the thin middle section forms the inner wall of the 

electrolyte reservoir. An O-ring behind this section seals the reservoir from the back. A series of 

8 bores on the front connect the electrolyte reservoir with the thin electrolyte layer between the 

working electrode and window. The piston also holds the working electrode shaft in position. The 

shaft fits tightly into the bore running through the central axis of the piston. The threaded knob 

and angled surface on the front of the shaft mate with the electrode head (Part 4c). In the back, two 

slots on either side of the electrode shaft accommodate perpendicular dog point screws.  

Part 5a holds the piston assembly in place. The bottom section fits into the groove of the 

cell base and can be temporarily pinned in place with a shoulder screw to aid assembly. The key 

feature of Part 5a is the central bore, which accommodates the piston and matches up to the 

corresponding bore in Part 2a. On either side of Part 5a are tapped holes for the full dog point 

screws. During assembly, the Teflon electrode sheath is first fitted into the front of the piston. Then 

the electrode head is fitted onto the shaft, which is then inserted into the piston from the front, 

passing through the sheath. The piston is pinned in place by the dog point screws. These pass 

through the threaded portion into the unthreaded holes on the sides of the piston, and then fit 

loosely into the slots on the shaft. Next, a nut is screwed onto the threaded portion of the shaft. As 
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it pushes against the back of Part 5a, the shaft is drawn backwards due to the dog point screws, 

which prevent the shaft from rotating along with the nut. The electrode head can therefore be 

drawn back until its surface is flush with the Teflon sheath. This entire process avoids ever 

touching the front surface of the electrode head. Finally, the dog point screws are brough firmly 

into contact with the shaft slots, pinning the shaft in place and providing an electrical contact to 

the electrode. Part 5b is then fitted over the back of the electrode shaft and screwed in place. Part 

5b primarily exists to hold Part 5c, which is a rigid Vespel disk that provides a hard, non-

conductive contact surface for the micrometer. The entire structure consisting of all subparts of 

Parts 4 and 5 is hereafter referred to as the working electrode assembly (WEA). 

The differential micrometer (Newport DM-13L) held in place by Parts 6a and 6b serves to 

precisely position the WEA within the cell. Part 6a attaches to optical rails atop the cell base. The 

micrometer is placed with its attachment surface in the semicircular groove, and then Part 6b is 

fitted on top and screwed in place to hold the micrometer. With the WEA pinned in place, the 

micrometer assembly (MA) is fitted onto the rails and the pushing surface of the micrometer 

brought into contact with Part 5c. The rail carriers are pinned in place. Small, tapped holes on Parts 

5a and 6a are then used to attach steel springs on either side. These provide tension that holds the 

WEA and the MA together as the micrometer is extended and retracted. Finally, the pin holding 

the WEA to the base is removed, allowing the micrometer to position the WEA as desired to form 

a thin electrolyte layer between the working electrode and window. 

 

4.5: Testing PM-IRRAS Electrochemical Flow Cell 

We had three primary goals for the initial testing and data collection with the SEC-FC: 1) 

demonstrate surface selectivity in the in situ PM-IRRAS, 2) correlate a change in spectra with a 
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change in electrochemical behavior, and 3) validate the flow dynamics. To accomplish these goals, 

we planned to carry out the following validation cycle using the adsorption and desorption of a 

spectroelectrochemical probe molecule as a model system. We settled on trying reversible cyanate 

(-OCN) or thiocyanate (-SCN) adsorption on a polycrystalline copper surface based on previous 

reports successfully using these as probe systems.17, 54, 55 We planned to use the following 

experimental cycle to verify cell functionality: 

1. Fill cell with a blank electrolyte solution and hold the electrode at a negative 

potential, 

2. Flow a potassium [thio]cyanate solution into the cell, 

3. Apply a positive potential to the electrode, causing formation of a [thio]cyanate 

monolayer through oxidative oxidation, 

4. Flow a blank electrolyte solution into the cell, 

5. Apply a negative potential to the electrode, causing reductive desorption of the 

monolayer. 

PM-IRRAS spectra would be collected at each step in this process. For cyanate on the 

copper electrode we anticipated observing a solution-phase band around 2168 cm-1, and at positive 

potentials the appearance of a surface-bound cyanate species at 2275 cm-1.54, 55 For thiocyanate, 

the corresponding surface mode was expected at either 2070 cm-1 for an S-bound species or 2140 

cm-1 for an N-bound species.17, 55 

Initial testing of the cell was made difficult by an array of factors. In general it was difficult 

to get any sort of reliable probe peak, even from the electrolyte layer. On any given attempt, this 

could have been due to low probe concentration, poorly aligned optics, air bubbles, surface 

degradation, or other unrealized issues. We therefore adopted a somewhat scattershot approach to  



 144 

 
Figure 4.17  In situ PM-IRRAS spectra collected in an Ar-sparged 0.1 M KOH solution (blank) 

and 0.1 M KOH with 25 mM potassium thiocyanate with a polycrystalline Cu electrode. 

Electrode potential was adjusted above and below the thiocyanate adsorption potential of about 

-250 mV vs SCE. A 15 mL/h flow was used while thiocyanate solution was present. 

 

 
Figure 4.18  In situ PM-IRRAS spectra collected in an Ar-sparged 100 mM potassium cyanate 

solution using a polycrystalline Cu electrode without flow. The working electrode voltage was 

ramped from -550 mV to -100 mV vs. SCE, then held at -100 mV for three scans. Arrows indicate 

peaks of interest as described in the text. 
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cell testing wherein many parameters were being changed at once to try and find a set of conditions 

that worked sufficiently well to collect data and make further refinements. From the beginning, we 

also experienced problems with determining and reliably reproducing window-electrode distances. 

Attempting to gauge the gap thickness based on the cell resistance using measurement of the IR 

drop encountered problems with hysteresis (Figure C.6), which suggested that the window position 

had some flex, and pushing the piston up against it caused movement. Despite early setbacks, we 

were eventually able to observe the appearance of a thiocyanate peak at 2070 cm-1 in a 25 mM 

solution, which was assigned to the solution species (Figure 4.17). Changes in the voltage applied 

to the copper electrode appeared to make no change to the thiocyanate peak under 15 mL/h flow, 

nor did they induce the growth of additional peaks. 

The poor results from early tests caused us to rethink our approach and try using KOCN at 

a higher concentration (100 mM) without flow or further electrolyte, relying on depletion of the 

cyanate content in the thin layer and steady growth of the surface peaks to allow identification. 

The resulting spectra are presented in Figure 4.18. Tentative peak identifications were made based 

primarily on a report from Brandt and coworkers.54 The electrode was initially held at -550 mV, 

well below the potential of oxidative adsorption, and then stepped positive. Below -150 mV a large 

partially bipolar band was seen in the region between 2150 and 2200 cm-1, which was assigned to 

the unbound solution-phase cyanate anion. A small band was also observed around 2290 cm-1. 

Once the solution was stepped to -150 mV, a decrease was seen in the solution-phase band, as 

would be expected from depletion of the thin layer. The small band at 2290 cm-1 also rose sharply, 

suggesting it could be the surface-bound species. However, a broad band or set of bands also 

appeared in the intermediate region between 2280 and 2200 cm-1. Along with the 2290 cm-1 band, 

these rose as the potential was stepped to -100 mV, where it was held for three sets of scans. The 
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2290 cm-1 appeared to reach a maximum, as might be expected if the cyanate had reach complete 

coverage on the surface, but the middle bands continued to rise with successive scans. Based on 

this behavior, these bands appeared to derive from one or more complexed Cu-OCN species in 

solution, suggesting the cyanate not only adsorbed, but actually dissolved the Cu surface. 

This finding was supported by further testing using electrolyte flow. A blank solution of 

200 mM sodium perchlorate was flowed into the cell, then 200 mM sodium perchlorate with 200 

mM sodium cyanate. Under flow, the adsorbed cyanate peak was observed at OCV. As seen in 

Figure 4.19a, the electrode voltage was then toggled positive and negative of OCV, causing the 

peak to disappear positive of OCV and reappear negative of OCV. The exact position of OCV 

varied with electrode position due to the voltage differences induced by the cell resistance. No 

peaks were observed between the free solution-phase -OCN and the assigned surface-bound 

species, indicating that the complexed Cu-OCN species were being removed rapidly from the thin 

layer as they formed, and supporting the assignment of the band at 2290 cm-1 to the adsorbed OCN. 

However, further experiments attempting to confirm this assignment by maintaining the surface-

bound species once the perchlorate blank was flowed through the thin layer were unsuccessful 

(Figure 4.19b). When the electrode was held at about -300 mV vs SCE to match the OCV, the 

surface cyanate band disappeared along with the solution-phase band. 

Altogether, these results provided tantalizing evidence that the SEC-FC could function as 

intended: we had likely detected a surface species, demonstrated a spectroelectrochemical 

response, and validated the flow dynamics of the cell. However, we also determined that the 

Cu/cyanate probe system suffered from significant degradation of the Cu surface during 

experiments. In addition to the electrochemical evidence for Cu dissolution, we also observed 

visible macroscale degradation and oxidation of the electrode. We determined that transitioning to  



 147 

 

Figure 4.19  In situ PM-IRRAS spectra collected in Ar-sparged 0.2 M sodium perchlorate 

solution (blank) and 0.2 M sodium perchlorate with 100 mM sodium cyanate with a 

polycrystalline electrode. All spectra are under 10 mL/h flow. a) The working electrode potential 

is toggled positive and negative of the open circuit voltage (about -300 mV), which reflects the 

adsorption potential of the cyanate. Spectra are presented offset for clarity, with two 

adsorption/desorption cycles followed by a final adsorption. b) The working electrode is held at 

the OCV potential (OCV not permitted to float) as a blank solution is flowed into the cell. The 

peaks assigned to both the surface and solution cyanate species disappear as blank solution is 

flowed in. 
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an Au surface could provide a more stable platform for cyanate adsorption relative to Cu. Reports 

from various groups had gotten a good spectroelectrochemical response from Au-OCN surface 

species.55-57 We expected the adsorption band for cyanate on gold to appear between 2190 and 

2220 cm-1, alongside the 2168 cm-1 solvated cyanate. 

Due to the intrinsic difficulties in acquiring a precisely machined and tapped electrode of 

pure gold, we decided to prepare machined Ti electrodes which would then be electropolished and 

sputtered with Au to form a polycrystalline Au surface. The electropolish procedure was based on 

a report from Kim and coworkers,58 and involved a rough polish of the electrode surface with 600-

grit sandpaper followed by immersion in a 1 M NaCl solution in 20% ethanol and 80% ethylene 

glycol and application of a +20 V voltage against a stainless steel counter electrode. Many 

combinations of voltage and polishing time were attempted, none of which produced a surface that 

was both flat and macroscopically smooth—the procedure generally caused surface pitting, 

rounding of the surface edges, or both. Some examples of electropolished surfaces with different 

polishing times are provided in Figure C.7. The electropolish was abandoned in favor of a 

sequential diamond polish to 0.1 microns followed by Au sputtering. 

Adsorbed cyanate was not observed when this system was tested, as seen in Figure 4.20. 

There are several possible reasons for this. A poorly defined surface could be causing problems 

with the optical requirements of the experiment or causing a low coverage of the end-on cyanate 

adsorption orientation needed for PM-IRRAS detection. Adventitious carbon on the Au surface 

could be preventing coordination of cyanate species, which would necessitate rigorous cleaning 

procedures and the impractical sequestration of the gold surface from ambient air during the cell 

assembly and filling process. Moreover, there is expected to be a large potential gradient across 

the electrode surface due to voltage dynamics. This would mean that the voltage applied by the  
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Figure 4.20  In situ PM-IRRAS spectra collected in an Ar-sparged 0.2 M sodium perchlorate 

solution (blank) and 0.2 M sodium perchlorate with 100 mM sodium cyanate with an Au-coated 

Ti electrode. The working electrode voltage was stepped positive and negative of the expected 

adsorption potential of around 350 mV vs SCE. 
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potentiostat does not necessarily match up to the true potential difference between the working 

and counter electrodes on the portion of the electrode surface being sampled. Thiourea and 

deposited azido-alkanethiols were also tried as probe systems and also did not show surface peaks 

in the PM-IRRAS spectra. The PM-IRRAS SEC-FC was then set aside in favor of other projects 

after we determined it was unlikely to produce useful experimental data within a workable 

timeframe. 

Challenges of the PM-IRRAS SEC-FC Design 

Our testing of the PM-IRRAS SEC-FC highlighted five major flaws in the design and 

implementation of the SEC-FC apparatus that prevented it from being used effectively to produce 

reliable data. As seen with the Cu-cyanate data, the apparatus could theoretically produce 

detectable spectroelectrochemical responses, but a number of practical issues were at play. 

First, we had no reliable method for focusing the IR beam onto the surface. The IR beam 

is quite weak after passing through the polarizer and PEM, and so normal methods of determining 

IR laser position were not helpful. The visible-range guiding laser produced by the FT-IR to 

demonstrate beam position is no longer accurate once passed through the external PM-IRRAS 

optics, though it can be used for a first approximation of the beam position and focal point. 

However, once the beam passes into the cell, even that guide is no longer available. In general the 

positioning was done using total beam intensity at the detector as a guide. However we also found 

that the PPS surfaces of the cell can reflect the IR beam, making this positioning method untenable. 

Second, we had no reliable method for determining the distance between the electrode and 

the window, and thus the thickness of the electrolyte layer. As seen in Figure C.6, trying to gauge 

the size of the electrode-window gap using resistance monitoring mainly served to demonstrate 

that hysteresis occurs, indicating some flex in the system. This meant that the position of the 
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micrometer was not necessarily an accurate indicator of the position of the electrode relative to the 

window. Eventually, we settled for a scheme by which the electrode was pushed all the way against 

the window, then retracted a set distance until solution flow was able to happen by hand operation 

the inlet syringe. This approach has myriad issues, including possible damage to the electrode, 

damage to the CaF2 crystal window, and no absolute measurement of the gap size. 

Third, the apparatus lacked the infrastructure to permit reproducible positioning. The 

external optics are all moved separately. This problem is a purely mechanical one which could be 

solved by building a rotating stage with adjustable, locking x, y, z, and rotational axes. However, 

such a setup was unavailable to us at the time when the apparatus was being built, and so we relied 

on hand positioning each optical component. This was incredibly time consuming and had very 

minimal reproducibility. 

Fourth, air bubbles near the electrode surface could never be completely removed. While 

the general flow structure worked well, edges of electrode-window gap tended to form air bubbles 

during filling which were difficult to fully remove. The bubbles could be causing beam attenuation 

by providing a complex refractive environment and producing scattering. They could also be 

introducing dissolved oxygen into the otherwise N2-sparged solution. 

Lastly, while the electrode design had been intended to aid modularity, it actually vastly 

limited the available electrode materials and caused significant problems with electrode 

preparation. The intent had been to allow single-crystal electrodes to be attached to the apparatus 

and drawn backwards into the electrode sheath without either contacting the front surface or 

breaking a soldered bond. Moreover, it would allow different electrodes to be swapped in and out 

easily. However, our problems with the Ti-based electrodes served as a early indication of some 

the problems: imprecision and markings from the machining, difficulties in achieving surface 
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smoothness, and complications from deposition of materials that aren’t suitable for machining, 

such as gold. 

 

4.6: Conclusions 

PM-IRRAS is an attractive technique for analysis of electrocatalytic surfaces, though its 

advantages are tempered with some major restrictions and technical complications. We designed 

and constructed ex situ and in situ apparatuses for conducting PM-IRRAS experiments. We were 

successful in collecting useful data with the ex situ tabletop module, which will see continuing use 

for the characterization of alkanethiol self-assembled monolayers and related systems where good 

sample reflectance is ensured and where important features are present under ambient conditions. 

The design of the SEC-FC addressed the needs of ambitious experimental goals. Its key innovation 

from previously published designs was the use of a novel working electrode assembly that 

permitted electrode modularity and prevented surface contact during use. While the PM-IRRAS 

SEC-FC accomplished many of its design goals and functioned perfectly from a mechanical 

perspective, this iteration of the design was found to be unfeasible for use as a robust 

spectroelectrochemical apparatus. Although some spectroelectrochemical data were collected, 

measurements were hampered by an array of fundamental problems which caused the project to 

be shelved. Thoughts on future directions for building a usable spectroelectrochemical cell are 

found in the following section. 
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4.7. Future Directions 

Ex Situ Measurements 

Despite the challenges encountered with the in situ PM-IRRAS SEC-FC, the ex situ PM-

IRRAS TOM functions well and is expected to be quite useful into the near future as alkanethiol 

SAMs on gold and other metal surfaces continue to be an area of research in the group. PM-IRRAS 

is extraordinarily well-suited to this application, as attested by its presence in other literature 

reports. A few mechanical modifications to the TOM could improve ease of usability. The first 

would be the replacement of the dual lens tube with a small parabolic mirror to focus the beam 

into the detector. This is a standard feature of commercial optical layouts, and it is unclear in 

retrospect why we used lenses. In the absence the flow cell, the lenses are the only CaF2 optics in 

the beam path and are therefore preventing detection of any bands below about 1200 cm-1. Future 

operators of the TOM should also consider a large rotational stage can be acquired for the sample 

holder, focusing optics (lens tube or parabolic mirror), and detector. Again, this is a standard 

feature of commercial optical layouts which we forewent in favor of a more flexible (but finicky) 

set of optomechanics. While the TOM functions without it, such a stage would greatly simplify 

sample repositioning and make the TOM more broadly usable. 

Future users could also design a simple electrochemical compression cell, accommodating 

an Au-sputtered Si wafer and using a spacer to control the gap size, to enable rudimentary in situ 

PM-IRRAS analysis of SAM electrochemical behavior without the substantial electrode 

positioning and flow infrastructure of the SEC-FC. A 60° beveled CaF2 prism is probably still the 

best optical window for such a cell, and the set acquired for the SEC-FC could be repurposed. 
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In Situ Measurements 

Future work on an in situ IR reflective spectroelectrochemical apparatus should carefully 

consider the minimum experimental goals and what technique is best equipped to meet those goals. 

PM-IRRAS was originally chosen with specific experiments in mind and is likely not the most 

appropriate choice for the majority of experiments with electrocatalytic systems. The need for a 

thin electrolyte layer on the scale of tens of microns is a major design and usage constraint, 

introducing problems with both the optical conditions and the electrochemical conditions of the 

experiment. In any case where an internal reflectance technique can be used, it would be the better 

choice—in general, unless it is necessary to use a single-crystal metal electrode (or one that is a 

macroscale chunk of metal for some essential reason) for the experiment, an internal reflectance 

technique should be preferred. As mentioned in Section 3.6, SEIRAS could be an excellent 

technique for in situ investigations of spectroelectrochemical responses in polymer layers.  

While a full systematic redesign of the PM-IRRAS SEC-FC is beyond the scope of this 

dissertation, I will lay out some basic imperatives for any new design in the event that it becomes 

necessary. First, as mentioned above, the essential design constraints must be determined, and all 

other considerations should be secondary to achieving those design constraints. The SEC design 

presented here had several design constraints that may have been less crucial than anticipated, 

including encasement of the working electrode in a highly protective PPS and Teflon structure, 

which led to many problems in the end. Other designs have generally settled for a more minimal 

encasement of the non-working surfaces, such as with epoxy. Next, some reliable method is needed 

for achieving a consistent window-electrode gap distance. Our design avoided spacers in favor of 

something more adjustable, but incorporation of a ~10 micron spacer would vastly simplify 

electrode positioning. Finally, additional resources must be invested into external positioning 
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infrastructure for the cell, including at a minimum a 3-axis stage to hold the cell, and a rotational 

stage to allow the angle to be readily changed without needing to entirely reposition the external 

optics. 
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5. Conclusions and Recommendations for Future Study 
 

 

5.1. Conclusions 

The work presented in this dissertation aimed to advance our understanding of 

electrocatalytic materials through fundamental spectroscopic and microscopic analysis of model 

systems from which we can draw insight about how to rationally design more complex catalytic 

systems. Our primary focus was the electrochemical reduction of CO2 to fuels and other value-

added products, which could prove to be a breakthrough technology for decarbonization of the 

energy economy in the coming decades. In Chapter 1 we explored the state of the field for the 

CO2RR, including challenges associated with gas-fed CO2 electrolyzers needed for industrial 

scaling, finding that there is much room for improvement in understanding and controlling the 

microenvironment of CO2 catalysis. We proposed that further exploration of heterogenized 

molecular catalyst systems—including polymer-catalyst composites such as CoPc-P4VP—could 

yield breakthroughs in producing electrolyzers that combine high catalytic throughput, a strong 

selectivity for desirable carbon products, and sufficient stability for long-term use. We then 

highlighted previous work by our group on the CoPc-P4VP system and noted areas in which 

characterization of the polymer-catalyst composite layer structure was needed, specifically CoPc 

aggregation and the fractional protonation of the P4VP in buffered electrolyte solutions. 

In Chapter 2 we investigated how P4VP, as a polymer capable of coordinating axially to 

CoPc, can serve to disaggregate the catalyst in the deposition solution and in the deposited layer. 
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We found that P4VP is well-suited to creating a disaggregated solid solution of CoPc. Based on 

our findings, we describe this effect in two phases: 1) P4VP axially coordinates to CoPc in the 

deposition solution, improving overall solvation of the initially aggregated CoPc; and 2) P4VP 

holds the monomeric CoPc apart during layer deposition through a combination of axial 

coordination and π-stacking interactions, preventing reaggregation. We also found that Nafion, a 

ubiquitous catalyst binding polymer in the heterogenous electrochemical literature, had little or no 

efficacy for disaggregating CoPc. Our primary tool in this investigation was UV-Vis spectroscopy, 

which we used to evaluate the relative monomerization of CoPc in both the deposition solution 

and the deposited layer. Scanning electron microscopy was used to directly image CoPc aggregates 

in support of the UV-Vis results. Finally, electrocatalytic results confirmed that CoPc-P4VP layers 

were more active and selective for the CO2RR than CoPc-Nafion layers, which we partially 

attribute to the variation in disaggregation. This work is of critical importance for the design of 

CO2 electrolyzers using CoPc and similar molecular catalysts, as it demonstrates that the choice 

of polymer greatly impacts the dispersion of the catalyst, and thus the maximum achievable 

turnover frequency of the catalyst. 

In Chapter 3 we returned to the CoPc-P4VP system to understand how the electrolyte 

buffer solution interacts with the polymer. In particular, we explored how variations in the 

composition of the bulk solution are reflected in the fractional protonation of the polymer’s pyridyl 

moieties. The fractional protonation serves as an indicator of layer hydration, but also impacts the 

functionality of the proton relay delivering protons to the catalytic sites. The electrocatalytic 

response to changing pH and buffer concentration was correlated with a direct observation of 

protonation in the P4VP layers using ex situ infrared spectroscopy. As anticipated, we found that 

decreasing the pH of the bulk solution increased the protonation of the P4VP layer, which 
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correlated with an increasing activity for hydrogen reduction, and thus a decreased selectivity for 

the CO2RR. Less expected was the observation that increasing the buffer electrolyte concentration 

caused a proportional increase in the protonation of the layer, and likewise a higher activity for the 

HER. We understand this as the effect of greater equilibrium partitioning of the electrolyte ions 

into the polymer layer, which in turn increases ability of the layer to be protonated because of the 

higher availability of anions for charge balancing. We also expect that higher protonation 

correlates with a higher level of layer hydration. These results may be especially impactful for the 

design of gas-fed electrolyzers, where maintenance of the essential triple phase junction requires 

careful control of hydration and a rapid but controlled delivery of protons. 

In Chapter 4 we explored the application of the surface-selective PM-IRRAS technique to 

electrocatalytic systems. In a two-phase process, we designed and built both a tabletop optical 

module for ex situ PM-IRRAS analysis of surface structures and a spectroelectrochemical flow 

cell for in situ detection of electrocatalytic species. The TOM was used to investigate the packing 

quality of alkanethiol self-assembled monolayers. A number of functional goals and technical 

restrictions informed our design of the PM-IRRAS SEC-FC. The finalized design was constructed 

and tested but suffered from a number of flaws that greatly hindered its practical usability. 

However, the design process and failure modes were informative and may serve as a guide to 

future work in this area within our research group. 

 

5.2. Recommendations for Future Study 

Recommendations of continuing work in various projects have been outlined in previous 

sections of this dissertation, so this section will propose some more speculative work. To date, 

researchers have only scratched the surface of work to implement polymer-catalyst composite 
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materials in gas-fed CO2 electrolyzers. The design space is wide open, with an incredible array of 

tunable features that could be used to carefully control layer hydration, substrate and product 

transport, conductivity, catalyst electronic structure, and more. Work by Sargent, Sinton, and 

coworkers mentioned in Chapter 1.2 is a window into what the future could hold for polymer-

catalyst architectures.1 Strategies to introduce multiple functional domains into the polymer seem 

particularly promising, and polymer chemistry is certainly up to the challenge of building intricate 

block copolymers for this purpose.2-4  P4VP and derivatives have a role to play in this vision, as 

work in our group has demonstrated its efficacy for improving multiple aspects of catalysis. 

Copolymerization of P4VP with a CO2 transport polymer5-8 would be one obvious route for 

investigation. Copolymerization or blend deposition with a more conductive polymer could also 

be fruitful, as P4VP is currently limited as a catalyst composite material by its dependence on 

codeposited carbon black or nanotubes.9  

However, more complex catalyst materials bring their own challenges, and must continue 

to be guided by fundamental studies that probe the underlying reasons why particular systems are 

or are not effective. Ex situ and in situ spectroscopic studies continue to play a major role, both to 

characterize structural features and to correlate mechanistic features to electrochemical results.10,11 

My investigations in Chapters 2 and 3 demonstrate the types of fundamental spectroscopic studies 

of model systems where the results can directly inform understanding of the more complex systems 

that are difficult to probe directly. For GDE systems it is especially important to understand the 

extent of hydration and ion transport in the layer, as these determine whether the triple phase 

boundary is correctly situated in the catalyst layer. Direct detection of anion bands in the layer 

would provide a spectroscopic handle for hydration through the proxy of simultaneous ion 

intercalation. In situ X-ray absorbance spectroscopy (XAS) studies would also be valuable to probe 
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how different conditions and catalyst layer compositions influence the electronic structure of the 

molecular catalyst metal centers. XAS could also provide information about the dispersion of CoPc 

or other molecular catalysts in the composite layer.12 

Eventually, in situ infrared techniques could also be useful for detecting and characterizing 

reaction intermediates such as CO2 or CO adducts on metal centers within the polymer composite 

layer. This would provide information both about the mechanism (the detection of an adduct could 

indicate a long residence time on the metal site and thus confirm electrochemical identification of 

a rate-determining step) and about transport (variations in the intensity of adduct peaks could 

provide information about how different conditions alter the diffusion distance of CO2 into the 

layer).  

Overall, there is still a tremendous amount of room to achieve critical breakthroughs in 

CO2 electrolyzer technologies, and more resources should be supplied to both fundamental and 

applied research in this field. Decarbonization of the energy system must be achieved in the next 

few decades, and CO2 reduction has the potential to serve as a key method for turning sequestered 

carbon emissions into something of value. Much more work is needed to reach that goal in practical 

and economical systems, but the results of this dissertation contribute some of the groundwork for 

the future of carbon recycling. 
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Appendix A. Supplementary Information for Chapter 2 
 

 

Supplementary Tables for Chapter 2 

 

Sample CoPc / M Peak Monomer Abs. 

CoPc/DMF 

2 × 10-5 0.43 ± 0.05 

1 × 10-5 0.37 ± 0.04 

5 × 10-6 0.33 ± 0.04 

2 × 10-6 0.15 ± 0.02 

1 × 10-6 0.075 ± 0.013 

5 × 10-7 0.036 ± 0.005 

0 0.002 ± 0.001 

CoPc/DMF with 1% w/v of 

P4VP 

2 × 10-5 0.96 ± 0.09 

1 × 10-5 0.61 ± 0.05 

5 × 10-6 0.34 ± 0.03 

2 × 10-6 0.13 ± 0.01 

1 × 10-6 0.07 ± 0.01 

5 × 10-7 0.034 ± 0.004 

0 0.002 ± 0.000 

CoPc/DMF with 1% w/v of 

P4CS 

2 × 10-5 0.6 ± 0.1 

1 × 10-5 0.48 ± 0.06 

5 × 10-6 0.29 ± 0.06 

2 × 10-6 0.11 ± 0.01 

1 × 10-6 0.06 ± 0.01 

5 × 10-7 0.022 ± 0.005 

0 0.003 ± 0.001 

 

Table A.1.  Mean peak absorbances measured for CoPc and CoPc-polymer deposition solutions 

in DMF. Columns 1-2 designate the type of sample and the analytical concentration of CoPc in 

units of M. Column 3 details the baseline-corrected CoPc monomer Q-band peak absorbance as 

an average across seven independently prepared samples. Errors the are first standard deviation 

of the measured peak absorbances. 
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Sample CoPc / M Peak Monomer Abs. 

CoPc/py/DMF 

2 × 10-5 1.46 ± 0.02 

1 × 10-5 0.90 ± 0.02  

5 × 10-6 0.456 ± 0.004 

2 × 10-6 0.187 ± 0.009 

1 × 10-6 0.094 ± 0.004 

5 × 10-7 0.048 ± 0.003 

0 0.001 ± 0.000 

CoPc/py/DMF with 1% w/v 

of P4VP 

2 × 10-5 1.42 ± 0.04 

1 × 10-5 0.09 ± 0.05 

5 × 10-6 0.45 ± 0.02 

2 × 10-6 0.19 ± 0.01 

1 × 10-6 0.094 ± 0.004 

5 × 10-7 0.047 ± 0.003 

0 0.002 ± 0.001 

CoPc/py/DMF with 1% w/v 

of P4CS 

2 × 10-5 1.42 ± 0.03 

1 × 10-5 0.83 ± 0.05 

5 × 10-6 0.40 ± 0.03 

2 × 10-6 0.17 ± 0.01  

1 × 10-6 0.084 ± 0.006 

5 × 10-7 0.044 ± 0.003 

0 0.005 ± 0.002 

 

Table A.2  Mean peak absorbances measured for CoPc and CoPc-polymer deposition solutions in 

95% DMF, 5% pyridine. Columns 1-2 designate the type of sample and the analytical 

concentration of CoPc in units of M. Column 3 details the baseline-corrected CoPc monomer Q-

band peak absorbance as an average across three independently prepared samples. Errors the are 

first standard deviation of the measured peak absorbances. 
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Sample CoPc / M Peak Monomer Abs. 

CoPc/mixed 

2 × 10-5 0.24 ± 0.01 

1 × 10-5 0.19 ± 0.02 

5 × 10-6 0.16 ± 0.02 

2 × 10-6 0.095 ± 0.02 

1 × 10-6 0.055 ± 0.009 

5 × 10-7 0.030 ± 0.004 

0 0.000 ± 0.000 

CoPc/mixed with 1% w/v of 

P4VP 

2 × 10-5 0.43 ± 0.04 

1 × 10-5 0.32 ± 0.03 

5 × 10-6 0.203 ± 0.007 

2 × 10-6 0.11 ± 0.01 

1 × 10-6 0.06 ± 0.01 

5 × 10-7 0.034 ± 0.006 

0 0.001 ± 0.000 

CoPc/mixed with 1% w/v of 

Nafion 

2 × 10-5 0.28 ± 0.02 

1 × 10-5 0.25 ± 0.02 

5 × 10-6 0.235 ± 0.05 

2 × 10-6 0.13 ± 0.015 

1 × 10-6 0.07 ± 0.02 

5 × 10-7 0.034 ± 0.007 

0 0.005 ± 0.001 

 

Table A.3  Mean peak absorbances measured for CoPc and CoPc-polymer deposition solutions in 

mixed solvent. For CoPc and CoPc-P4VP, the mixed solvent had a total composition of 80% DMF, 

15.6% 2-propanol, 4% water, and 0.4% methanol. For CoPc-Nafion, the mixed solvent had a total 

composition of 80% DMF and 20% Nafion solvent as supplied by Sigma Aldrich. Columns 1-2 

designate the type of sample and the analytical concentration of CoPc in units of M. Column 3 

details the baseline-corrected CoPc monomer Q-band peak absorbance as an average across five 

independently prepared samples. Errors the are first standard deviation of the measured peak 

absorbances. 
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Sample CoPc / M Peak Monomer Abs. 

CoPc/py/mixed 

2 × 10-5 1.53 ± 0.08 

1 × 10-5 1.0 ± 0.1 

5 × 10-6 0.51 ± 0.06 

2 × 10-6 0.21 ± 0.03 

1 × 10-6 0.11 ± 0.015 

5 × 10-7 0.054 ± 0.008 

0 0.001 ± 0.000 

CoPc/py/mixed with 1% w/v 

of P4VP 

2 × 10-5 1.51 ± 0.09 

1 × 10-5 1.0 ± 0.1 

5 × 10-6 0.51 ± 0.065 

2 × 10-6 0.21 ± 0.03 

1 × 10-6 0.105 ± 0.02 

5 × 10-7 0.054 ± 0.008 

0 0.001 ± 0.000 

CoPc/py/mixed with 1% w/v 

of Nafion 

2 × 10-5 1.525 ± 0.09 

1 × 10-5 1.1 ± 0.15 

5 × 10-6 0.61 ± 0.08 

2 × 10-6 0.25 ± 0.03 

1 × 10-6 0.13 ± 0.02 

5 × 10-7 0.065 ± 0.008 

0 0.000 ± 0.000 

 

Table A.4  Mean peak absorbances measured for CoPc and CoPc-polymer deposition solutions in 

mixed solvent with pyridine. For CoPc and CoPc-P4VP, the mixed solvent had a total composition 

of 75% DMF, 5% pyridine, 15.6% 2-propanol, 4% water, and 0.4% methanol. For CoPc-Nafion, 

the mixed solvent had a total composition of 75% DMF, 5% pyridine, and 20% Nafion solvent as 

supplied by Sigma Aldrich. Columns 1-2 designate the type of sample and the analytical 

concentration of CoPc in units of M. Column 3 details the baseline-corrected CoPc monomer Q-

band peak absorbance as an average across three independently prepared samples. Errors the are 

first standard deviation of the measured peak absorbances. 
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Deposition Solution CoPc Concentration / M  CoPc Loading in Deposited Layer / mol/cm2 

2 × 10-5  6.2 × 10-11 

1 × 10-5  3.1 × 10-11 

5 × 10-6  1.6 × 10-11 

2 × 10-6  6.2 × 10-12 

 

Table A.5  CoPc loadings for the diffuse reflectance samples are presented in terms of moles of 

CoPc per cm2 of sample surface. Because each sample slide was of equal area (1 inch × 1 inch) 

and had an equal aliquot of solution drop cast onto it (200 µL), the loading for each sample is 

directly proportional to the deposition solution concentration. The latter quantity has been used 

to identify the CoPc loading in the main text to ease comparison between the solution-phase 

transmission UV-Vis results and the solid-phase diffuse reflectance results, and this table has been 

included for clarity. 
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 Peak Monomer Absorbance / F(R) 

Sample 
Dep. Soln. CoPc 

Conc. / M 
Mean 1st Qu. Median 2nd Qu. IQR 

CoPc 

2 × 10-5 M 3.6 × 10-4 9.0 × 10-5 1.4 × 10-4 3.1 × 10-4 2.2 × 10-4 

1 × 10-5 M 8.3 × 10-5 5.9 × 10-5 7.6 × 10-5 9.3 × 10-5 3.3 × 10-5 

5 × 10-6 M 5.4 × 10-5 2.6 × 10-5 4.1 × 10-5 7.0 × 10-5 4.4 × 10-5 

2 × 10-6 M 5.1 × 10-5 3.6 × 10-5 4.3 × 10-5 5.2 × 10-5 1.7 × 10-5 

0 1.4 × 10-5 4.0 × 10-6 8.2 × 10-6 2.4 × 10-5 2.0 × 10-5 

CoPc-P4VP 

2 × 10-5 M 0.019 0.0055 0.012 0.035 0.029 

1 × 10-5 M 0.0056 0.0019 0.0041 0.0070 0.0051 

5 × 10-6 M 0.0021 9.8 × 10-4 0.0018 0.0026 0.0016 

2 × 10-6 M 4.7 × 10-4 2.1 × 10-4 3.5 × 10-4 6.3 × 10-4 4.2× 10-4 

0 2.5 × 10-5 2.0 × 10-5 2.7 × 10-5 2.9 × 10-5 8.9 × 10-6 

CoPc-P4CS 

2 × 10-5 M 0.0036  0.0014 0.0022 0.0050 0.0036 

1 × 10-5 M 6.3 × 10-4 2.5 × 10-4 5.1 × 10-4 9.0 × 10-4 6.5 × 10-4 

5 × 10-6 M 3.8 × 10-4 8.6 × 10-5 1.6 × 10-4 4.1 × 10-4 3.3 × 10-4 

2 × 10-6 M 9.4 × 10-5 4.1 × 10-5 9.5 × 10-5 1.2 × 10-4 7.5 × 10-5 

0 2.3 × 10-5 1.0 × 10-5 1.7 × 10-5 3.6 × 10-5 2.6 × 10-5 

CoPc-Nafion 

2 × 10-5 M 4.5 × 10-4 7.5 × 10-5 2.1 × 10-4 5.7 × 10-4 4.9 × 10-4 

1 × 10-5 M 5.4 × 10-5 2.3 × 10-5 4.1 × 10-5 7.6 × 10-5 5.3 × 10-5 

5 × 10-6 M 6.2 × 10-5 2.3 × 10-5 4.5 × 10-5 9.1 × 10-5 6.8 × 10-5 

2 × 10-6 M 4.2 × 10-5 2.4 × 10-5 3.5 × 10-5 5.5 × 10-5 3.1 × 10-5 

0 2.0 × 10-5 1.2 × 10-5 1.6 × 10-5 2.6 × 10-5 1.4 × 10-5 

 

Table A.6  Statistical data are presented for diffuse reflectance UV-Vis measurements of deposited 

layers. The values correspond to the box-and-whiskers plots presented in Figure 2.6a and Figure 

A.6. Quartile and median values were determined using OriginLab. 
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 Peak Monomer Absorbance / F(R) 

Sample 
Dep. Soln. CoPc 

Conc. / M 
Mean 1st Qu. Median 2nd Qu. IQR 

CoPc(py) 

2 × 10-5 M 2.4 × 10-4 7.8 × 10-5 1.0 × 10-4 3.0 × 10-4 2.2 × 10-4 

1 × 10-5 M 1.6 × 10-4 1.0 × 10-4 1.3 × 10-4 2.0 × 10-4 1.0 × 10-4 

5 × 10-6 M 9.1 × 10-5 2.7 × 10-5 3.6 × 10-5 1.1 × 10-4 7.9 × 10-5 

2 × 10-6 M 3.7 × 10-5 1.0 × 10-5 1.6 × 10-5 3.2 × 10-5 2.1 × 10-5 

0* 1.4 × 10-5 4.0 × 10-6 8.2 × 10-6 2.4 × 10-5 2.0 × 10-5 

CoPc(py)-

P4VP 

2 × 10-5 M 0.026 0.0045 0.012 0.045 0.040 

1 × 10-5 M 0.013 0.0036 0.0069 0.018 0.014 

5 × 10-6 M 0.0021 5.8 × 10-4 0.0015 0.0023 0.0017 

2 × 10-6 M 6.6 × 10-4 7.7 × 10-5 2.0 × 10-4 7.1 × 10-4 6.3 × 10-4 

0* 2.5 × 10-5 2.0 × 10-5 2.7 × 10-5 2.9 × 10-5 8.9 × 10-6 

CoPc(py)-

P4CS 

2 × 10-5 M 0.016 0.0043 0.0093 0.020 0.016 

1 × 10-5 M 0.0052 0.0012 0.0045 0.0071 0.0049 

5 × 10-6 M 7.6 × 10-4 1.8 × 10-4 4.5 × 10-4 0.0010 8.2 × 10-4 

2 × 10-6 M 1.4 × 10-4 3.7 × 10-5 7.5 × 10-5 1.6 × 10-4 1.3 × 10-4 

0* 2.3 × 10-5 1.0 × 10-5 1.7 × 10-5 3.6 × 10-5 2.6 × 10-5 

CoPc(py)-

Nafion 

2 × 10-5 M 5.7 × 10-4 1.4 × 10-4 4.0 × 10-4 7.0 × 10-4 5.5 × 10-4 

1 × 10-5 M 1.1 × 10-4 4.8 × 10-5 6.3 × 10-5 1.2 × 10-4 7.3 × 10-5 

5 × 10-6 M 3.8 × 10-5 2.8 × 10-5 3.6 × 10-5 4.1 × 10-5 1.3 × 10-5 

2 × 10-6 M 3.8 × 10-5 2.6 × 10-5 3.7 × 10-5 4.9 × 10-5 2.3 × 10-5 

0* 2.0 × 10-5 1.2 × 10-5 1.6 × 10-5 2.6 × 10-5 1.4 × 10-5 

 

Table A.7  Statistical data are presented for diffuse reflectance UV-Vis measurements of deposited 

layers. The values correspond to the box-and-whiskers plots presented in Figure 2.6b and Figure 

A.7. Quartile and median values were determined using OriginLab. 
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Table A.8  CoPc aggregate particle counts are presented for each of three independently prepared 

samples for each deposition condition, along the average count. All samples had an area of 1 cm 

× 1 cm onto which was drop cast 20.0 µL of a 2 x 10-5 M CoPc or CoPc(py) solution, resulting in 

a constant CoPc loading of 4 × 10-10 mol/cm2. 

  

 CoPc CoPc(py) CoPc-

P4VP 

CoPc(py)-

P4VP 

CoPc-

P4CS 

CoPc(py)-

P4CS 

CoPc-

Nafion 

CoPc(py)-

Nafion 

A 23 0 10 0 9 0 68 6 

B 12 0 6 0 14 0 45 32 

C 13 5 6 0 7 2 50 1 

Avg 16.00 1.67 7.33 0.00 10.00 0.67 54.33 13.00 
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 | j | / mA cm-2 ± | j | / mA cm-2 

CoPc-Nafion 0.56 0.08 

CoPc-P4VP 1.56 0.12 

CoPc(py)-Nafion 0.81 0.02 

CoPc(py)-P4VP 1.65 0.37 

 

Table A.9  Electrochemical activity values for conditions shown in Figure 2.9 are presented in 

terms of absolute current per unit area. Experiments were performed as described in the Rotating 

Disk Electrode Chronoamperometry portion of the Methods section. 
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 Q / C ± Q / C FECO / % ± FECO / % FEH2 / %
 ± FEH2 / %

 

CoPc-Nafion 0.21 0.04 67.7 11.8 25.1 1.4 

CoPc-P4VP 0.92 0.09 89.6 1.1 4.0 0.7 

CoPc(py)-

Nafion 

0.39 0.18 52.1 1.4 41.6 4.8 

CoPc(py)-

P4VP 

1.07 0.28 86.8 1.5 5.3 1.6 

 

Table A.10  Controlled potential electrolysis values for conditions shown in Figure 2.9 are 

presented in terms of charge passed (Q) and Faradaic efficiency for CO and H2. Experiments were 

performed as described in the Controlled Potential Electrolysis portion of the Methods section. 
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Supplementary Figures for Chapter 2 

 

 

Figure A.1  a) Example of a linear background subtraction for transmission data. Using 

Microsoft Excel, a line was drawn that intersected the UV-Vis spectrum at 750 nm on one end, 

and at the local minimum between 450 and 550 nm at the other end. The area under this line 

was subtracted from the area under the spectrum, and the maximum absorbance of the monomer 

peak was determined. b) Example of a linear background subtraction for diffuse reflectance 

data. Using Microsoft Excel, a line was drawn that intersected the average F(R) about 475 nm 

on one end, and the average F(R) about 750 nm at the other end. The area under this line was 

subtracted from the area under the spectrum, and the maximum absorbance of the monomer 

peak was determined. 
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Figure A.2  Diagram of the experimental method for depositing CoPc and CoPc-polymer layers 

and collecting diffuse reflectance UV-Vis data. Drop casting of the solutions resulted in non-

uniform layers, typically with a higher concentration of CoPc in one corner of the slide. To 

account for this variation, four spectra were collected for each slide, one with each corner of 

the slide positioned over the beam aperture (represented by a black circle). 
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Figure A.3  Diagram of the experimental method for collecting SEM particle counting data. A 

CoPc or CoPc/polymer layer was deposited onto a 1 cm × 1 cm silicon wafer, which was 

attached to an aluminum SEM stub using double-sided conductive tape. Inside the SEM 

chamber, samples were positioned such that their sides were roughly parallel with the 

instrument’s internal X and Y axes. A semi-random spot towards the -X, +Y corner of the sample 

was selected, then the sampling spot was moved in 2.0 mm increments in the pattern shown 

above. At each location, an SEM image was collected at x250 magnification, 5.0 keV beam 

energy, 0.40 nA beam current.  
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Figure A.4  To demonstrate the large quantity of undissolved CoPc particles causing scattering 

at high concentrations, a 5×10-4 M solution of CoPc in DMF was prepared and vortexed 

thoroughly to temporarily suspend undissolved particles. 2 mL of the solution was placed in a 

quartz cuvette, then allowed to settle without further mixing while UV-Vis spectra (a) were 

collected at various time points. In (b), these spectra have been normalized to the height of the 

t=100 spectrum by simple background subtraction. These data demonstrate that the suspended 

particles do not contribute to the Q-band peaks—which remain of a constant height and shape—

but rather create a background of scattering across all visible wavelengths. 
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Figure A.5  UV-Vis spectra of CoPc and CoPc-P4VP ink samples (a) with and (b) without a 

centrifugation step. To prepare the samples in (b), the 2x10-5 M CoPc stock solution was 

centrifuged for 10 min at 6000 RPM after sonication, before preparation of the final deposition 

inks. When a centrifugation step was added to remove undissolved suspended CoPc particles, 

the subsequent addition of P4VP did not enhance CoPc monomer Q-band absorbance, 

indicating that the solvation of aggregate particles—rather than an intrinsic change in molar 

attenuation coefficient due to axial coordination—is responsible for the absorbance difference 

seen between the CoPc and CoPc-P4VP cases. 
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Figure A.6  Box-and-whiskers plots demonstrating the data spread for diffuse reflectance F(R) 

values for all CoPc samples at concentrations: a) 2×10-5 M, b) 1×10-5 M, c) 5×10-6 M, d) 2×10-

6 M. F(R) values are analogous to absorbance.  
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Figure A.7  Box-and-whiskers plots demonstrating the data spread for diffuse reflectance F(R) 

values for all CoPc(py) samples at concentrations: a) 2×10-5 M, b) 1×10-5 M, c) 5×10-6 M, d) 

2×10-6 M. F(R) values are analogous to absorbance. 

 

  



 184 

 
 

Figure A.8  Plots of all diffuse reflectance spectra for CoPc samples without polymer, labelled 

by concentration of CoPc in the deposition solution. To demonstrate that the primary 

contribution to variance is inhomogeneity of the sample layer, each color represents a specific 

sample from which four separate spectra were taken. Primary figures are kept at the same scale 

to demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.9  Plots of all diffuse reflectance spectra for CoPc-P4VP samples, labelled by 

concentration of CoPc in the deposition solution. To demonstrate that the primary contribution 

to variance is inhomogeneity of the sample layer, each color represents a specific sample from 

which four separate spectra were taken. Primary figures are kept at the same scale to 

demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.10  Plots of all diffuse reflectance spectra for CoPc-P4CS samples, labelled by 

concentration of CoPc in the deposition solution. To demonstrate that the primary contribution 

to variance is inhomogeneity of the sample layer, each color represents a specific sample from 

which four separate spectra were taken. Primary figures are kept at the same scale to 

demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.11  Plots of all diffuse reflectance spectra for CoPc-Nafion samples, labelled by 

concentration of CoPc in the deposition solution. To demonstrate that the primary contribution 

to variance is inhomogeneity of the sample layer, each color represents a specific sample from 

which four separate spectra were taken. Primary figures are kept at the same scale to 

demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.12  Plots of all diffuse reflectance spectra for CoPc(py) samples without polymer, 

labelled by concentration of CoPc in the deposition solution. To demonstrate that the primary 

contribution to variance is inhomogeneity of the sample layer, each color represents a specific 

sample from which four separate spectra were taken. Primary figures are kept at the same scale 

to demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.13  Plots of all diffuse reflectance spectra for CoPc(py)-P4VP samples, labelled by 

concentration of CoPc in the deposition solution. To demonstrate that the primary contribution 

to variance is inhomogeneity of the sample layer, each color represents a specific sample from 

which four separate spectra were taken. Primary figures are kept at the same scale to 

demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.14  Plots of all diffuse reflectance spectra for CoPc(py)-P4CS samples, labelled by 

concentration of CoPc in the deposition solution. To demonstrate that the primary contribution 

to variance is inhomogeneity of the sample layer, each color represents a specific sample from 

which four separate spectra were taken. Primary figures are kept at the same scale to 

demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.15  Plots of all diffuse reflectance spectra for CoPc(py)-Nafion samples, labelled by 

concentration of CoPc in the deposition solution. To demonstrate that the primary contribution 

to variance is inhomogeneity of the sample layer, each color represents a specific sample from 

which four separate spectra were taken. Primary figures are kept at the same scale to 

demonstrate how overall Q-band absorbance changes with loading, while inset figures are 

scaled to demonstrate variance within each loading. A dashed line denotes the mean peak 

absorbance for each loading. Spectra have been baseline corrected as described in the Methods 

section, but not otherwise normalized. 
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Figure A.16  The procedure for CoPc particle counting is demonstrated. Within the x250 

magnification image, five particles (A, B, C, D, and E) were identified on the Si surface. Based 

on the morphology C, D, and E appear to be CoPc particles. This identification was confirmed 

by EDX point spectra at each particle location (presented on the right), where particles C, D, 

and E display Co K-edge peaks at about 6.9 keV. 

 

 

  



 193 

 

Figure A.17  Representative CoPc-NP nucleation spot at x65 magnification 
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Figure A.18  Representative CoPc-NP nucleation spot at x100 magnification. 
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Figure A.19  Representative CoPc-NP nucleation spot at x100 magnification. 
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Figure A.20  Representative CoPc(py)-NP nucleation spot at x65 magnification. 
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Figure A.21  Representative CoPc(py)-NP nucleation spot at x100 magnification 
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Figure A.22  Representative CoPc(py)-NP nucleation spot at x250 magnification 
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Figure A.23  EDX maps of C, Si, and Co for representative CoPc-NP nucleation spot presented 

in Figure 2.8. 
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Figure A.24  EDX maps of C, Si, and Co for representative CoPc(py)-NP nucleation spot 

presented in Figure 2.8. 
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Figure A.25  CoPc(py)-P4VP/EPG representative rotating disk electrode chronoamperometric 

(RDE-CA) current density trace performed under rotation at 1600 rpm for 6 min in pH 4.7 0.1 

M NaH2PO4 under CO2 atmosphere, prepared according to the Methods section. 
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Figure A.26  CoPc-P4VP/EPG representative rotating disk electrode chronoamperometric 

(RDE-CA) current density trace performed under rotation at 1600 rpm for 6 min in pH 4.7 0.1 

M NaH2PO4 under CO2 atmosphere, prepared according to the Methods section. 

  

0 60 120 180 240 300 360

-2.5

-2

-1.5

-1

-0.5

j 
/ 

m
A

 c
m

-2

time / s



 203 

 

Figure A.27  CoPc(py)-Nafion/EPG representative rotating disk electrode chronoamperometric 

(RDE-CA) current density trace performed under rotation at 1600 rpm for 6 min in pH 4.7 0.1 

M NaH2PO4 under CO2 atmosphere, prepared according to the Methods section. 

 

  

0 60 120 180 240 300 360

-2.5

-2

-1.5

-1

-0.5

j 
/ 

m
A

 c
m

-2

time / s



 204 

 

Figure A.28  CoPc(py)-Nafion/EPG representative rotating disk electrode chronoamperometric 

(RDE-CA) current density trace performed under rotation at 1600 rpm for 6 min in pH 4.7 0.1 

M NaH2PO4 under CO2 atmosphere, prepared according to the Methods section. 
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Figure A.29  CoPc(py)-P4VP/EPG representative controlled potential electrolysis current 

density trace performed for 2 hours in pH 4.7 0.1 M NaH2PO4 under CO2 atmosphere, prepared 

according to the Methods section. 
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Figure A.30  CoPc(py)-Nafion/EPG representative controlled potential electrolysis current 

density trace performed for 2 hours in pH 4.7 0.1 M NaH2PO4 under CO2 atmosphere, prepared 

according to the Methods section. 
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Figure A.31  CoPc-P4VP/EPG representative controlled potential electrolysis current density 

trace performed for 2 hours in pH 4.7 0.1 M NaH2PO4 under CO2 atmosphere, prepared 

according to the Methods section. 

 

  

0 2000 4000 6000

-2

-1

0
j 
/ 

m
A

 c
m

-2

time / s



 208 

 

Figure A.32  CoPc-Nafion/EPG representative controlled potential electrolysis current density 

trace performed for 2 hours in pH 4.7 0.1 M NaH2PO4 under CO2 atmosphere, prepared 

according to the Methods section. 
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Appendix B. Supplementary Information for Chapter 3 
 

 

Supplementary Tables for Chapter  

 

 Before Centrifugation After Centrifugation Electrode Loading 

 Preparation Suspension 

Loading 
Deposition Ink Loading Deposition Ink Drop Cast 

 

CoPc / 

mM 

Polymer / 

mg mL-1 

GP / 

mg 

mL-1 

CoPc / 

mM  

Polymer / 

mg mL-1 

GP / 

mg 

mL-1  

CoPc / 

10-9 

mol 

cm-2 

Polymer / 

mg cm-2  

GP / 

mg 

cm-2 

CoPc- 

P4VP/ 

GP/GCE 

0.05 30 10 

0.026 

± 

0.003 

3.01 ± 

0.97 
10 

1.30 ± 

0.16 

0.117 ± 

0.049 
0.513 

CoPc- 

P2VP/ 

GP/GCE 

0.05 30 10 0.035 

± 

0.003 

9.03 ± 

2.54 

10 1.79 ± 

0.17 0.463 ± 

0.1306 

0.513 

CoPc-

P4VP/EPG 
No centrifugation 0.05 3.0 0 1.27 0.076  0 

 

Table B.1  CoPc preparation methods and loadings for deposition ink used for the all graphite 

powder systems (CoPc-P4VP/GP and CoPc-P2VP/GP), where columns 1-3 detail the 

concentrations of cobalt phthalocyanine (CoPc), poly-(4-vinylpyridine) (P4VP), and graphite 

powder (GP) in the preparation suspension 4-6 detail the measured conditions of the preparation 

conditions of the CoPc loading, P4VP loading, and GP loading, with errors being the standard 

deviation of at least 3 individually prepared measurements. Columns 7-9 detail the catalyst, 

polymer, and GP loading on the 0.196 cm2 glassy carbon electrodes (GCEs). Additionally, this 

includes the data for CoPc-P4VP/EPG that was used as a control. There was no centrifugation in 

this system, so columns 4-6 detail the measured conditions of the preparation conditions of the 

CoPc loading and P4VP loading as directly prepared for the deposition ink. Columns 7-9 detail 

the CoPc, polymer, and GP loading on the total surface area of the electrode surface, 0.196 cm2 

(conductive surface area: 0.114 cm2 due to encapsulating non-conductive polymer epoxy). 
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 Charge / C FECO / % FΕH2 / % FETotal / % 

pH 3 2.8 ± 0.6 55 ± 2 37 ± 4 93 ± 3 

pH 4 2.8 ± 0.5 64 ± 3 28 ± 3 93 ± 3 

pH 5 3.9 ± 0.5 75 ± 2 20 ± 1 96 ± 2 

pH 6 3.2 ± 0.2 81 ± 2 14 ± 3 96 ± 2 

pH 7 3.2 ± 0.6 93 ± 1 11 ± 2 101 ± 5 

 

Table B.2  CPE Results for data presented in Figure 3.3a of CoPc-P4VP/GP/GCE 

electrocatalyzed 2 hour experiments run under CO2 atmosphere at a potential of -0.646 V vs RHE. 

The experiments were run at the specified pH after the addition of CO2 and the reported errors 

are standard deviations of at least 3 measurements. 
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 Charge / C FECO / % FΕH2 / % FETotal / % 

pH 3 1.9 ± 0.3 48 ± 1 47 ± 4 92 ± 5 

pH 4 3.6 ± 1.1 72 ± 1 26 ± 4 98 ± 2 

pH 5 2.6 ± 0.3 76 ± 3 20 ± 3 97 ± 1 

pH 6 2.9 ± 0.5 85 ± 5 13 ± 1 98 ± 4 

pH 7 3.0 ± 0.1 95 ± 4 7 ± 1 103 ± 6 

 

Table B.3  CPE Results for data presented in Figure 3.3b of CoPc-P4VP/GP/GCE 

electrocatalyzed 2 hour experiments run under CO2 atmosphere at a potential of -0.706 V vs RHE. 

The experiments were run at the specified pH after the addition of CO2 and the reported errors 

are standard deviations of at least 3 measurements. 
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pH | j | @ -

0.647 V vs 

RHE  / mA 

cm-2 

Standard 

Deviation  

± | j | @ -0.647 

V vs RHE  / mA 

cm-2 

| jCO | @ -0.647 V vs 

RHE / mA cm-2 

Standard Error  

± | j CO | @ -0.647 V vs 

RHE  / mA cm-2 

3 3.4 0.1 1.9 0.1 

4 3.8 0.1 2.4 0.1 

5 4.1 0.1 3.1 0.1 

6 4.1 0.1 3.3 0.1 

7 3.5 0.1 3.3 0.1 

 

Table B.4  Activity results as seen in Figure 3.4 of rotating disk chronoamperometry (RDE-CA) 

step experiment at -0.647 V vs RHE, conducted under 1 atm CO2 in 0.4 M NaH2PO4 and 0.5 M 

NaClO4 at the specified pH under 1600 rpm rotation rate for CoPc-P4VP/GP/GCE with 10 mg/mL 

graphite powder in the catalyst ink solution, corresponding to a loading of 0.51 mg cm-2. The | jCO 

| value is the activity multiplied by the product distribution as measured by controlled potential 

electrolysis (see Table B.2) and the standard error is the combination of the standard deviations 

of the two measurements. 
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System [NaH2PO4] / 

M 

[NaClO4] / 

M 

Charge / 

C 

FECO / % FΕH2 / % FETotal / % 

CoPc-

P4VP/GP/GCE 

pH 4.7 

0.1 0.5 4.0 ± 0.5 81 ± 3 16 ± 2 98 ± 1 

CoPc-

P4VP/GP/GCE 

pH 5 

0.4 0.5 3.9 ± 0.5 75 ± 2 20 ± 1 96 ± 2 

CoPc-

P4VP/GP/GCE 

pH 4.7 

0.1 0 

 

2.8 ± 0.8 83 ± 1 14 ± 4 97 ± 3 

 

Table B.5  Controlled potential electrolysis results collected at -0.647 V vs RHE. electrocatalyzed 

by CoPc-P4VP/GP/GCE at varying buffer composition. The standard deviations are also 

presented (the average of at least 3 measurements). Electrolyte concentration is specified within 

the table and was run under CO2 atmosphere. 

 

  



 214 

[Phosphate] / M [Perchlorate] / M | j | @ -0.647 V vs RHE  / 

mA cm-2 

Standard Deviation  

± | j | @ -0.647 V vs RHE  / 

mA cm-2 

0.1 0 0.87 0.06 

0.15 0 1.88 0.07 

0.2 0 2.63 0.24 

0.4 0 5.11 0.33 

 

Table B.6  Activity data for the RDE-CAs measurements as shown in in Figure 3.6. These studies 

show the HER activity as electrocatalyzed by CoPc-P4VP/GP/GCE and measured as a function 

of electrolyte concentration. All experiments run at pH 5 with specified electrolyte concentration 

under N2 atmosphere. 
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Supplementary Figures for Chapter 3 

 
Figure B.1  Comparison of representative transmission infrared spectra of P4VP layers exposed 

to buffer solutions with pH values listed to the left and above each spectrum. The spectra are 

presented at an offset but without further backgrounding or normalization. a) Layers exposed 

to 0.1 M sodium phosphate. b) Layers exposed to 0.2 M sodium phosphate. c) Layers exposed 

to 0.4 M sodium phosphate. d) Layers exposed to 0.4 M phosphate with 0.5 M sodium 

perchlorate. 
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Figure B.2  Representative transmission infrared spectra of P4VP layers exposed to 0.4 M 

sodium phosphate buffer for varying times as listed. The spectra are presented at an offset but 

without further backgrounding or normalization. There is no noticeable dependence on soak 

time past 5 minutes. 
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Appendix C. Supplementary Information for Chapter 4 
 

 

Supplementary Figures for Chapter 4 
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Figure C.1  Labelled photographs of the TOM components. a) side view. b) top view 

 

  



 219 

 

Figure C.2  Comparison of CH stretching region for the same alkanethiol SAM on gold at 4 

different resolution settings in OMNIC software. All other settings are the same. The resolution 

is different from—but scales with—the data spacing. At 0.5 cm -1 resolution, significant 

background oscillation becomes apparent. 
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Figure C.3  Comparisons of CH stretching region for the same alkanethiol SAM on gold. a) Size 

of beam aperture was changed between 100% open and 10% open. All other settings held 

constant. b) Optics shifted to +0.5° and -0.5° grazing angle. No changes were made to the 

software settings. 
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Figure C.4  Additional views of the PM-IRRAS SEC-FC 
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Figure C.5  Exploded view of the PM-IRRAS SEC-FC demonstrating the relative positioning of 

components 
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Figure C.6  Plot of micrometer setting vs. nominal resistance of the PM-IRRAS SEC-FC as 

measured by ZIR drop. Solution was 0.1 M KOH. First the micrometer was positioned with the 

electrode pressed against the window, then incrementally retracted (A). Upon reaching -500 

microns, from electrode-window contact, incrementally moved forward again (B), 

demonstrating hysteresis that indicates flex in the positioning system. 

 

  



 224 

 

 

Figure C.7  Photograph of Ti electrodes with (2-20 min) and without (0 min) an electropolishing 

step after sequential diamond polish. Depending on the polishing time, effects range from 

oxidative filming to extreme pitting and edge rounding. 
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Schematic Figures of PM-IRRAS SEC-FC Parts 

 The following schematics were originally prepared using AutoDesk Inventor as a guide 

for machining the SEC-FC parts. They are included here as a useful visual aid to understanding 

the structure and function of the cell. 
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Figure C.8  Part 1a schematic 
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Figure C.9  Part 2a schematic 1 
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Figure C.10  Part 2a schematic 2 
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Figure C.11  Part 2b schematic 
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Figure C.12  Parts 4a-d schematic 1 
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Figure C.13  Parts 4a-d schematic 2 
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Figure C.14  Parts 5a-c schematic 1  
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Figure C.15  Parts 5a-c schematic 2 
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Figure C.16  Parts 6a-b schematic 


