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Abstract 

 

The combustion of fossil fuels releases carbon dioxide and other greenhouse gases 

into our living atmosphere, which traps heat and causes global warming. Renewable 

energy, however, can help solve the problem above by producing far fewer 

greenhouse gases. Renewable energy is a general term for any form of naturally 

replenishable energy, such as sunlight, wind, waves, or heat of the earth. Converting 

sunlight or electricity into chemical bond energy has several advantages over 

traditional energy. One of these benefits is the ability to store clean energy for later 

use. Another merit is the ability to convert chemicals into more valuable products. 

This dissertation includes synthesis, characterization, usage, and explanation of 

catalysts or electrodes for water oxidation, and photoreaction. 

The first part of the thesis discusses that the electrolysis of water to form 

hydrogen and oxygen is a promising method to generate renewable energy. This 

method requires electrodes that convert water into protons, electrons, and oxygen. We 

report a multifunctional polymer that conducts electrons, ions, and may coordinate 

with the metal ions in an oxygen evolution reaction (OER). The electrodes were 

prepared in two steps from off-the-shelf reagents. They operate with low loadings of 

abundant catalysts, and are among the most active (100 mA cm-2 at 1.43 V vs. RHE 

(1.41 V, iR corrected), and stable reported to date under harsh conditions (85 °C, 6 M 

KOH, 120 h (0.69 % loss over the first 14.5 h, then 0.61 % loss over 105.5 h). 

Control experiments on glassy carbon electrodes showed that the polycarbazole 
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system significantly outperformed a Nafion system of the same catalyst loading. This 

simple strategy can be applied to other types of electrodes. 

The next part of the thesis reports the study of the first direct 

electropolymerization of a dicyanobenzene-carbazole dye functionalized with an 

imidazole group to prepare redox- and photoactive porous organic polymer (POP) 

films with a controlled amount by different Cyclic voltammetry (CV) cycles. The 

POP films were grown on indium-doped tin oxide (ITO) and carbon surfaces using a 

new monomer, 1-imidazole-2,4,6-tri(carbazol-9-yl)-3,5-dicyanobenzene (3CzImIPN), 

through a simple one-step process. The structure and activities of the POP films were 

investigated as photoelectrodes for electrooxidations, as heterogeneous photocatalysts 

for photosynthetic olefin isomerizations, and their solid-state photoluminescence 

behavior tunable by lithium-ion concentrations in solution. The results demonstrate 

that the photoredox-POPs can be used as efficient photocatalysts and have potential 

applications in sensing.  
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Preface 
 
Chapter 1 is the introductory section on the background of water oxidation, functions 

of oxygen evolution electrode binders, and 

1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) and its derivatives. 

Chapter 2 has been published as J. Liu, S. H. Bergens, ACS Appl. Mater. 

Interfaces 2023, 15, 25624–25632. 

I am the first author who contributed to conceptualization, methodology, data 

acquisition, data analysis, experiments, writing the original draft, reviewing and 

editing. My supervisor, Prof. Steven H. Bergens, contributed to funding acquisition, 

project administration, supervision, conceptualization, writing the final draft, 

reviewing and editing. 

Chapter 3 has been accepted as J. Liu, O. M. Perez, D. Lavergne, L. Rasu, E. 

Murphy, A. G. Rodriguez, and S. H. Bergens, Polymers. 

I am the first author who contributed to conceptualization, data curation, 

formal analysis, investigation, methodology, software, visualization, writing the 

original draft, validation, reviewing and editing. Octavio Martinez Perez and Dominic 

Lavergne contributed to data curation, validation, formal analysis, writing, reviewing 

and editing. Dr. Loorthuraja Rasu contributed to conceptualization and methodology. 

Elizabeth Murphy and Andy Galvez Rodriguez carried out data curation, validation, 

writing, reviewing and editing. My supervisor, Prof. Steven H. Bergens, provided 

conceptualization, supervision, methodology, formal analysis, project administration, 

resources validation, writing, reviewing and editing the final manuscript. 

Chapter 4 summarizes the works of this dissertation and illustrates the 

possible directions of future work.  
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CHAPTER 1 
 

Introduction 

 

1.1 Background 

Our world is facing an unprecedented energy demand due to the increasing global 

population, industrialization, and economic development. Fossil fuels, such as coal, 

oil, and natural gas, have been the primary energy sources for decades; however, their 

environmental impact, including the emission of greenhouse gases and the depletion 

of non-renewable resources, has become a major concern.1 Moreover, the energy 

sector is responsible for emitting approximately three-quarters of anthropogenic 

global greenhouse gases, which has a critical impact on climate change. Given the 

severity of the current global crisis, it is urgent for researchers to seek renewable, 

sustainable, and environmentally friendly energy sources to reduce greenhouse gas 

emissions and mitigate climate change.2 Global efforts are needed to seek viable and 

sustainable sources of clean energy to achieve carbon neutrality by 2050 or by 2060 

at the latest.3,4 The current greenhouse gas levels in the atmosphere are at record 

highs. The World Energy Outlook 2021 reports5 that we collectively emit around 50 

billion tons of CO2 each year, which is more than 40% higher than emissions in 1990. 

Carbon dioxide (CO2) is one of the most dominant human-induced contributors to 

greenhouse gas, followed by methane and nitrous oxide. The projected temperature 

changes depend on the scenarios and assumptions used by different models, but they 

all show a clear trend of increasing warming unless drastic actions are taken. 

The projected temperature changes depend on the scenarios and assumptions 

used by different models, but they all show a clear trend of increasing warming unless 

drastic actions are taken. The World Energy Outlook 20215 estimates that in the Net 

Zero Scenario, where CO2 emissions are net zero in 2050 globally and there are rapid 

reductions in all non-CO2 emissions, the rise in temperature will reach a maximum 

level of just over 1.5 °C around 2050. However, in the Stated Policies Scenario, 



 

2
 

 

where emissions follow current policies and plans, the rise in temperature would 

exceed 1.5 °C around 2030 and reach around 2.6 °C by 2100. 

A shift from fossil fuels to renewable energy for most applications is essential 

to achieve decarbonization. Such a shift will require a fundamental transformation of 

energy transportation, production, and consumption. Hydrogen, with its high 

mass-energy density (142 kJ g−1, compared to fossil fuels at 10–50 kJ g−1) and zero 

carbon emissions from its combustion or electrochemical oxidation, makes it a highly 

attractive option. There are challenges with the wide-scale adoption of hydrogen that 

largely arise from transportation and storage. Hydrogen can be stored as gas, liquid, 

or solid form. Gas storage includes compressing hydrogen into tanks or cylinders at 

high pressures, which is the most common method for small-scale applications. 

Liquid storage involves cooling to ~ –253 °C, which is being investigated for 

compact and dense storage for industrial large-scale utilization. Solid-state storage of 

hydrogen requires binding hydrogen into other materials, such as metals or organic 

compounds in the solid state.6–10 Green hydrogen is produced via renewable energy 

sources, such as wind, solar, hydro, and thermochemical process.11,12 As such, green 

hydrogen generation holds great promise for enabling a global transition to 

sustainable energy storage.13 Electrolysis driven by electricity is recognized as one of 

the most common methods for the generation of hydrogen.14,15 Moreover, 

electrolyzers can be powered by renewable electricity sources, like solar, wind, or 

hydroelectric power, which allow for the production of green hydrogen with 

near-zero carbon emissions.16,17 Furthermore, electrolyzers can be scaled up or down, 

making them suitable for both centralized and decentralized hydrogen production.18 

Similar to fuel cells, the electrolyzers consist of an anode (oxidation reaction took 

place) and a cathode (reduction reaction took place) separated by an electrolyte. 

Electrolyzers can be classified as follows:19,20 Polymer Electrolyte Membrane (PEM), 

also known as Proton Exchange Membrane, is utilized in electrolyzers typically 

composed of a solid polymer structure and an acid water solution that facilitates 

proton transport. As shown in Figure 1.1a, in the PEM electrolyzers, water is oxidized 

to form oxygen and protons at the anode (2H2O(l) → O2(g) + 4H+ + 4e–). Electrons 
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flow from the anode to the cathode by an external circuit. The protons can move 

across the PEM from the anode to the cathode. At the cathode, protons are combined 

with electrons to generate hydrogen (4H+ + 4e–→ 2H2(g)). The membrane of PEM 

usually is made of a polymer such as Nafion or Aquivion, which has sulfonic acid 

groups. The catalysts of PEM are typically platinum-based alloys for the hydrogen 

evolution reaction (HER) and iridium-based alloys for the oxygen evolution reaction 

(OER). The catalysts are deposited on porous substrates, such as carbon paper or 

cloth to form gas diffusion electrodes (GDEs) that are attached to the membrane. One 

of the most recent examples is Elogen, a French company selected by ENERTRAG, 

which will install its 10 MW PEM electrolyzer on a site near Magdeburg, Germany in 

2024 to produce green hydrogen. 

 

 
 
Figure 1.1 Illustration of (a) proton exchange membrane (PEM) water electrolysis, (b) alkaline water 
electrolysis, and half-cell reactions on cathode and anode 

 

As illustrated in Figure 1.1b, alkaline systems are another common type of 

water electrolyzer. In contrast with PEM systems, the electrolyte in alkaline 

electrolyzers is typically potassium hydroxide (KOH) or sodium hydroxide (NaOH) 

dissolved in water. They typically operate between 30–90°C with 20–30 wt% 

KOH/NaOH in aqueous solution.21 Alkaline electrolyzers often are used in industries 
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for large-scale hydrogen production due to their reliability and relatively low cost. 

These electrolyzers operate as follows: OH– is oxidized to oxygen and water at the 

anode, with the electrons being transported to the cathode by an external circuit 

(4OH– → O2(g) + H2O(l) + 4e–). At the cathode, water is reduced to hydrogen and 

OH–. The OH– is transported through the electrolyte (4H2O(l) + 4e– → 4OH–(l) + 

2H2(g)). PEM systems generally require noble metal catalysts at the anode and 

cathode, for example, RuO2/ IrO2 as anode and Pt as cathode, resulting in high costs, 

toxicity, and environmental impact. The membrane of alkaline electrolyzers usually is 

made of a ceramic material, such as zirconia, or a polymer such as polybenzimidazole 

(PBI) that has quaternary ammonium groups attached to it. The catalysts of alkaline 

electrolyzers are typically nickel-based alloys for both HER and OER. The catalysts 

are deposited on metal meshes or foams to form electrodes that are separated by the 

separator. The utilization of earth-abundant catalysts brings the possibility of 

replacing noble metals like Ir and Ru, but abundant catalysts are generally unstable in 

acidic conditions. Alkaline electrolyzers, on the other hand, operated with abundant 

catalysts. For example, HydrogenPro is a Norwegian company that plans to debut its 

3rd generation of high-pressure alkaline systems for green hydrogen in July 2023. 

Moreover, the company claimed that as the #1 provider of large-scale green hydrogen 

technology and systems, they are planning to establish 500 MW of manufacturing 

capacity in Texas, US by the end of 2024; this will increase the manufacturing 

capacity to 500 MW in China by 2023 and scale up assembly and manufacturing in 

Europe. 

Generally, water electrolysis can be divided into two half-cell reactions: 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). The main 

challenges in (commercial) water electrolyzers are to develop efficient and stable 

electrocatalysts for OER22 and low-cost and stable catalysts for HER.23 Compared 

with the two-electron process of HER, the OER reaction is a four-electron process, 

which requires a higher overpotential to drive the reaction and suffers from slower 

reaction kinetics.24,25 An enormous amount of research has been directed to finding 

highly effective and stable earth-abundant catalysts to be used in alkaline 
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electrolyzers, as demonstrated in these recent review articles.13,26–28 Table 1.1 

summarizes some of the most efficient catalysts reported for the alkaline OER. 

 
Table 1.1. Some of the Recent Most Efficient Catalysts for Electrochemical OER under Alkaline 
Conditions. 
 

 

One of the common benchmarks for evaluating the HER or OER performance 

of an electrode is overpotential (η) at a current density (j) = 10 mA cmgeo
-2 (cmgeo

-2 is 

the geometric area of the electrode). 10 mA cmgeo
-2 is chosen because it corresponds 

to a 10% solar-to-fuel conversion efficiency under standard AM 1.5 G light (for the 

air mass 1.5 (AM 1.5), it is where the sun is about 41° above the horizon and the cell 

is tilted by 37° from the horizon. A spectrum that includes the blue sky and the 

surrounding ground is called a global spectrum (G)) by a solar-powered electrolyzer, 

which is considered sufficient to satisfy the predicted global energy requirements by 

2050.39 However, as discussed by Wei and Xu,40 there are other factors, such as 

Electrocatalyst Electrolyte η (mV) at j (10 

mA cmgeo
-2) vs. RHE 

Operation 

temperature 

Tafel slope 

(mV dec−1) 

Ref 

MoC-FeNi@NLC 1.0 M 

KOH 

198 room 

temperature 

69 29 

Fe-24h/NF 1.0 M 

KOH 

215 room 

temperature 

47.3 30 

Ni0.75V0.25 LDH 1.0 M 

KOH 

200 room 

temperature 

48.3 31 

NiSe@CoFe 

LDH/NF 

1.0 M 

KOH 

203 room 

temperature 

90.3 32 

NiFeW3-LDHs 1.0 M 

KOH 

211 room 

temperature 

36.44 33 

Sulfur-doped 

NiCo-(oxy)hydroxys-

ulfides (NCOSH) 

0.1 M 

KOH 

243 room 

temperature 

63 34 

(Fe,Co)OOH/MI 1.0 M 

KOH 

230 room 

temperature 

73 35 

S-FeOOH/IF 1.0 M 

KOH 

244 room 

temperature 

59 36 

NiFeV nanofibers 

on carbon cloth 

1.0 M 

KOH 

181 room 

temperature 

47 37 

MoNiFe-27% 

(oxy)hydroxide 

1.0 M 

KOH 

242 room 

temperature 

23 38 
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catalysts loading, substrate types (results in various catalyst surfaces), and others that 

result in the current density arising from factors besides intrinsic catalytic activity. In 

general, the Tafel slope is defined as a linear region in logarithm plot of the current 

density j versus overpotential η. The Tafel slope provides information on the 

rate-determining step for the OER.41 In simple terms, a high Tafel slope means the 

electrode is inefficient, and results in energy being wasted. 

The oxygen evolution reaction (OER) is a complex four-electron transfer 

process, and it is believed to be the rate-limiting process in electrochemical water 

splitting. More specifically, the slow step often involves the high energy barrier 

associated with forming the O–O bond.42,43 The energy required to overcome this 

kinetic barrier drives the actual potential for the OER above the standard reduction 

potential of 1.23 V. The standard reduction potential for OER is the tendency of 

oxygen to gain electrons and be reduced to water at standard conditions (298 K, 1 atm, 

and 1 M solutions). It is measured relative to the reference hydrogen electrode (RHE), 

which is assigned a potential of zero volts. The standard reduction potential for OER 

is expressed as the following half-reaction (Eq 1.1):44 

 O2(g) + 4H+(aq) → 2H2O(l)    E = 1.23 V 1.1 

The mechanism of OER is not yet fully understood. However, a widely 

accepted process in acidic media involves reaction intermediates and active sites (*). 

It is the adsorbate evolution mechanism (AEM), as described below:45 

 H2O(l) + * → HO* + H+ + e- 1.2 

 HO* → O* + H+ + e- 1.3 

 O* + H2O(l) → HOO* + H+ + e- 1.4 

 HOO* → * + O2(g) + H+ + e- 1.5 

Under alkaline conditions, it can be written as follows:46 

 * + OH- → OH*+ e- 1.6 

 HO* + OH- → O* + H2O(l) + e- 1.7 

 O* + OH- → HOO* + e- 1.8 

 HOO*+ OH- → * + O2(g) + H2O(l) + e- 1.9 
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Different from AEM, the lattice oxygen mechanism (LOM) involves lattice 

oxygen (OL) and oxygen vacancy (VO) of catalysts incorporated in the OER reaction, 

which can be conducted as follows:47 

 H2O(l) + * → HO* + H+ + e- 1.10 

 HO* + → O* + H+ + e- 1.11 

 O* + OL→ * + O2(g) + Vo 1.12 

 VO + H2O(l) → OL + O* + H+ + e- 1.13 

 H* → * + H+ + e- 1.14 

In basic conditions, LOM can be interpreted as follows:48 

 * + OH- → OH*+ e- 1.15 

 HO* + OH- → O* + H2O(l) + e- 1.16 

 O* + OL → * + O2(g) + VO 1.17 

 VO + OH- → OH* + e- 1.18 

 OH* + OH- → * + OL + H2O(l) + e- 1.19 

It is important to note that highly concentrated acidic conditions are more 

corrosive than basic conditions, although increasing the temperatures of electrolyzers 

can improve the efficiency of water splitting by boosting reaction kinetics and 

thermodynamic processes. Doing so increases the severity of the conditions at the 

anode that then must operate at high temperatures in an extremely acidic environment, 

with large, oxidative overpotentials over long periods of time (thousands of hours). 

Alkaline environments are used more commonly in industry and most research efforts 

in this area are directed towards finding a stable, active anode that operates in base. 

The general, bulk mechanism for the AEM is illustrated in Figure 1.2a. OH– is 

adsorbed first on a surface active site(s), forming surface OH* species after loss of an 

electron (Eq. 1.6). The active OH* intermediate is deprotonated by OH–, leading to 

the formation of an intermediate O* species, along with loss of another electron 

(Eq. 1.7). Then, the intermediate O* species is attacked by OH– in the electrolyte, 

producing an intermediate with an oxygen-oxygen bond, *OOH, along with further 
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loss of an electron (Eq. 1.8). Finally, the *OOH species is deprotonated by OH– to 

form the product oxygen and water, losing one electron, and regenerating the active 

site on the surface (Eq. 1.9). This is a broad representation of the mechanism; the 

details of the steps for an OER electrode will depend upon the specific catalyst, 

support, and electrolyte. As shown in Figure 1.2b, the alkaline LOM operates by the 

same first two steps as the AEM. 

The formed O* couples with lattice oxygen (OL) to liberate oxygen and 

generate an oxygen vacancy (VO). The lattice oxygen is proposed to be generated as 

follows: OH– binds to a vacant site, resulting in the formation of OH* through loss of 

an electron. Then, deprotonation of OH* by OH– and loss of an electron forms the 

lattice oxygen. It should be noted that the LOM mechanism contains single-metal 

sites or double-metal sites.49,50,51 

 

 
 
Figure 1.2. Diagram of OER (a) AEM and (b) LOM mechanism under alkaline conditions 

 

The most widely used nonprecious metal catalysts for OER under alkaline 

conditions are based upon Ni and Fe. The incorporation of Fe into Ni-based catalysts 

provides a superior OER activity to either Fe or Ni on their own. The exact 

mechanism for NiFe-based OER catalysts still needs to be determined, and many 

reports continue to appear in the literature. For some of the recent reviews, please see 

these references.52–54 The following is a representative study. For NiFe oxyhydroxides, 
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leaching of Fe is highly likely even at a low current density of 10 mA cm–2, which 

will be more obvious at a higher current density (200 mA cm–2).55,56 This 

phenomenon may provide researchers a chance to study the reaction intermediate of 

Fe species in solution. In a recent study reported by Li et al., the authors claim that Fe 

is the active site for NiFe-based OER catalysts.56 NiFeOOH has intercalated with 

borate (NiFe-Bi) on Au foil by electrodeposition as the working electrode. The 

interaction happens in the layer structure of NiFeOOH as borate compensates for the 

extra charge brought by Fe3+ compared to Ni2+. This anion compensation happens 

spontaneously like layered double hydroxide (LDH), where Ni and Fe are in the main 

plain and anions are intercalated in the middle of each plain. 

Then, the NiFe-Bi electrode is tested in a three-electrode-based H-type 

electrochemical cell, where the anode and cathode are separated by an Axion 

Exchange Membrane (AEM). FeII ions were added into the anode half-cell to 

compensate for the loss of Fe active center during the OER process. To monitor the 

highly oxidized FeVI active center in the electrolyte, the authors used a large 

application current (300 mA cm–2) and a long operation time (350 h, Figure 1.3b). 

During the OER experiment, the color of the electrolyte changed from transparent to 

light purple after the first 50 h and further transformed to deep purple after about 

300 h. Figure 1.3c shows the changing color of the anolyte along with new peaks 

(505 and 780 nm) observed by in-situ ultraviolet-visible (UV/Vis) 

spectroelectrochemistry. These peaks arise from the highly oxidized FeVI complex 

[FeVIO4
2–] formed during the OER process. As illustrated in Figure 1.3d, the time 

when the color change in the solution can be observed (50 h) is consistent with the 

start of the formation of the FeVI active species. Based on a self-healing FeII OER 

process that the authors discovered before,57 the mechanism can be described briefly: 

The catalyst is composed of nickel-iron layered double hydroxides (NiFe-LDH), with 

cobalt (Co) as a promoter for in situ redeposition of iron (Fe) catalytic centers and Bi 

(B4O5(OH)4
2−) as intercalated ions. The Bi can increase interlayer distance, therefore, 

facilitating mass transport, improving the self-healing process, and stabilizing the 

catalysts. During OER, some Fe atoms in NiFe-LDH are oxidized and dissolved into 
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the electrolyte, causing vacancies. The vacancies are re-deposited by the dissolved Fe 

ions onto the catalyst surface, with the help of the Co-promoter. The function of Co is 

to act as a sacrificial agent and reduce the highly oxidized Fe ions to Fe(OH)2. Lastly, 

the re-deposited Fe(OH)2 incorporates into the LDH structure and restores the 

original composition and morphology of the catalyst. The authors proposed the 

following reaction mechanism for the OER (Figure 1.3). 

 Fe(III)OOH + 3OH- → H2Fe(IV)O4
2- + H2O(l) + e- 1.20 

 H2Fe(IV)O4
2- + OH- → HFe(V)O4

2- + H2O(l) + e- 1.21 

  HFe(V)O4
2- + OH- → Fe(VI)O4

2- + H2O(l) + e- 1.22 

  Fe(VI)O4
2- + H2O(l) → Fe(III)OOH + O2(g) + OH- + e- 1.23 

 

 
 
Figure 1.3. Illustration for (a) electrodeposition of NiFe with Bi on Au and H-type cell for OER. (b) 
The current density of NiFe-Bi catalysts at 300 mA cm–2 in 0.25 M KBi-containing KOH (9.5 M) 
solution with 0.5 mM FeII ions. (c) UV/Vis absorption spectra detecting with different time for FeVI; 
insert is the color change of electrolyte in the anode. (d) Absorbance at 505 nm changes with time. (e) 
illustration of the reaction mechanism. Reproduced with permission from ref. 56. Copyright 2023, 
John Wiley and Sons 

 

In this paper, the authors propose that Fe is the active center. However, the 

function of Ni is neglected. If Fe is the active center, future work should focus on 

how Ni cooperates in the OER reaction. It should be pointed out that most studies 

conclude that Ni and Fe participate, synergistically enhancing the OER 

performance.48,58 As the prior example was meant to illustrate, there are diverging 

conclusions about the detailed mechanism of the OER or Ni–Fe systems in the 

current literature. More studies are needed to explain the relationships between Ni 
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and Fe, including their respective functions in different concentrations of alkaline and 

in different NiFe-based materials. 

 

1.2 Function of OER Electrode Binders 

Electrode reactions during electrochemical energy conversion are complicated 

because they involve electron transfers as well as interactions between catalysts, 

electrolytes, gases, reactants, intermediates, and products.59 Electrodes often are 

prepared by drop-casting, a process that includes mixing catalysts, binders, and 

conductive compounds to make an ink that is drop casted onto the conductive 

substrate.60 The functions of an ideal binder for the OER include the following:18,61 

1. Provide excellent electroconductivity to facilitate electron transfer from a catalyst 

to the binder and to the substrate.62 

2. Chemical and electronic stability. The most common reaction condition for the 

OER carried out in academic labs include acidic or alkaline electrolytes, room or 

slightly elevated temperatures, and potentials ranging from 1.2 to 1.6 V vs RHE. 

Commercial systems, however, typically operate in corrosive, 6 M KOH solutions at 

70 °C or 85 °C at high voltages (1.8–2.2 V) to obtain high current densites.63,64  

3. The binder should have the ability to adhere to the electrocatalysts and the 

electrode substrate. 

4. The binder should be porous and enhance the transport of ions (OH–, K+, or Na+), 

H2O, and O2. Poor mass transport and high electronic resistances will degrade the 

performance of electrodes significantly. Other processes, such as exfoliation of 

electrode structures caused by hindered gas flow may shorten the lifetime of the 

electrode.  

5. The binder ideally will act as a cocatalyst for OER.65 A binder that participates in 

the OER with active sites of catalyst will improve the performance of the electrode. 

For example, a binder may enhance the local concentration of OH-.  

The most common binder used in OER electrodes is Nafion. Nafion is a 

sulfonated tetrafluoroethylene (TFE)-based fluoropolymer-copolymer, which consists 

of a hydrophobic backbone TFE and hydrophilic sulfonic acid groups on side chains, 
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shown in Figure 1.4. The hydrophilic groups assist the transport of water and protons, 

while the hydrophobic backbone improves stability and assists transport of gases.66 

Mass transport limitations, limited cocatalytic activity, stability issues in alkaline 

conditions, and high electronic resistance limit the suitability of Nafion as a binder for 

the alkaline OER.67 Another commonly used binder is polytetrafluoroethylene 

(PTFE), known for its chemical stability and hydrophobicity.68 Like Nafion, PTFE is 

optimally not suited for OER under alkaline conditions.69 There are other 

disadvantages attending the utilization of TFE-based binders, including high cost, low 

ionic conductivity, and environmental impact; polyfluorinated organic molecules 

potentially are forever chemicals.70 

 

 
 
Figure 1.4. Chemical structure of Nafion (a) and PTFE (b) 

 

Multifunction binders are, in principle, more able to fulfill the requirements 

for an OER binder than are Nafion or PTFE. For example, Asefa et al. recently 

reported transition metal-functionalized polyaniline–phytic acid (PANI−PA) 

hydrogels as OER catalysts.71 Figure 1.5 summarizes their structures. According to 

the authors, the functions performed by the hydrogels are as follows: 

1. Electronic conductivity: the conductivity of the polyaniline (PANI) and phytic acid 

(PA) hydrogel backbone was an appreciable 0.11 S cm−1. Utilization of a binder that 

is electronically conductive at OER potentials will reduce resistance losses, especially 

for thick electrodes that require high catalyst loadings for practical OER geometric 

current densities. 

2. Metal coordination: coordinative bonds between the binder/electrode and the 

transition metal centers that catalyze OER will result in stronger interactions between 

the binder and catalyst than noncovalent or ionic interactions. In this study, the 
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authors tested many transition metal precursors and found that the hydrogels had a 

strong affinity towards Fe, presumably arising from covalent bonding between the PA 

groups in the hydrogel and Fe. Further, hydrogels containing both Fe and Co were the 

most effective OER electrodes the authors studied. 

3. High surface area: hydrogels typically have large specific surface areas (m2/g), 

leading to more active sites per cm2 geometric electrode surface area. 

4. Versatility: the reported hydrogels can be processed easily by ink-jet printing or 

spray-coating, techniques that are commonly utilized to prepare OER electrodes. 

5. Stability: the structure of the reported hydrogels was stable over the studied time 

and conditions. Structural stability is a critical requirement of long-term OER 

electrodes. 

The authors did not demonstrate a cocatalytic role played by the binder, and 

the reported binders are cost-prohibitive. Nevertheless, this study illustrates that 

utilization of multifunctional binders is beneficial towards the OER reaction, 

provided the costs, effort, and environmental impacts associated with synthesis and 

utilization of their molecular complexity can be made applicable to large-scale 

incorporation. 

 

 

 
Figure 1.5. Illustration for Synthesis of PANI–PA–Metal (Hgel-Mx) Hydrogels for Electrocatalysis of 
OER. Reproduced with permission from ref. 71. Copyright 2022, American Chemical Society 
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Chapter 2 of this dissertation describes the simple, two-step preparation of a 

multifunctional binder/catalyst electrode for the OER utilizing off the shelf chemicals 

and procedures. The resulting abundant (low cost) electrodes are among the most 

active and stable under harsh conditions reported to date. 

 

1.3 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

(4CzIPN) and Its Derivatives 

First reported by Adachi et al. in 2012,72 the carbazoyl dicyanobenzenes (CDCBs) 

family of chromophores are comprised of carbazolyl- (Cz) or related groups bonded 

to dicyanobenzene cores. Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), 

shown in Figure 1.6a, is the parent molecule of this versatile class of organic 

chromophores/photocatalysts. Figure 1.6b is the derivative 3CzImIPN. 

 
 
Figure 1.6. (a) Structure of 4CzIPN, (b) structure of 3CzImIPN, (c) tradition fluorescence, (d) 
intersystem crossing (ISC) and reverse intersystem crossing (RISC) participate fluorescence, (e) 
mechanism of photodynamic therapy (PDT) 

 

When 4CzIPN is excited by light, an electron in S0 (the HOMO is centered 

largely on the carbazole rings) will transfer to the higher energy S1 (or other 

unoccupied molecular orbitals). The LUMO is centered largely on the 
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dicyanobenzene ring, and these are primarily displacement, push-pull excitations. 

Unlike many organic chromophores, intersystem crossing (ISC) from S1 to T1 is 

relatively facile with this class of molecules, in part because the S1 and T1 states are 

relatively close in energy.73 It is the properties and lifetime of the T1 state of these 

molecules that make them effective photocatalysts, potentially display components, 

and of use in photodynamic cancer therapy treatments. For example, 4CzIPN 

undergoes thermally activated delayed fluorescence (TADF). TADF is a process 

where a triplet excited state can be converted to a singlet state by thermal energy, as 

shown in Figure 1.6b. Typically, the triplet T1 state undergoes non-radiative emission 

and cannot transfer back to the singlet S1 state due to the conservation of angular 

momentum. However, if the energy gap between triplet and singlet can be minimized 

by design (≲ 100 meV72), reverse intersystem crossing (RISC) may occur, which will 

lead to the triplet-to-singlet back electron transfer.74 As shown in Figure 1.6c, once 

the electrons are back in the S1 state, relaxation of the electrons to S0 is rapid by 

fluorescence. Because of the time latency of RISC (about 1 µs for 4CzIPN75), the 

fluorescent light from the thermal conversion from T1 to S1, followed by relaxation to 

S0 state, occurs after the prompt fluorescence from S1 to S0, hence the name called 

thermally activated delayed fluorescence.76 Utilizing TADF, almost all the excited 

electrons undergo fluorescence, which results in nearly 100% for internal quantum 

efficiency. TDAF is a strategy being employed actively to circumvent the 3:1 triplet 

to singlet populations of excited states generated by redox processes in OLED 

displays, thereby increasing the efficiencies of next-generation organic light-emitting 

diode (OLED). 

Another valuable function of TADF materials is photodynamic therapy (PDT). 

PDT has been approved for clinical application since 1993, emerging as one of the 

most promising methods for cancer therapeutics.77,78 As demonstrated in Figure 1.6d, 

in PDT, an energy transfer from excited TADF photosensitizers (PSs) to surrounding 

O2 leads to a transformation of ground-state triplet O2 to active singlet O2, which can 

damage tumor cells.79 During this process, effective electron transfer from S1 to T1 by 

intersystem crossing (ISC) is crucial, which is essential for singlet O2 generation.73 
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However, the traditional method introduces heavy metals into the PSs, which arouses 

concerns of toxicity and unexpected degradation in the human body.80 Compared to 

traditional PSs, TADF, as one of pure organic PSs, attracts the attention of people due 

to its fascinating high-performance photosensitizing abilities.81 However, most of the 

TADF materials, including 4CzIPN, are hydrophobic, which lifts a new challenge for 

the biological aqua environment. One method to solve this problem is to deposit 

4CzIPN or other TADF molecules on nanoparticles.82  

The T1 excited state of the parent molecule, 4CzIPN*, and its derivatives 

contain singly occupied molecular orbitals (SOMOs) centered on the carbazole rings 

(the lowest energy SOMO) and on the dicyanobenzene moiety (the highest energy 

SOMO). The redox potentials of these orbitals, as well as of its many derivatives, 

allow 4CzIPN* to be an effective photoredox catalyst for a variety of organic 

reactions. During these processes, 4CzIPN* can either accept an electron into the 

lowest energy SOMO or donate an electron from the highest energy SOMO. The 

utilization of 4CzIPN and related molecules as photoredox catalysts for organic 

reactions was reported first in 2016.83,84 Table 1.2 briefly summarizes some 

representative photoredox reactions catalyzed by 4CzIPN and its derivatives. Several 

review articles have been published on this topic.84,85 

 
Table 1.2. A Brief Summary of Photoredox Reactions for 4CzIPN and Its Derivatives. 
 

Type of photoredox Category Reactions Ref. 

4CzIPN with metal as 

photoredox systems 

Radical generation and metal 

catalyst regeneration 

decarboxylative arylation 83 

photooxidation of benzyl 

bis(catecholato)silicates 

86 

Photocatalytic metal catalyst 

regeneration 

hydrocarboxylation of styrenes 

with CO2 

87 

Metal-free system Reactions involving C and C 

double bond 

Olefin isomerization 88 

1,2-amidoalkynylation of 

unactivated alkenes 

89 

Reactions involving C and N 

double bond 

decarboxylative benzylation of 

imines 

90 

Other reactions phosphorus-radical-initiated 

cascade cyclization reaction 

Phosphorylated 

N‑Heteroaromatics 

91 

Xylose conversion photocatalytic lactic acid 

production 

92 
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It is well known that carbazole groups can be electropolymerized.93,94 As 

shown in Figure 1.7, the mechanism of carbazole electropolymerization can be 

described as follows:95,96 carbazole monomers are oxidized at an electrode surface to 

form carbazole radical cations under a low potential. However, these carbazole 

radical cations are extremely unstable and more favorable to bond with each other at 

the 3-position of carbazole forming 3,3’-dicarbazyl dimers. When increasing the 

applied potential at an electrode surface, the dimers may undergo further oxidation to 

form quinoid-like dications, which can bind with other carbazoles to form 

poly(3,6-carbazole)s and are deposited on the surface of an electrode. The carbazole 

chain increases under these oxidations and coupling steps until electropolymerization 

stopped. 

 

 

 

Figure 1.7. Mechanism of carbazole electro-polymerization 

 

Li et al. first introduced the control of one or both of the C(3)-C(3’) and 

C(6)-C(6’) coupling reactions of carbazolyl, by both electrochemical and chemical 

methods.97 As presented in Figure 1.8, with 9-hexyl-3-carbazole (1) as the monomer, 

under weakly oxidizing conditions (FeCl3 or a potential of 1.0 V vs. Ag/Ag+), the 

9,9’-dihexyl-3,3’-dicarbazolyls (2) are the sole products. However, when under 

strongly oxidizing conditions ((NH4)2S2O8) or at a high oxidative potential of >1.2 V 

vs. Ag/Ag+, multiple oligomers and polymers (3) form. Thus, 



 

18
 

 

α,ω-bis(N-carbazolyl)hexane (4) can either form as a C(3)-C(3’) coupling linear 

polymer (5) under weakly oxidation conditions or both a C(3)-C(3’) and C(6)-C(6’) 

coupling as cross-linked polymer (6) under strongly oxidizing conditions. It should be 

noted that the crucial parameter in electropolymerization is the applied potential at the 

working electrode. High potential or low potential will result in different coupling 

approaches. 

 

 

 
Figure 1.8. (a) C−C coupling mechanism of carbazolyl groups (1) under different oxidation conditions 
to form dimer (2) or polymer (3). (b) Radical initiated topological polymerizations of monomer 
containing two carbazolyl moieties (4) under different oxidation conditions to form linear polymer (5) 
or polymer network (6). Reproduced with permission from ref. 97. Copyright 2018, John Wiley and 
Sons 

 

In chapter 3 of this dissertation, I will describe the synthesis of a new 

derivative of 4CzIPN, subsituting one carbazole ring for an imidazole ligand group. 

Then, this coordinating chromophore will be polymerized at the carabazole rings, and 

the properties and utility of the resulting porous organic photoredox polymer will be 

illustrated. 

The goal of the thesis is to find a stable binder that is multifunctional in 

alkaline OER and electropolymerizing of a 4CzIPN derivative 3CzImIPN.  
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CHAPTER 2 
 

Electronically Conductive, Multifunctional Polymer 

Binder for Highly Active, Stable, and Abundant 

Composite Electrodes for Oxygen Evolutiona 

 

2.1 Introduction 

Solar and wind energy are diffuse and intermittent. Efficient, high-capacity, and 

output storage methods are needed to transition to carbon-zero energy production.1,2 

Electrochemical water splitting to form hydrogen and oxygen is a promising 

approach.3,4 Unfortunately, the electrooxidation of water to oxygen, called the oxygen 

evolution reaction (OER), is slow, and it remains a significant challenge to develop 

low-cost, stable OER electrodes with low overpotentials and loadings at high current 

densities.5,6 Further, electrode preparations must be straightforward and utilize 

abundant starting materials for widespread, large-scale utilization.7 

Non-precious metal OER electrocatalysts help fulfill these requirements. The 

reported systems are typically more active in the base.8,9 Cobalt and Nickel are 

common in OER electrocatalysts, and the performance of both is improved 

significantly when combined with even trace amounts of Fe.10,11 There have been 

several significant advances regarding the utilization and understanding of NiFe in 

the OER reaction.12–18 The mechanism by which Fe enhances the activity of Ni or Co 

towards the OER remains a topic of extensive investigation.19,20 

As stated above, a significant consideration of OER electrocatalysts is their 

stability.21,22 Strategies to improve their stability include coating them with thin layers 

of polymers or metal oxides by atomic-layer deposition.23–25 A significant challenge 

with these approaches is controlling the thickness of the coating to minimize charge- 

and mass-transfer resistances.26 In principle, a polymer binder, which conducts both 

electrons and ions, which allows mass transport to and from the active sites, which is  

a A version of this chapter has been published as J. Liu, S. H. Bergens, ACS Appl. 

Mater. Interfaces 2023, 15, 25624–25632. 
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stable, and that promotes the OER reactions at the active sites would optimize the 

utilization, activity, and stability of OER catalysts. Polycarbazole (PCz) and its 

derivatives are well-known.27–31 Doped (partially oxidized) PCz transports ions and 

water, which are requirements of ionomers in OER electrodes; as well, PCz is a 

coordinating polymer. This raises the possibility that coordination between N sites in 

the polymer and metal ions either in solution or on the surfaces of nanoparticles will 

direct the location, activity, and stability of OER catalysts. Figure 2.1c illustrates the 

potential roles for PCz functional groups during the OER. We report the first 

polycarbazole-based OER electrodes. Active and stable OER electrodes were 

prepared in two simple procedures utilizing available materials. 

 

2.2 Results and Discussion 
 

2.2.1 Substrate Preparation 

The electrode preparation begins with the electropolymerization of carbazole over 

carbon fiber paper (CF) in MeCN (0.1 M LiClO4) with cyclic voltammetry (CV, 

–0.245 to 1.255 V vs. Fc/Fc+ (Fc = ferrocene), 100 mV s−1, 45 cycles).32,33 Figure 

S2.1 shows the voltammograms recorded during the polymerization. Figure 2.1a 

shows the CV of the washed, isolated green (Figure S2.2) doped 

polycarbazole/carbon fiber paper electrode (PCz/CF) in MeCN (0.1 M LiClO4).
27 

There are only small differences between the final CV cycles during the 

polymerization and those of the isolated polymer.33,34 In the anodic sweep, the lower 

peak at ~0.55 V is attributed to one-electron oxidation (doping) to form a delocalized 

cationic radical.33,35 The higher peak (~0.94 V, Figure S2.1) is proposed to arise from 

further oxidation to a dicationic species.33,35,36 Doped-PCz is green and electronically 

conductive due to the presence of the conjugated polycations.27 Assuming the area 

under the first peak in the positive-going sweeps arises from one-electron 

oxidation,33,35 the amount of electrochemically accessible carbazole groups is roughly 

estimated to be ~1 x 10−6 mol cm−2. Figure 2.1b shows the Fourier-transform infrared 

spectrum (FTIR) of the PCz/CF. The spectrum is like those reported for doped 

polycarbazole.37 The strong peak at ~1100 cm−1 arises from the perchlorate 
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counterion. The peak at ~1550 cm−1 has been assigned to doped-PCz,38 and the peak 

at ~856 cm−1 is assigned to the substitution pattern of polymer.39 See the supporting 

information (SI) for more details on the FTIR study. Figure 2.1c illustrates the 

structural features of doped-PCz and selected roles it may play as a multifunctional 

binder in OER electrodes. 

 

 

 
Figure. 2.1. PCz characterization and structure. (a) CV of the isolated, washed PCz/CF electrode 
(MeCN, 0.1 M LiClO4). (b) FTIR of PCz/CF and Ni3Fe1-PCz/CF. (c) The structure of doped 
polycarbazole illustrating the potential roles of the functional groups during the OER 

 

2.2.2 Coordinative Deposition and OER Performance Over PCz/CF 

The second step in the electrode preparation is the electrocatalyst deposition from 

NiCl2·6H2O, FeCl2·4H2O, or CoCl2·6H2O in methanol. Methanol was used as the 

solvent in part to swell the polymer film. The deposition is carried out under Ar for 

the first 24 h to avoid oxidation of Fe(II). These coordinative depositions likely begin 

with the coordination of Ni, Co, or Fe ions to the nitrogen sites on PCz (Figure 2.1c). 

For example, PCz sensors operate by different types of reactions at nitrogen.37 After 
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24 h, the electrodes were left in the air overnight to oxidize the Fe(II) to Fe(III), 

washed with MeOH to remove any possible precursors, and utilized for the OER 

without further treatment. 

Table S2.1 summarizes the concentrations of Ni(II), Fe(II), and Co(II) 

employed during the depositions and the amounts in the resulting MxFey-PCz/CF 

electrodes (M = Ni or Co), as determined by inductively-coupled plasma optical 

emission spectroscopy (ICP-OES). The total (Ni or Co + Fe) mole loadings in the 

OER electrodes ranged from 1.5 to 2.8 x 10−6 mol cm−2. The amount of 

electrochemically accessible carbazole in the PCz/CF deposit (1 x 10−6 mol cm−2, 

Figure S2.3) resembles the amount of Ni + Fe (2.8 x 10−6 mol cm−2) in the 

Ni3Fe1-PCz/CF electrode. Further, the charge under the Ni(II) to Ni(III) oxidative 

wave in the linear sweep voltammogram of this electrode (Figure S2.4) corresponds 

to 1.3 x 10−6 mol cm−2 of Ni. The consistency among these rough estimates suggests 

that the deposition involves the coordination of Ni(II) and Fe(II) to the accessible 

nitrogen sites in PCz. The excess metal ions in the electrode (ICP-OES) suggest that 

catalyst growth proceeds further after coordination. Further studies are required to 

determine the exact mechanism of the coordinative deposition. 

The OER activities were determined by linear sweep voltammetry (LSV) and 

galvanostatic experiments under alkaline conditions (Figure 2.2a, 1 mV s−1, 1 M 

KOH, room temperature). The NixFey electrodes were more active than CoxFey. The 

NixFey LSVs contained the known Ni2+ to Ni3+ oxidative wave that shifts in the 

positive direction with increasing amounts of Fe (~1.38 V for Ni9Fe1, ~1.43 V for 

Ni3Fe1, obscured for Ni1Fe1).
40 We extrapolated the linear portion of the OER curve 

to the potential axis to estimate the onset potentials of the NixFey-PCz/CF 

electrodes,41 giving 1.438 V, 1.452 V, and 1.461 V (vs RHE) for Ni3Fe1-, Ni9Fe1-, 

and Ni1Fe1-PCz/CF, respectively, with Ni3Fe1 being the most active. The onset 

potential for Ni3Fe1-PCz/CF is similar to the one we reported for Ni3Fe1 prepared by a 

different procedure.41 The onset potentials for CoxFey were higher than NixFey. 

The LSV overpotentials at 10 mA cm−2 increased in the order Ni3Fe1-PCz/CF 

(224 mV) < Ni1Fe1-PCz/CF (245 mV) < Ni9Fe1-PCz/CF (253 mV). The overpotential 
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at 10 mA cm−2 for the Ni3Fe1-PCz/CF electrode is among the lowest reported in the 

literature, despite the relatively low loading of Ni + Fe in this electrode (Figure S2.5). 

The overpotentials for the Co-Fe electrodes increased in the order were 

Co3Fe1-PCz/CF (283 mV) < Co9Fe1-PCz/CF (289 mV) ~Co1Fe1-PCz/CF (291 mV). 

The control electrodes PCz/CF, Ni3Fe1-CF, and Co3Fe1-CF were essentially inactive. 

The Ni3Fe1-PCz/CF electrode was superior to the others in this study. 

 

 

 
Figure. 2.2. Performance of electrodes on PCz/CF. (a) OER LSV with different ratios of NiFe, CoFe, 
and control electrodes (CF, PCz/CF, and Co3Fe1, Ni3Fe1 without PCz) in 1 M KOH at 1 mV s−1. (b) 
Tafel slope, (c) double layer capacitance, and (d) mass activity (left) and TOF (right) at 1.454 V vs. 
RHE curves for Ni1Fe1, Ni3Fe1, Ni9Fe1-PCz/CF 

 

Figure 2.2b shows Tafel plots for the electrodes. Ni3Fe1-PCz/CF has the 

lowest Tafel slope among the Ni series, again demonstrating its high activity. Tafel 

slopes have been studied extensively in the literature for the OER.42,43 The Tafel slope 

for Ni3Fe1-PCz/CF (~53.5 mV/dec) generally is accepted to indicate that the turnover 

limiting step is attacked by OH–
(aq) on a surface oxide.44,45 This interpretation suggests 

that one role of the PCz may be to enhance the attack by OH–, perhaps by increasing 

the local [OH–] (Figure 2.1c). This interpretation requires detailed mechanistic studies 
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to confirm. The slopes for the cobalt-based electrodes also indicate that the attack by 

hydroxide is turnover limiting.35 

The electrochemical surface areas (ECSAs) of the electrodes were 

investigated by comparing their double-layer capacitance (Cdl) in the non-Faradaic 

region (Figure 2.2c and Figures S2.6, S2.7, S2.31). Table S2.1 summarizes the results. 

The catalyst with the highest activity in this study, Ni3Fe1-PCz/CF, also has among 

the lowest Cdl. The high OER activity of the Ni3Fe1-PCz/CF is, therefore, more due to 

the intrinsic activity of the catalyst sites and less due to differences in ECSA.  

High geometric activities with low catalyst mass loadings are desired in 

commercial systems to reduce cost and to simplify electrode preparation. Figure 2.2d 

shows the mass activities (A g−1(Ni + Fe)) of the NixFey-PCz/CF electrodes at 

1.454 V vs. RHE, when the current density is 10 mA cm−2 over Ni3Fe1-PCz/CF 

(Figure 2.2a). Again, Ni3Fe1-PCz/CF was significantly the most active CF-based 

electrode prepared in this study, with a mass activity of 99.73 A g−1. Figure S2.5 plots 

overpotentials at 10 mA cm−2 vs. catalyst mass loading for the most active 

earth-abundant OER catalysts in the literature. The Ni3Fe1-PCz/CF electrode is 

among those with the best combination of low overpotentials and mass loadings. A 

similar analysis also conducted using CoxFey-PCz/CF electrodes can be found in the 

SI. 

Figures 2.3 and S2.8 compare the OER activities of flat, well-defined glassy 

carbon electrodes (GC) with the same Ni3Fe1 loadings and prepared in the same 

manner with either electropolymerized carbazole or Nafion binders. This in-house, 

direct, well-defined comparison eliminates any effects of surface area and diffusion 

encountered with carbon felt. Figure 2.3a shows that during the galvanostatic OER 

(10 mA cm−2, 1.0 M KOH), the Nafion-based electrode, Ni3Fe1-Nafion/GC, operated 

at significantly higher potentials, and it suffered a catastrophic failure after ~5 h. In 

contrast, the Ni3Fe1-PCz/GC operated at much lower potentials and was stable over 

the 24 h run, demonstrating that PCz is electrochemically stable and promotes the 

OER under these conditions. Figure 2.3b compares the LSV OER (1 M KOH) 

reactions over the Nafion-and PCz-based electrodes. The onset potential was much 
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lower over the Ni3Fe1-PCz/GC electrode, and the overpotential at 10 mA cm−2 was 

only 272 mV. The overpotential at 10 mA cm−2 over the Nafion-based electrode was 

368 mV. Figure S2.8b shows that the LSV overpotential at 10 mA cm−2 over 

Ni3Fe1-PCz/GC (272 mV), even was lower than a Nafion-based electrode with 5 X 

the mass loading of Ni3Fe1 (301 mV). Figure 2.3c shows the Nyquist plots (at 0.5 V 

vs. SCE) for the PCz- and Nafion-based electrodes before and after 24 h galvanostatic 

OER in 1 M KOH. As expected, the high-frequency resistance of Ni3Fe1-PCz/GC is 

much lower than the Nafion-based system, strongly indicating that the polycarbazole 

is electronically conductive at this potential. As well, there was little change in the 

Nyquist plot of the Ni3Fe1-PCz/GC electrode after the 24 h galvanostatic OER, again 

showing the stability of the polycarbaozle binder under these conditions. As stated 

above, the Nafion-based electrode underwent catastrophic failure after ~5 h of the 

galvanostatic OER. While detailed investigations are required to determine the exact 

mechanisms responsible for the plots, it is clear that the PCz-binder significantly 

enhances and stabilizes the OER reaction. Figure S2.8c shows that the initial Nyquist 

plots of the PCz-based electrodes and that of a Nafion-based electrode with 5 X the 

mass loading of electrocatalyst (Ni3Fe1) were similar, but the higher loading 

Nafion-based electrode still underwent catastrophic failure during the galvanostatic 

OER. Figure 2.3d compares the Tafel slopes of the PCz- and Nafion-based glassy 

carbon electrodes with the same catalyst loadings. The Tafel slope (41.76 mV dec−1) 

over Ni3Fe1-PCz/GC was significantly lower (41.76 mV dec−1) than over the 

Nafion-based electrode (64.10 mV dec−1), suggesting again that PCz enhances the 

OER reaction. Figure S2.8d shows that the Tafel slope of the PCz electrode 

(41.76 mV dec−1) is similar to that of the Nafion-based electrode with 5 X the mass 

loading of electrocatalyst (41.64 mV dec−1). We note that the 5 X mass loading of 

Ni3Fe1 on GC can be relatively stable until ~6 h. The 5 X higher loading of catalyst 

reduced the applied potential required to achieve the same current density 

(10 mA cm−2), improving its stability. Taken together, these results demonstrate that 

the polycarbazole binder increases both the OER performance and stability of 

Ni3Fe1-PCz/GC. Figure S2.9 shows similar enhancements in OER performance in 
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PCz vs Nafion electrodes on CF. Further, control experiments (details are in SI) 

showed there were no significant changes in the physical appearance of PCz on CF or 

Nifoam after soaking for 10 days in 6 or 1 M KOH. Moreover, chemical and 

electrochemical stability tests of PCz are described in detail in SI. 

 

 

 
Figure. 2.3. Stability of Ni3Fe1-PCz/GC and Ni3Fe1-Nafion/GC electrodes. (a) The galvanostatic OER 
over Ni3Fe1-PCz/GC and Ni3Fe1-Nafion/GC for 24 h at 10 mA cm−2. (b) LSVs over Ni3Fe1-PCz/GC 
and Ni3Fe1-Nafion/GC before and after 24 h stability tests. (c) Nyquist plots (at 0.5 V vs. SCE) for 
Ni3Fe1-PCz/GC and Ni3Fe1-Nafion/GC before and after the 24 h stability tests. (d) Tafel slope of 
Ni3Fe1-PCz/GC and Ni3Fe1-Nafion/GC before stability tests 

 

2.2.3 Structure of The Ni3Fe1-PCz/CF 

Figure 2.1b shows the FTIR of the Ni3Fe1-PCz/CF deposit. The supplementary 

section contains the detailed assignments of other peaks in the FTIR, based upon 

comparisons to the literature. Notably, the large perchlorate signal in the FTIR of the 

unmetalled polymer, PCz/CF, is absent in the deposit. Thus, the polycarbazole was 
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either reduced during the deposition, or the perchlorate was exchanged with chloride. 

We note that the peak at 1554 cm−1 in the FTIR of PCz/CF, which was assigned to 

doped (partially oxidized) PCz,31 also is absent, suggesting that the oxidized 

polycarbazole was reduced at some stage during the deposition and handling. The 

uniform distributions of Cl and O observed in the EDX elemental mapping of 

Ni3Fe1-PCz/CF (Figures 2.4d and e) are, therefore, due to the presence of Cl– and 

H2O, OH–, or MeOH. The large broad peak at 3323 cm−1 in the FTIR spectrum of 

Ni3Fe1-PCz/CF is absent in the spectrum of PCz/CF. This peak is due to the presence 

of (Ni/Fe)-H2O or -OH groups in the deposit.46 Moreover, the peak at 733 cm−1 

represents an Fe-O bond.47 

 

 

 
Figure. 2.4. Morphology of Ni3Fe1-PCz/CF electrode. (a) SEM surface morphology of the 
Ni3Fe1-PCz/CF and EDX elemental mapping of (b) Ni, (c) Fe, (d) Cl, and (e) O 

 

Figure S2.10 shows the high-resolution XPS spectra in the Ni 2p and Fe 2p 

regions for the Ni3Fe1-PCz/CF electrode. The 873.8 and 856.5 eV peaks correspond 

to Ni 2p1/2 and 2p3/2, indicating that the oxidation state of Ni is +2.48 The Fe 2p peaks 

at 712.1 and 725.4 eV correspond to Fe(III), showing that, as expected, the Fe(II) was 

oxidized while the samples were left in the air overnight.49 There were no significant 

changes to the XPS after the 20 h galvanostatic OER, again demonstrating the 

stability of the catalyst. The Ni 2p1/2 and Ni 2p3/2 peaks shifted by ~0.48 eV in the 

positive direction, and the Fe 2p1/2 and Fe 2p3/2 shifted by ~0.68 eV after the 20 h 
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OER. These slight shifts to higher energy are a common phenomenon for OER 

catalysts.41,50 See the SI for further details of the XPS analysis. 

The absorbance by the CF support interfered with UV-Vis studies of 

Ni3Fe1-PCz/CF. As a result, control UV-Vis experiments were carried out with 

polycarbazole on ITO slides. Figure S2.11 showed that the doped polycarbazole 

indeed is reduced to the undoped form after soaking overnight in methanol, as 

indicated by the FTIR studies above. The spectra of Ni-PCz/ITO, and of Fe-PCz/ITO 

(Figure S2.12) contained new peaks due to interactions between the polycarbazole 

and the Ni and Fe ions during the coordinative deposition. The exact nature of these 

interactions requires further study. 

 

2.2.4 Ni, Fe on PCz Coated Ni Foam Electrode 

We next prepared the Ni3Fe1-PCz catalyst over Ni foam, an effective support for 

reported NiFe OER catalysts (Figure S2.13).51,52 Figure S2.14 shows the CV of the 

isolated PCz/Nifoam (0.1 M n-Bu4N
+PF6

– in CH2Cl2) that contains anodic waves due to 

oxidation of PCz and the Ni surface as well as reductive waves of the doped PCz. To 

our knowledge, this is the first report of the electropolymerization carbazole over Ni 

foam.  

The PCz/Nifoam electrode was treated with Ni(II) and Fe(II) in MeOH and then 

exposed to air, as was described previously (Figure S2.15). Figure S2.16 shows the 

SEM of Ni foam, PCz/Nifoam, and Ni3Fe1-PCz/Nifoam. The SEM of PCz/Nifoam clearly 

shows a thick layer of PCz on Ni foam. The coverage of the Ni strands by the thick 

film of polycarbazole appears uniform, with some cracks and filaments of polymer 

that grew from the surface. The SEM recorded after the coordinative deposition of 

Ni3Fe1 (Ni3Fe1-PCz/Nifoam) shows that the morphology of the deposit largely is the 

same as PCz/Nifoam, perhaps with fewer filaments of polymer growing from the 

surface. EDX elemental mapping (Figure 2.5) shows a uniform distribution of N, Fe, 

and C throughout the deposit. The signal from the underlying Ni foam made 

conclusions about the distribution of Ni(II) unreliable. 

 

 

 



 

36
 

 

 

 
Figure. 2.5. Morphology of Ni3Fe1-PCz/Nifoam electrode. (a) SEM surface morphology of the 
Ni3Fe1-PCz/Nifoam and EDX elemental mapping of (b) Ni, (c) Fe, (d) C, and (e) N 

 

The FTIR of the PCz/Nifoam (Figure S2.17) contains peaks for the perchlorate 

anion and doped polycarbazole, the same as PCz/CF. The FTIR spectrum of 

Ni3Fe1-PCz/Nifoam (Figure S2.17b) was quite similar to that of Ni3Fe1-PCz/CF. The 

supplemental section details the FTIR analysis. 

The XPS of spectrum PCz/Nifoam was typical for doped polycarbazole 

(Figure S2.18). As well, the Ni 2p1/2 and Ni 2p3/2 peaks (874.5 and 856.6 eV) and the 

Fe 2p1/2 and Fe 2p3/2 peaks (726.2 and 712.5 eV) in the XPS spectrum of 

Ni3Fe1-PCz/Nifoam were only of slightly higher energy than those in Ni3Fe1-PCz/CF 

(Figure S2.19). 

The amount of electrochemically accessible Ni in the Ni3Fe1-PCz/Nifoam 

deposit, as estimated from the Ni(II) to Ni(III) peak in the LSV (Figure S2.20), is 

~298 μg cm−2. This value, however, contains contributions from the Ni foam support. 

The amount of Fe in the Ni3Fe1-PCz/Nifoam deposit was 43 μg cm−2 (ICP-OES), a 

value similar to the Ni3Fe1-PCz/CF deposit (~36 μg cm−2). 

Figure 2.6a shows the LSVs for the OER over the Ni3Fe1-PCz/Nifoam electrode 

(1 mV s−1, 1 M KOH, room temperature). To our delight, the Ni3Fe1-PCz/Nifoam was 

substantially more active than Ni3Fe1-PCz/CF. Although the onset potentials were 

similar over the Ni foam and CF-based electrodes, the potential at 10 mA cm−2 over 

the Ni3Fe1-PCz/Nifoam electrode was very low (~136 mV), despite the overlap with 

the Ni(II) to Ni(III) oxidation peak. The steady-state overpotential at 10 mA cm−2 
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after 22 h was ~200 mV (Figure S2.21). This steady-state overpotential is primarily 

due to the OER, with little overlap by the Ni(II) to Ni(III) peak, and it is very low 

among the reported earth-abundant catalysts (Figure S2.5). The LSV overpotential at 

the much higher current density of 100 mA cm−2 was ~264 mV. At 500 mA cm−2, the 

overpotential was 339 mV. The Tafel slope over Ni3Fe1-PCz/Nifoam was 61.83 mV 

dec−1 (Figure S2.22), suggesting again that the turnover limiting step is attacked by 

OH–(aq) on a surface oxide, although detailed studies are required to confirm this 

hypothesis. The control electrodes (Ni3Fe1/Nifoam, PCz/Nifoam, and Nifoam) possessed 

little to no OER activity under these conditions. Figure 2.6a shows that the OER onset 

and overpotentials were much higher over a nickel foam electrode prepared with the 

same loading of Ni3Fe1 using only Nafion as binder, consistent with the comparisons 

over glassy carbon. 

 

 

 
Figure. 2.6. OER performance of Ni3Fe1-PCz/Nifoam electrode. (a) LSV curves of Nifoam, PCz/Nifoam, 
Ni3Fe1/Nifoam, Ni3Fe1-Nafion/Nifoam and Ni3Fe1-PCz/Nifoam in 1 M KOH at 1 mV s−1. (b) Galvanostatic 
tests of Ni3Fe1-Nafion/Nifoam and Ni3Fe1-PCz/Nifoam at 100 mA cm−2 over 24 h. (c) Galvanostatic tests 
of Ni3Fe1-PCz/Nifoam at 100 mA cm−2 over 120 h in 6 M KOH and at 85 ℃ versus RHE, without (black 
line) and with (red line) iR correction 

 

At the much higher galvanostatic current density of 100 mA cm−2, the 

overpotential was also essentially constant (~270 mV) over 24 h (Figure 2.6b). The 

LSV recorded afterwards showed a slight increase in performance over that recorded 

beforehand (Figure S2.23a), and the EIS recorded before and after almost unchanged 

(Figure S2.23b). Figure 2.6b also shows that the galvanostatic OER performance was 

significantly worse over a nickel foam electrode prepared with the same loading of 

Ni3Fe1 using Nafion as binder. 
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Figures 2.6c and 2.6d show the galvanostatic OER over the Ni3Fe1-PCz/Nifoam 

electrode under harsh conditions (6 M KOH, 85 °C) at high current density 

(100 mA cm−2) over 120 h. The potential was measured versus the Hg/HgO reference 

electrode and converted to RHE using the method described in SI (Figure S2.24). The 

potential increased by only 0.69% over the first 14.5 h, then stabilized, increasing 

only 0.61% further during the remaining 105.5 h. The stabilized potential 

(after 14.5 h) vs. RHE without iR correction was 1.44 V. This is the lowest 

overpotential vs. RHE and the highest stability that we are aware of for an 

earth-abundant OER electrode under these harsh conditions. The iR-corrected 

stabilized potential was 1.42 V (Figure 2.6d). 

 

2.3 Conclusions 

This chapter combines a redox-active, conductive, polycationic, and 

coordinating polymer with a coordinative redox deposition to prepare electrodes for 

the OER. The new electrodes contain low loadings of earth-abundant catalysts, and 

they are highly active and stable under harsh conditions. The preparation is 

straightforward and can be utilized to prepare electrodes with different supports and 

metal ion precursors. The polycarbazole provides highly conductive, stable support 

for the OER catalysts. XPS and UV-Vis studies suggest that the deposition proceeds 

by coordination to the nitrogen sites in PCz. We propose that PCz provides a local 

high [OH–] for the turnover limiting step in the OER. Detailed mechanistic studies are 

required to investigate these interpretations. Such studies as well as the applicability 

of this system to other types of electrodes, are underway in our laboratories. 

 

2.4 Experimental Section 
 

2.4.1 Materials and Instrumentation 

Potassium hydroxide (KOH, Aldrich, semiconductor grade, 99.99%); nickel(II) 

chloride hexahydrate (NiCl2·6H2O, Baker, 98%); iron(II) chloride tetrahydrate 

(FeCl2·4H2O, Aldrich, 99%); Cobalt(II) Chloride hexahydrate (CoCl2·6H2O, ACP, 

98%); carbazole (C12H9N, Sigma, 95%); lithium perchlorate (LiClO4; GFS); 
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acetonitrile (C2H3N, Sigma-Aldrich, 99.9%); methanol (CH4O, Sigma-Aldrich, 

99.8%); Ni foam (Ni, GoodFellow, 99.5%, porosity 95%, thickness 1.6 mm), 

hydrochloric acid (HCl, Fisher, 36.5%-38%, ACS grade); Toray carbon fiber paper 

(C, Fuel Cell Earth, P50); glassy carbon electrodes (5 mm diameter); and Nafion 

solution (Fuel Cell Earth, D1021, 10% wt.). All experiments use triple-distilled water. 

Electrochemical studies were carried out using a Solartron SI 1287 Electrochemical 

Interface. X-ray photoelectron spectroscopy (XPS) measurements were done using a 

Kratos AXIS Ultra. A monochromatized Al Kα source (hν =1486.6 eV) was used at 

12 mA and 14 kV, while the pressure in the sample analytical chamber was 

maintained at <1 × 10−9 torr. Survey scans ran at 1100 to 0 eV binding energy, with 

an analyzer pass energy of 160 eV and 0.3 eV steps. All spectra are calibrated by the 

C 1s line at 284.8 eV for deconvolution. ICP-OES data are collected by Thermo 

iCAP6300 Duo (N. America). Thermo iCAP6300 Duo (N. America) inductively 

coupled plasma-optical emission spectrometer (ICP-OES) was used to characterize 

the concentration and amount of metal ions. Typically, the samples are weighed in 

concentrated trace metal grade HNO3, then left overnight. Before analysis, the final 

volume of the solution was 5mL and then digested using a modified EPA 3051a. In 

reflection mode, UV-Vis spectra were collected using the Cary 5000 UV-Vis 

spectrometer by ITO glasses as substrates. FTIR was measured by a Thermo Nicolet 

8700 FTIR Spectrometer and Continuum FTIR Microscope on ATR. SEM images 

and EDX elemental mapping images were collected by Zeiss Sigma (Gemie) Field 

Emission Scanning Electron Microscope (FE-SEM) with EDX/EBSD; the system 

vacuum of FE-SEM is lower than 2 × 10−5 torr when acquiring images. 

 

2.4.2 Preparation of Polycarbazole (PCz) on Carbon Fiber Paper 

(CF) (PCz/CF) or Glassy Carbon (GC) 

The CF was cut into 1 cm x 2.5 cm, then sonicated in distilled water for 30 min. After 

drying in an oven at 60 °C for 30 min, the CF was ready to use for the next step. For 

GC electrodes, they first were polished with 5 µm, 0.3 µm, and 0.05 µm alumina, 

respectively. The GC electrodes were followed by being sonicated in water for a few 

seconds and washed with TD water, then dried with N2 gas. Electropolymerization 
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was carried out in distilled acetonitrile (MeCN) solution, with 5 mM of carbazole and 

0.1 M of LiClO4.
35 CVs were acquired by sweeping 0–1.5 V vs. Ag wire (–0.245 to 

1.255 V vs. Fc/Fc+, Fc=Ferrocene) at a scan rate of 100 mV s−1 for 45 cycles, with Ag 

wire as the reference electrode and graphite rod as the counter electrode. Ferrocene 

was added after the experiment as an internal reference. After polymerization, the 

electrodes were washed with MeCN and dried in the oven at 60 °C . 

 

2.4.3 Preparation of Polycarbazole (PCz) on Ni Foam (PCz/Nifoam) 

Ni foam was cut into 1 cm x 3 cm small pieces and soaked into 1 M HCl for 10 min 

to remove surface oxides and other impurities with sonication. After 10 min, the Ni 

foam was removed from the bath and washed with triple distilled water and ethanol. 

After drying in an oven at 60 °C for 30 min, the Ni foam was used for 

electropolymerization. The electropolymerization was carried out in freshly distilled 

acetonitrile (MeCN) solution, with 5 mM of carbazole as raw material and 0.1 M of 

LiClO4 as electrolyte. CVs were operated by sweeping between –0.245 to 1.755V vs. 

Fc/Fc+ at a scan rate of 100 mV s−1 for 45 cycles, with Ag wire as the reference 

electrode and Pt mesh as the counter electrode. Ferrocene was added after the 

experiment to obtain a reference potential. After polymerization, the electrodes were 

washed with MeCN and dried in the oven at 60 °C . 

 

2.4.4 Loading NiFe or CoFe Metal Ions on PCz/CF or PCz/Nifoam 

(NixFey-PCz/CF or NixFey-PCz/Nifoam) 

The PCz/Nifoam or PCz/CF electrodes were transferred into Schlenk tubes, switched 

between vacuum (3 min) and argon gas (1 min) for three times to remove air, and left 

under argon gas environment. In individual containers, methanol and the metal salts 

were purged with argon for 30 min and then mixed to give solutions with a total 

concentration of metal salts of 0.2 M. The ratio of Ni to Fe is 3 to 1 for the most 

active electrodes. The different metal ion solutions were then transferred by syringe 

to Schlenk tubes containing the PCz/CF electrodes. The electrodes were exposed to 

the salt solution for 24 h under argon. The electrodes were then removed from the 
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solution and dried in air overnight to oxidize Fe2+ to Fe3+. They were then washed 

with methanol in air before further use. 

 

2.4.5 Loading NiFe or CoFe Metal Ions on CF or Nifoam (NixFey/CF or 

NixFey/Nifoam) 

The NixFey/CF or NixFey/Nifoam electrodes were prepared by the same procedures 

above, except for replacing PCz/CF or PCz/ Nifoam with CF or Nifoam. 

 

2.4.6 Loading Ni3Fe1 Metal Ions onto The Glassy Carbon Electrodes 

(GC), CF, or Nifoam Control Electrodes Using Nafion as Binder 

The Ni3Fe1 solutions (0.2 M) were prepared by dissolving the metal salts (NiCl2 and 

FeCl2 (as hydrates)) in triple-distilled water (TD water) and ethanol with a ratio of 5 

to 1 under argon. Next, for each 1 mL of Ni3Fe1 solution, 10 μL 10 wt.% of Nafion 

was added, followed by sonication for 30 min to make the catalyst ink. Then, 15 μL 

of this solution were drop cast onto CF or Nifoam to provide the same mass loading as 

the polycarbazole electrodes determined ICP-OES. Next, the electrodes were dried at 

60 °C for ~30 min. The GC electrodes first were polished in sequence by 5 µm, 

0.3 µm, and 0.05 µm alumina, then briefly sonicated in water, washed with TD water, 

and dried under a stream of N2. To obtain N3Fe1-Nafion/GC electrodes with 5 x the 

mass loading of Ni3Fe, 15 μL of the Ni3Fe1 (0.2 M) solution was drop cast onto GC, 

then left in air overnight before use. To obtain 1 equivalent catalyst amount of 

N3Fe1-Nafion/GC electrodes, 0.02 M Ni3Fe1 solution was prepared. The preparation 

procedures of 0.02 M Ni3Fe1 solution were the same as for the 0.2 M Ni3Fe1 solution 

except that the total metal ion concentrations changed to 0.02 M. Then, 30 μL of 0.02 

M Ni3Fe1 solution were drop cast onto GC. 

 

2.4.7 Electrochemical Measurements 

For room temperature electrochemical studies, 1 M KOH solution was pretreated with 

solid Ni(OH)2 to remove small traces of iron metals, prepared as described in the 

literature.41 A three-electrode system was used throughout the experiment, where the 

counter electrode was a graphite rod and the reference electrode was a saturated 

calomel electrode (SCE). The reaction flask was a 100 ml three-neck round bottom 
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flask. The linear sweep voltammetry (LSV) curves were measured at 1 mV s−1. The 

current densities were iR corrected by the corresponding Electrochemical impedance 

spectroscopy (EIS). The reversible hydrogen electrode (RHE) voltage is calculated 

based on the equation: E (vs. RHE) = E (vs. SCE) + 0.241 V + 0.059 × pH. The Tafel 

slope is calculated using the equation E = b log j, where E is the potential vs. RHE, b 

is the Tafel slope, and j is the current density. The following equation calculates the 

overpotential (η) for OER: η = E (vs. RHE) – 1.23 V. EIS was acquired with a 

frequency range of 0.1–100 kHz at a bias potential of 0.5 V vs. SCE. To investigate 

the electrochemical active surface area (ECSA), the electrochemical double-layer 

capacitance (Cdl) was measured over a range of 0.15–0.25 V vs. SCE, which was the 

non-Faradaic region, at the rate ranging from 10 to 30 mV s−1 at 5 mV increments. 

From the Cdl, the ECSA can be estimated using the equation ECSA = Cdl / Cs, where 

Cs is the specific capacitance of an atomically smooth material. Thus, ECSA is a 

linear relation to Cdl and can be used for comparison for a series of electrodes with a 

similar or same surface. For 6 M KOH at 85 °C , a Hg/HgO reference electrode was 

used instead of SCE, and converted into RHE as described in the supporting 

information. 
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CHAPTER 3 
 

A One-Step Electropolymerization of a 

Dicyanobenzene-Carbazole-Imidazole Dye for 

Photoelectrodes, Heterogeneous Photocatalysts, and 

Sensing Applicationsa 

 

3.1 Introduction 

Molecular dyes are utilized in applications that include photocatalysis of organic 

reactions, as components of organic light emitting devices (OLEDs), in photodynamic 

cancer therapy, in dye-sensitized solar cells, and in photoelectrodes for solar fuels.1,2 

Ru-3–5 and Ir-6,7 polypyridyl and related complexes are common molecular dyes 

because they have strong absorptions in the visible range (metal-to-ligand-charge 

transfer). Moreover, they are modified readily to tune the wavelengths of absorption 

and emission as well as the redox properties of the excited state, and readily undergo 

intersystem crossing to form relatively long-lived triplet excited states. There are 

inherent disadvantages with these compounds that include cost, toxicity, and low 

stability under certain reaction conditions that limit their large-scale application.8–10 

Organic dyes that are abundant and easy to prepare offer a promising alternative to 

precious-metal-based systems.11–13 The most studied organic dyes include perylene 

derivatives,14 porphyrins,15 triphenylamines,16 and subporphyrins.17 The excitation of 

push-pull dyes involves intramolecular charge transfer.3–5 The push-pull dye 

1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN),18–20 has been utilized 

successfully in OLEDs,21–23 as photocatalysts for organic reactions,24–28 the hydrogen 

photoevolution reaction,29 and CO2 photoreduction.30,31 

Our group and others have attached organic dyes to electrode surfaces by 

electrografting them with diazonium precursors.32–34 The resulting 

carbon(dye)-oxygen(semiconductor) bond shows promising stability under alkaline 

 
a A version of this chapter has been submitted in Polymers by J. Liu, O. M. Perez, D. Lavergne. L. Rasu, 
E. Murphy, A. G. Rodriguez, and S. H. Bergens, accepted. 
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conditions that exceed those of the carboxylate or phosphonate bridges typically used 

to attach molecular chromophore semiconductors.32,35 We previously reported the 

electrografting of 4CzIPN onto indium-doped tin oxide (ITO) or carbon electrodes 

using diazonium chemistry, and the system was more stable and active under basic 

conditions than the representative Ru-polypyridine complexes.36 

Porous organic polymers (POPs) offer several potential advantages over 

monolayers or near-monolayers of organic dyes attached to electrode surfaces.37 For 

example, POPs have a three-dimensional, large surface area (i.e. high specific surface 

area) structures that may coordinate to redox catalysts or act as sensor detection sites. 

Also, 3-dimensional POPs made of dye monomers would offer larger cross sections 

for light absorption than their corresponding monolayers. As well, many POPs are 

grown directly from simple organic monomers that do not require synthetic 

modifications, greatly simplifying the preparation, processing, and purification steps 

for large-scale preparations.28,38 Carbazole-containing molecules have been studied 

extensively as electropolymerization monomers, and a wide variety of polycarbazole 

electropolymers have been developed for purposes that include organic light-emitting 

diodes (OLEDs), capacitors, and memory devices.39 To our knowledge, there is one 

example of a POP made from a dicyanobenzene-carbazole chromophore.28 In that 

report, the parent dye, 4CzIPN, was copolymerized with formaldehyde dimethyl 

acetal (FDA) using a Fe(III)-redox oxidant to effect the polymerization. The resulting 

polymer was evaluated as a heterogeneous photocatalyst for the C(sp3)–P bond 

construction and selective oxidation of sulfides in water under mild conditions.28 

We now report the first direct electropolymerization of a 

dicyanobenzene-carbazole dye. Specifically, we prepared redox- and 

photoactive-POP films with controlled amount employing a new monomer, 

1-imidazole-2,4,6-tri(carbazol-9-yl)-3,5-dicyanobenzene (1, 3CzImIPN). on ITO 

(1-ITO or 1-ITO-NP) and carbon (1-CP) surfaces. Electrochemical polymerization is 

a simple, one-experimental-step process. We report the structure and activities of the 

POP films as photoelectrodes for electrooxidations, as heterogeneous photocatalysts 
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for photosynthetic olefin isomerizations, and as solid-state fluorescent metal ion 

sensors. 

 

3.2 Results and Discussion 
 

3.2.1 Preparation of Monomer 

The imidazole-dye compound 1 was prepared by displacement of fluoride in the 

known precursor 1-fluoro-2,4,6-tri(carbazol-9-yl)-3,5-dicyanobenzene by cesium 

imidazolate in 95% yield (Scheme 3.1). 

 

 
 
Scheme 3.1. Synthesis of the monomer 3CzImIPN (1) 

 

Figure 3.1a shows the solid-state structure of 1. As has been observed in 

related compounds,40,41 the dihedral angles between the benzene and carbazole rings 

range from 60 to 70 to relieve steric crowding. The dihedral angle between the 

benzene and imidazole ring is ~52. Figure 3.1b shows the UV-Vis and steady-state 

photoluminescence spectra recorded in dichloromethane. As it is well-known for 

carbazole-dicyanobenzene dyes,40 the excitation at ~421 nm results in a strong 

emission at ~543 nm. In keeping with the known photochemistry of this class of 

compounds, the excitation is a charge-transfer excitation from the highest occupied 

molecular orbital (HOMO), largely located on the carbazole rings, to the lowest 

unoccupied molecular orbital (LUMO), largely centered on the dicyanobenzene 

moiety. The S1 and T1 excited states are typically close in energy for this class of 

compounds, contributing to rapid intersystem crossing. Further, the T1 excited state is 

sufficiently long-lived to promote photoredox and energy transfer organic 

photoreactions.42,43 
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Figure. 3.1. (a) The solid state structure of 1, (b) absorbance UV-Vis spectrum of 1 (0.1 mM) in 
dichloromethane (DCM), and (c) the excitation and emission curve 1 (of 0.1 mM) in DCM 

 

3.2.2 Electropolymerizaton of 3CzImIPN (1) 

The electropolymerization of carbazole-containing molecules is well-known.44–46 

Briefly, the carbazole ring undergoes one-electron oxidation to form the 

corresponding cationic radical, followed by carbon-carbon bond formation at the 3- or 

6-positions. Proton loss then forms the neutral polymer. Figure 3.2a shows the cyclic 

voltammograms (CVs) for the 10-cycle potentiodynamic electropolymerization of 1 

over ITO nanopartiles on ITO glass (the resulting polymer is designated as 

10-1-ITO-NP) carried out in CH2Cl2 solution under air (0.1 M tetrabutyl ammonium 

hexafluorophosphate (TBAPF6), 1.0 mM 1, sweep rate 100 mV s–1, 10 sweeps, sweep 

range from –0.55 to 1.45 vs Ferrocene/Ferrocene+ (Fc/Fc+, and unless stated 

otherwise, all potentials in this paper are relative to Fc/Fc+)). The first positive-going 

sweep contains a strong anodic oxidation that commences at ~0.75 V vs Fc/Fc+ that 

corresponds to the one-electron oxidation of a carbazole ring (at nitrogen) to form the 

cationic radical that then undergoes the electropolymerization. 
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Figure. 3.2. (a) CV curves of 10-1-ITO-NP in 0.1 M TBAPF6 and 1mM of 1. Sweep rate 100 mV s–1, 
10 sweeps, sweep range from –0.55 to 1.45 vs Fc/Fc+; (b) CV (sweep rate 10 mV s–1; 5, 10, 45 sweeps; 
sweep range from –0.41 to –1.91 vs Fc/Fc+) curves of 5, 10, 45-1-ITO-NP compare with ITO-P in 0.1 
M TBAPF6 acetonitrile solution without monomer; (c) FT-IR of 45-1-ITO and 45-1-CP; (d) Tilted 
SEM of 45-1-ITO and corresponding (e) C and (f) Sn EDX mapping on ITO glass 

 

The electropolymerization continues as the potential increases. The first 

negative going sweep contains a reductive wave at ~0.6 V that corresponds to the 

electroreduction of the POP deposited on the electrode during the first sweep. The 

second positive-going sweep contains a new peak at ~0.7 V that corresponds to the 

electrooxidation of the POP. Scheme 3.2 shows the proposed structure of the POP in 

both the reduced (neutral) and oxidized (polycationic) forms. The oxidative wave at 

~0.7 V specifically arises from 1 e– oxidation of the carbazole-nitrogen centers in the 

polymer to form the polycationic, conjugated polymer shown in Scheme 3.2. This 

behavior is typical of polycarbazoles, and the conjugated polycationic polymers are 

known to be electronically conductive. The reductive wave at ~0.6 V corresponds to 

the reduction of the positive nitrogen centers in the polycation to form the neutral 

polycarbazole structure shown in Scheme 3.2. These CVs are similar to the previous 

report by Li and his colleagues when obtaining polymers of carbazole derivatives.47 

Furthermore, under this high oxidation potential, a POP should be formed.47 Again, 

this behavior is quite typical of polycarbazoles. The amount of the resulting polymer 

increases with each subsequent sweep, as shown by the increase in charge under the 
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redox peaks for the polymer and their potential shifts. Specifically, the cathodic peak 

shifts from ~0.65 V in the first negative going sweep to more reducing potentials, and 

the anodic peak shifts to more oxidizing potentials as the amount of polymer 

increases, slowing the rate of electron- and ion transfer through the POP. The 

resulting POP (10-1-ITO-NP) contains redox active groups in the backbone, 

photoactive groups in the polymerized monomer, and it is capable of reactions at the 

imide groups. The degree of crosslinking in the photoredox-POP is unknown. 

Similar trends were observed during the 5- and 45-cycle 

electropolymerizations forming the 5-1-ITO-NP and 45-1-ITO-NP, respectively 

(Figure S3.1). Figure 3.2b shows the CV curves sweeping to negative potentials 

(sweep rate 10 mV s–1; 5, 10, 45 sweeps; sweep range from –0.41 to –1.91 vs Fc/Fc+) 

for the isolated 5-, 10-, and 45-1-ITO-NP photoredox-POPs recorded in acetonitrile 

solution under N2 (0.1 M TBAPF6). The electrodes were removed from the 

electropolymerization solution and washed thoroughly with CH2Cl2 before the CVs 

were recorded. The photoredox-POPs all contain highly reversible reduction peaks at 

~ –1.6 V vs Fc/Fc+.48 The corresponding oxidation peak occurs ~ –1.5 V in the 

positive-going sweep. The CV of the free monomer 1 contains the corresponding 1 e– 

reversible redox wave at ~ –1.5 V, and it corresponds to the 1 e– reduction and 

oxidation of the dicyanobenze ring.36 The CVs of the electrodes (Figures 3.2b, S3.2) 

show that the dicyanobenzene rings in the photoredox-POPs undergo the same redox 

process. The charge under these peaks increased with increasing 

electropolymerization cycles, showing that the amount of the photoredox-POP is 

controlled by the number of potential sweeps during the polymerization. No oxidation 

or reduction peaks were detected in the control CVs of the bare ITO-NP electrode. 

Using the charges under the anodic peaks, the coverages are estimated to be 1.50 x 

10–8, 2.94 x 10–8, and 4.74 x 10–8 moles cm–2 for 5-, 10-, and 45-1-ITO-NP, 

respectively. 

 



 

53
 

 

 
 
Scheme 3.2. Proposed structure of the polymer in both the neutral and oxidized (doped) forms. This 
redox behavior is typical of polycarbazoles39,49,50 

 

The photoredox-POP can be grown over carbon paper and bare ITO slides as 

well (Figure S3.3). Figure 3.2c shows the reflectance Fourier Transform Infrared 

(FT-IR) spectra of both samples of the photoredox-POP films, recorded after 

thoroughly washing the films with CH2Cl2. The peaks at about 1450 and 1610 cm–1 

are attributed to the aromatic ring vibrations in 1.28 Figure S3.4 shows the weak 

signals at around 2237 cm–1 corresponding to the dicyano group on the central 

aromatic ring.43 The strong peak at about 839 cm–1 is due to the 

hexafluorophosphate51 counterions to the cationic nitrogen centers formed during the 

oxidation of the carbazole groups in 1. The C-H stretching appears around 

3000 cm–1.28 The peak around 1554 cm–1 is a ring vibration band characteristic of the 

(partially) oxidized (doped) PCz.52 Similar observations are reported for 

polycarbazole prepared under the same conditions.39 

The morphology and elemental composition of 45-1-ITO were characterized 

by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDX) mapping. Figure 3.2d shows the edge-view SEM of a 1 film grown on an ITO 

slide. Figures 3.2e and 3.2f show the C and Sn elemental mappings, respectively. The 

SEM and EDX images all show a uniform distribution of the film and elements on the 

ITO surface. 

Figure 3.3a shows the X-ray photoelectron spectroscopic (XPS) survey of 

both 45-1-ITO and 45-1-CP. C, N, O, P, F, and Cl are present on both 

photoredox-POP electrodes. The P and F signals probably arise from the presence of 

PF6
– counter ions to the oxidized N centers present in the polymer (Scheme 3.2). The 
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Cl signal arises from residual CH2Cl2 solvent in the photoredox-POP. Figure 3.3b 

shows that deconvolution of the C 1s peak from 45-1-ITO revealed a prominent peak 

at 284.6 eV corresponding to sp2 carbons. Two additional peaks at 285.6 eV and 

286.7 eV were observed and attributed to C=N and C-N (or nitrile group), 

respectively.53,54 Figure 3.3c shows that deconvolution of the N 1s peak revealed 

three subpeaks at 399.4 eV, 400.6 eV, and 401.8 eV, which were assigned to nitrile 

nitrogen, pyrrolic nitrogen, and imidazole nitrogen or doped (oxidized) N sites, 

respectively. The deconvoluted XPS of elements on 45-1-CP is presented in Figure 

S3.5. Taken together, the CVs recorded during and after the electropolymerization, 

the SEM-EDX, the FTIR, and the XPS all confirm that the electropolymerization of 

the imidazole-dye 1 formed the photoredox-POP shown in Scheme 3.2. 

 

3.2.3 Properties of The Polymer 

Figure 3.3d shows the reflectance UV-Vis spectra of the photoredox-POPs on 

ITO-NP grown over 5, 10, and 45 cycles after subtracting the ITO-NP background. 

The lower limit is set to 400 nm to avoid the interference of ITO.55 The observed 

increase in intensity as a function of the photoredox-POP amount may be attributed to 

the additional growth of the conjugated repeating units of the polymer, which could 

give rise to a band-like distribution of energy levels within the system.56,57 We assign 

this absorption to the well-known carbazole to dicyanobenzene intramolecular charge 

transfer.58 The increase in wavelength of this absorption in the photoredox-POP 

compared with monomer 1 likely arises from either extended conjugation in the 

polymerized carbazole groups or, perhaps, some solid-state effect.59,60 The 

HOMO-LUMO gaps in the three photoredox-POPs were measured by applying 

Kubelka-Munk theory.61 Figure 3.3e shows that the HOMO and LUMO gaps were 

2.53 eV (5 cycles), 2.49 eV (10 cycles), and 2.46 eV (45 cycles), respectively. As 

well, The energies of the LUMOs were estimated using the onset potential62,63 for the 

1 e– reduction of the dicyanobenzene rings in the photoredox-POPs. Figure S3.6 

shows the CVs of the photoredox-POPs recorded with the photoredox-POP electrode 

immersed in CH2Cl2. The onsets for the reduction peaks were at –1.36 V, –1.33 V, 
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and –1.31 V vs. Fc/Fc+ for the 5-, 10-, and 45-cycle photoredox-POPs, respectively. 

Figure 3.3f shows the results from using the reduction onset potentials measured by 

CV and adding the estimated difference in voltage based on the HOMO and LUMO 

band gap estimated from the Kubelka-Munk plots. We note that these results are 

tentative and rely on many factors.64 

 

 
 
Figure 3.3. (a) XPS survey scans of 45-1-ITO and 45-1-CP and corresponding (b) C 1s and (c) N 1s of 
45-1-ITO. (d) Reflectance UV-Vis of 5, 10, 45-1-ITO-NP by deduction of the ITO-NP substrates. (e) 
Optical band gap of 5, 10, 45-1-ITO-NP, and (f) LUMO and HOMO estimations  

 

3.2.4 Utilization of Polymer Electrodes as Photoanodes 

To investigate the photoactivity of the photoredox-POPs, we first measured the 

incident photon-to-current efficiencies (IPCEs) towards the photoelectrochemical 

oxidations of hydroquinone (HQ (0.02 M), 0.1 M NaClO4 in H2O, pH = 7.0) under 

neutral conditions and of triethylamine (TEA (0.5 M), 0.1 M NaClO4 in H2O, 

pH = 12.6) under alkaline conditions. 

The experiments were performed in the visible light region (400–650 nm) 

using a 400 nm UV-light filter. Figure 3.4a shows the IPCEs for the oxidation of HQ 

by the 1 on ITO-NP deposited with 5, 10, and 45 sweeps under neutral conditions. 

Figure S3.7 shows that the photocurrent of a bare ITO-NP control electrode was 

negligible under neutral and alkaline conditions. The photoreodx-POPs were 
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photoactive up to 550 nm (5-cycles), 560 nm (10 cycles), and 590 nm (45 cycles), 

showing that the activity extends further into the visible spectrum as the amount (i.e. 

the degree of conjugation) of the photoredox-POP increases. The maximum 

efficiency for all three photoredox-POPs occurs at 400 nm and decreases in the order 

of 15.9 % (10 cycles), 13.6 % (5 cycles), and 10.3 % (45 cycles). These efficiencies 

are high for organic dyes reported in the literature in the visible light region.65,66 It is 

likely that the efficiency of the 10-1-ITO-NP was higher than the 5-1-ITO-NP 

because of the higher amount of chromophores on the surface. The efficiency of the 

45-1-ITO-NP was a little lower, likely because of increased resistance in the 

increasing amount photoredox-POP film. The 10-cycle electrode probably has the 

optimum balance between the number of chromophores per square centimeter versus 

electrical resistance among these three photoredox-POPs. The IPCE of the 45-cycle 

photoredox-POP, is, however, higher than the lower amount films at long 

wavelengths, likely due to increased conjugation in the longer polymer chain. Figure 

3.4b shows that the most active 10-1-ITO-NP electrode is quite stable and active 

under AM 1.5G sunlight. Figure S3.8 shows that the other photoredox-POPs were 

appreciably stable under neutral or basic conditions. Figure 3.4c shows the IPCEs of 

the photoredox-POPs with Et3N as an electron donor under basic conditions. In this 

case, the IPCE of the 45-1-ITO-NP electrode is slightly higher than the 10- or 

5-1-ITO-NP electrodes at shorter- and longer- wavelengths. The maximum IPCE 

(~11%) and the steady-state currents were substantially higher than those we reported 

previously with 4CzIPN monolayer electrography to ITO nanoparticles using 

diazonium chemistry.36 Further, chromophores attached by phosphonic- and 

carboxylic acid linkers tend to decompose quickly in the presence of base. The 

electropolymerization of the 1 occurs without derivatization, and it provides direct 

control over the amount of the resulting photoactive films. 
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Figure. 3.4. (a, c) IPCE tests of 5, 10, 45-1-ITO-NP in 0.1 M NaClO4 dissolved in triple distilled water 
containing 0.02 M hydroquinone (pH = 7.0) (neutral condition) or 0.5 M Et3N (pH = 12.6) (basic 
condition) at 0.25 V vs. SCE. (b) Stability test of 10-1-ITO-NP in the neutral conditions under 
simulated AM 1.5G sunlight with UV-light filter 

 

3.2.5 Stilbene Isomerization 

We next investigated the photosynthetic isomerization of trans- to cis-stilbene using 

the photoredox-POPs films as heterogeneous photocatalysts (Scheme 3.3). These 

isomerizations occur by the excited state of the dye undergoing Dexter energy 

transfer with stilbene. The resulting triplet state of stilbene collapses to either the 

trans or cis isomer. Dexter energy transfer between the excited dye occurs 

preferentially with trans-stilbene, eventually driving the reaction towards the cis 

isomer.40,67  

 

 

 
Scheme 3.3. Stilbene isomerization 

 

We utilized 5-1-ITO-NP, 10-1-ITO-NP, 45-1-ITO-NP, and ITO-NP electrodes in 

toluene solvent under LED irradiation at 450 nm. The number of dye-catalyst on each 

photoredox-POP electrode was approximated by measuring the charge under the 

anodic peak for oxidation of the one-electron reduction of the dicyanobenezene 

groups in the CVs (Figure S3.9). The coverages by 5-1-ITO-NP, 10-1-ITO-NP, and 

45-1-ITO-NP were estimated as 1.50 x 10–8, 2.94 x 10–8, and 4.74 x 10–8 moles cm–1, 

respectively. These values are rough estimates because other charging/background 

currents could not be excluded wholly. Further, these values measure all the 

electrochemically accessible dye centers in the photoredox-POP, not just those on the 



 

58
 

 

surface. Table 3.1 summarized the results utilizing an initial catalyst-to- stilbene ratio 

of 0.0060, 0.012, and 0.019, respectively. The 5-1-ITO-NP catalyst provided 5417.55 

net turnovers from trans- to cis- after the first 16 h (32.49 % cis-), and 10365.60 after 

48 h (67.57% cis-). For comparison, the 10-1-ITO-NP provided 1812.69 (21.34% cis-) 

after 16 h and 3993.05 (52.70 % cis-) after 48 h. The ratios of turnover numbers are 

lower than the ratios of % cis-, suggesting that while longer polymers are formed with 

more cycles, not all of the active sites in the longer photoredox-POPs are accessible 

to the reaction. The turnover numbers and % cis- obtained with the 45-1-ITO-NP 

(949.42 after 16 h (18.01 % cis-), 2194.55 after 48 h (46.67 % cis-) are consistent 

with this interpretation. The control ITO-NP electrode was essentially inactive (TON 

close to 0 in 48 h). We also note that the higher activity obtained with 5-1-ITO-NP is 

also consistent with the higher IPCE achieved with this electrode under neutral 

conditions, meaning this photoredox-POP demonstrates more effective light 

utilization. We next determined the photo-steady state by running a stilbene 

isomerization over 5-1-ITO-NP for a longer time. After 88 h, the conversion 

increased from 67.57% at 48 h to 83.33%. This photo steady state was similar to the 

one we reported previously with a different carbazole-dicyanobenzen catalyst,36 and it 

results from the rate of the forward (cis-stilbene) and backward (trans-stilbene) 

reactions being the same. Reuse of the 5-1-ITO-NP photocatalyst resulted in a drop in 

efficiency by 74 % at 48 h. 

The internal quantum yield on a solid electrode is extremely difficult to 

measure accurately because other factors. such as light scattering and reflections 

cannot be determined precisely, and vary from sample to sample.68 We determined 

the apparent quantum efficiency, based on the number of photons impinging on the 

solid electrode, as detailed in the SI. To our delight, the net external quantum yields 

after 16 h for 5-1-ITO-NP, 10-1-ITO-NP, and 45-1-ITO-NP at 450 nm were 13.73 %, 

9.02%, and 7.61%, respectively. These values do not include any reverse reaction that 

occurred during the isomerization, and so they are lower limits to the actual values. 

We note that these lower limits are roughly consistent with the IPCE values 
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indicating the inherent high performance for light utilization. These results 

demonstrate that the photoredox-POPs can be used as photocatalysts. 

 
Table 3.1. Photosynthetic Isomerization of trans- to cis-Stilbene by different ITO-NP Electrodes. 
 

1In the absence of any explicit notation to the contrary, the isomerization reactions were conducted 
using trans-stilbene as the substrate, toluene as the solvent, and an argon atmosphere at ambient 
temperature, with various cycles of photoredox-POPs serving as the catalyst. The % conversion, TON 
(with TONs being calculated after sub-tracting the amount of substrate removed in the preceding 
aliquots), and TOFs were determined through 1H NMR spectroscopy. 2New run of a new 5-1-ITO-P 
electrode. 3Second run of the same 5-1-ITO-P electrode reused 

 

3.2.6 Photoluminance Li Ion Response. 

Figure 3.5a shows the reflectance UV-Vis spectra of 45-1-CP from 400 nm to 800 nm. 

A thick polymer coating (45 cycles, –0.55-2.45 V vs.Fc/Fc+) was utilized to 

maximize the signal from the polymer. The background absorbance of CP was 

subtracted, but there still were significant absorbances from the support below 

~475 nm. There was a broad peak near 510 nm that was similar to that in the 

spectrum of the photoredox-POPs over ITO-NP (Figure 3.3d). Figure 3.5b shows the 

steady-state photoluminescence spectrum. There is a broad emission peak at ~650 nm 

resulting from excitation at 420 nm. The corresponding emission peak for the 

monomer in CH2Cl2 occurs at ~550 nm. The emission from polymerized 1 on CP is 

broader and shifted to a longer wavelength than the monomer (Figure 3.1). This shift 

to lower energies almost certainly results from factors that include conjugation in the 

polymer, solid-state interactions between the polymer and the support or other 

polymer chains, interactions between monomers in the polymers, and solid-state 

Catalyst1 Mol % of 

catalyst 

[stilbene]/

M 

%conv 

(16 h) 

TON 

(16 h) 

TOF/h 

(16 h) 

%conv 

(48 h) 

TON 

(48 h) 

TOF/h 

(48 h) 

%conv 

(88 h) 

5-1-ITO-

NP 

0.0060 0.1 32.49 5417.55 338.60 67.57 10365.60 215.95  

10-1-ITO

-NP 

0.012 0.1 21.34 1812.69 113.29 52.70 3993.05 83.19  

45-1-ITO

-NP 

0.019 0.1 18.01 949.42 59.34 46.67 2194.55 45.72  

ITO-NP 0 0.1 ~0 ~0 ~0 ~0 ~0 ~0  

5-1-ITO-

NP2 

0.0060 0.1       83.33 

5-1-ITO-

NP3  

 0.1 4 666.98 41.69 17.63 2704.537 56.34  
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packing effects on the molecular conformations. Detailed studies are required to 

understand this complex system fully. Regardless, the photoemission spectrum, the 

ICPE, and the stilbene isomerization results show that the photochemistry of the 

monomer is retained largely in the polymer, albeit with shifting to longer wavelengths 

and broadening. We also note the polycarbazole polymer has UV-Vis absorptions as 

well. 

 

 
 
Figure. 3.5. (a) Reflectance UV-Vis spectra and (b) emission light excited at 420 nm of 45-1-CP. (c) 
The prototype example of Li-ion detection of 45-1-CP 

 

Considering the stability of the polymer in water and the widespread 

utilization of imidazole groups in sensors,52,69 we exposed the 45-1-CP to different 

concentrations of lithium in water to determine if the presence of Li affects the 

photoluminescence spectrum. Specifically, we soaked the 45-1-CP electrode in triple 

distilled water (TDW) for 2 h and measured the photoluminescence spectrum. We 

then exposed the electrode to 10–4 M LiClO4 and 10–2 M LiClO4 aqueous solutions 

for 2 h. As shown in Figure 3.5c, the photoemission was partially quenched by the 

presence of lithium, with greater quenching at higher [Li+]. The quenching of the 

photoluminescence likely originated from the coordination of Li+ to the imidazole 

groups in the photoredox-POP,70,71 suggesting that they have applications as a 

solid-state ion sensor. 

 

3.2.7 Understanding The Polymer 

Preliminary TD-DFT calculations (Gaussian 16/B3LYP/6-31+G(d,p)) were carried 

out on 1 in the absence of solvent to provide insight into the photochemical processes 

reported in this paper. The calculated energy of the HOMO is –6.12 eV, and the 
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energy of the LUMO is –3.08 eV, giving a band gap of 3.04 eV. As shown in Figures 

3.6a, b, the HOMO is localized on the carbazole groups, with the carbazole group 

between the cyano groups providing the highest contribution (LUMO, HOMO, and 

UV-Vis are drawn combined with Multiwfn72 or VMD73). The LUMO is localized 

largely on the dicyanobenzene ring, and roughly can be viewed as a * aromatic 

orbital. As illustrated in Figure 3.6c, the calculated UV-Vis in the visible light region 

(>400 nm) is mainly a composite of 6 excitations. In Figure 3.6d, the vertical 

excitation energy from S0 to S1* is 2.38 eV, and the fluorescence energy from S1 to 

S0* is 1.84 eV (corresponding to 521 and 673.8 nm, respectively). The calculated 

difference in energy between S1 and T1 is small, (ΔEST* ~0.18 eV), and this small 

difference in energy is likely one reason why intersystem crossing is relatively fast 

for this type of molecule.74 

 

 

 
Figure. 3.6. TD-DFT-calculated (a) HOMO and (b) LUMO wave functions of the geometry optimized 
structures; (c) calculated UV-Vis spectra; (d) a Jablonski diagram for 1; (e) photoluminescence 
intensity with applied potential 
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Figure 3.6d shows the Jablonski diagram for 1, which illustrates the potential 

photophysical pathways for 1. These calculations support the results for similar 

compounds reported in the literature.43 During photoexcitation, an electron is 

promoted from S0 to a higher-energy singlet state. The electron then undergoes 

internal conversion (IC) to reach the lowest-energy singlet excited state S1. Two 

outcomes are possible: either the electron emits fluorescent light and returns to the 

ground state S0, or it undergoes intersystem crossing (ISC) to the lowest triplet 

excited state T1. The electron in state T1 can either emit long-lived phosphorescent 

light and return to ground state S0, or it can undergo reverse intersystem crossing 

(RISC) and return to state S1. These calculations illustrate the photochemical 

processes that occur in 1 and in the photoredox-POPs. 

A prediction made by combining the results from the calculations with the 

structure and redox functions of the polycarbazole (Scheme 3.2) is that there will be a 

partial depletion of the occupied molecular orbitals at higher potentials as the 

carbazole groups are electro-oxidized. Depletion of these orbitals will also decrease 

the photoluminescence. Indeed, Figure 3.6e shows that the photoluminescence 

intensity of the 45-1-ITO photoredox-POP is decreased significantly after oxidation at 

2.45 V vs. Fc/Fc+ for 20 min relative to the same photoredox-POP held at –0.55 V vs. 

Fc/Fc+ for 20 min. We tend to explain this phenomenon by calculations. The 

occupied molecular orbitals in the visible range of our studied system are 

predominantly localized in the carbazole groups, whereas the excited state orbitals 

primarily reside in the dicyanobenzene ring. The effect of oxidation of the carbazole 

groups on the light emission of the system can be attributed potentially to the 

alteration of the electron transfer pathway. Specifically, upon oxidation of the 

carbazole groups, the excited electrons might be diverted from their original path to 

the center dicyanobenzene ring and instead trapped in the holes of the oxidized 

carbazole groups. These results show that the photoluminescence behavior of these 

types of photoredox POPs can to some extent be modulated by the applied potential. 
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3.3 Conclusions 

A one-step preparation of the imidazole-functionalized, polycarbazole 

dicycanobenzene dye 1 is reported. The photophysical behavior of 1 dye is typical of 

this class of organic chromophore.10 The dye is electropolymerized readily in air at 

the carbazole rings to produce photoredox POPs on ITO glass, nanoparticles, and 

carbon paper. The resulting deposits are active photoanodes, photocatalysts for olefin 

isomerization reactions, and their photoluminescence behavior responds to lithium 

ions in solution, presumably through the coordinating imidazole groups. Studies are 

underway in our laboratories to fully investigate the photochemical properties and 

utility of these new photoredox POP deposits. 

 

3.4 Experimental Section 
 

3.4.1 Materials 

The materials and chemicals were used without any further treatment, unless 

mentioned otherwise. The following compounds were purchased from Sigma Aldrich: 

hydroxypropyl cellulose (powder, 20 mesh particle size, Mw ~100,000), 

tetrabutylammonium hexafluorophosphate (TBAPF6; for electrochemical analysis, 

≥99.0%), hydroquinone (ReagentPlus, ≥99.5%), triethylamine, distilled (≥99.0%), 

acetonitrile, distilled (for HPLC, gradient grade, ≥99.9%), dichloromethane, distilled 

(DCM; ACS reagent, ≥99.5%), carbazole (≥95%), NaH (60% dispersion in mineral 

oil), NaCl, NaClO4 (ACS reagent, ≥98.0%), calcium hydride (reagent grade, 95%), 

and trans-stilbene (96%). ITO nanoparticles were purchased from Fisher Scientific 

(17-28 nm APS Powder). Anhydrous ethanol was purchased from Greenfield Global. 

Tetrafluoroisophthalonitrile (>98.0%) was purchased from TCI chemicals. The 

solvents tetrahydrofuran (Na/benzophenone), toluene (CaH2), DCM (CaH2), and 

acetonitrile (CaH2) were dried by distillation from the appropriate drying agent under 

N2. Triple distilled water was used for all the glassware cleaning and preparation of 

aqueous solutions for electrochemistry experiments. 
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3.4.2 Fabrication of ITO Nanoparticles Coated ITO Glass Electrode 
(ITO-NP) 

Indium tin oxide coated glass slides (ITO glass, Kaivo, surface resistivity <7 Ω/sq) 

were cut into 1cm x 2.5 cm, sonicated in ethanol, triple distilled water, and acetone 

for 30 min each, followed by drying in an oven at 60 °C. ITO nanoparticle paste was 

prepared following procedures: 1.32 g of hydroxypropyl cellulose (HPC) was placed 

in a vial with 15 mL of anhydrous ethanol and stirred overnight to obtain the HPC 

suspension. Next, 1.5 g of ITO nanoparticles were dispersed in 6.25 mL of anhydrous 

ethanol and sonicated for 40min. After sonication, 3.75 mL of the HPC suspension 

was added to the ITO nanoparticle suspension, stirred overnight, followed by 

sonicating for 1h before use to prepare the ITO paste. Then, the ITO paste was 

doctor-bladed on an ITO surface with four layers of scotch tape as a spacer. After 

drying in air, the prepared electrodes were heated from room temperature to 500 °C 

over 1 h and then kept at 500 °C for another 1 h in a furnace. The ITO-NP electrodes 

were collected after the furnace cooled down to room temperature. 

 

3.4.3 Preparation of Poly 3CzImIPN (1) on ITO-NP, ITO Glass 
(ITO), or Carbon Fiber Paper (CP) 

The ITO glass was cut into 1 cm x 2.5 cm small pieces, then sonicated in triple 

distilled water, ethanol, and acetone for 30 min, respectively. CP also was cut into 

1 cm x 2.5 cm and sonicated in triple distilled water for 30 min. After drying in an 

oven at 60 °C for 30 min, the ITO or CF was ready to use for the next step. 

Electropolymerization was carried out in distilled dichloromethane (DCM) solution, 

with 1 mM of 1 and 0.1 M of TBAPF6. CVs for ITO-NP electrodes were recorded by 

sweeping betwen 0 to 2 V vs. Ag wire (–0.55 to 1.45 V vs. Fc/Fc+, Fc = Ferrocene) at 

a scan rate of 100 mV s–1 for 5, 10, or 45 cycles (5/10/45-1-ITO-NP), with Ag wire as 

the reference electrode and platinum gauze as the counter electrode. CVs for ITO or 

CP electrodes were recorded by sweeping between 0 to 3 V vs. Ag wire (–0.55 to 

2.45 V vs. Fc/Fc+, Fc = Ferrocene) at a scan rate of 100 mV s–1 for 45 cycles 

(45-1-ITO or 45-1-CP), with Ag wire as the reference electrode and platinum gauze 

as the counter electrode. Ferrocene was added after the experiment as an internal 
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reference. After polymerization, the electrodes were washed with DCM and dried in 

an oven at 60 °C for 45 min. 

 

3.4.4 Stilbene Isomerization 

In this experiment, E-Stilbene (45.1 mg, 0.25 mmol) was introduced into a 

custom-made test tube with a magnetic stir bar and polymer 1 on an ITO-NP 

electrode. Subsequently, the test tube was inserted into a side arm flask, which was 

connected to a Schlenk line, evacuated, and re-filled with argon for three cycles. Then, 

freshly distilled toluene (2.5 mL) was injected into the test tube using a gas-tight 

syringe under an argon atmosphere. Upon adding toluene, the resulting solution was 

stirred at room temperature under blue LED radiation with a fan. To monitor the 

reaction, 50 μL of solutions were drawn from the vials, and 1H NMR spectra were 

recorded using CDCl3 as a solvent. 1,3,5-Trimethoxy benzene was added as an 

internal standard at the end of the reaction. 

 

3.4.5 Photoluminescence Response to Lithium Ions 

First, the 45-1-CP electrode was soaked in distilled water for 2 h. Subsequently, the 

electrode was taken out from the water without drying, and its photoluminescence 

spectrum was measured immediately (Figure 3.5c). Afterwards, the electrode was 

exposed to aqueous solutions containing 10–4 M and 10–2 M LiClO4, respectively for 

120 min, and the photoluminescence spectrum was measured immediately, as 

described above (Figure 3.5c). 

 

3.4.6 Characterization 

The scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy 

(EDX) mapping measurements were done by a Zeiss EVO MA10 Scanning Electron 

Microscope with EDX. Typically, the system vacuum of SEM was lower than 

2 × 10-5 torr when acquiring images. The X-ray photoelectron spectroscopy (XPS) 

measurements were done using a Kratos Axis Ultra. A monochromatized Al Kα 

source (hν = 1486.71 eV) was used, while the pressure in the sample analytical 

chamber was maintained below 5 x 10–10 torr. Survey scans covered the binding 
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energies of 1100–0 eV with 160 eV analyzer pass energy. For the deconvolution 

process, the spectra were calibrated to position the C–C binding energy at 284.6 eV in 

order to correct the charge effect. Solid-sate UV-Vis spectra were collected using the 

Cary 5000 UV-Vis spectrometer in reflection mode. Solid-sate photo luminance was 

acquired by a Horiba-PTI QM-8075-11 Fluorescence System with a solid stand. FTIR 

was measured by Thermo Nicolet 8700 FTIR spectrometer and Continuum FTIR 

microscope on ATR. The 1H NMR spectra were acquired using 400 MHz, 500 MHz, 

or 600 MHz Varian Inova, or Varian DD2 M2 400 MHz NMR spectrometers. The 

13C NMR spectra were acquired using a Varian VNMRS 500 MHz NMR 

spectrometer. The chemical shifts are reported in parts per million relative to TMS 

with the solvent as the internal standard. Abbreviations used in reporting of NMR 

data are s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublet), 

dq (doublet of quartet), and m (multiplet). HRMS spectra were acquired using either 

electrospray ionization in an Agilent 6220 oaTOF mass spectrometer or electron 

ionization on a Kratos Analytical MS50G double-focusing sector mass spectrometer. 

The experiment involving simulated sunlight was carried out using a 300 W Xenon 

light source solar simulator equipped with an AM 1.5G optical filter. 
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CHAPTER 4 
 

Conclusions and Outlook 

This dissertation includes applying PCz as a multifunctional binder, subsequently 

coordinating with metal ions for electrochemical water oxidation, and a new method 

for direct one-step polymerization of 3CzImIPN. Both of the polymers can be 

polymerized on the surface of ITO and carbon-based surfaces by a one-step 

electropolymerization. Moreover, it is the first time that we reported directly 

polymerize carbazole on the surface of metal Ni, and it is the first time for 

straightforward electropolymerization of a 4CzIPN derivative. The polymers are 

characterized by FT-IR, SEM, XPS, UV-Vis, and electrochemistry methods, or PL 

and ICP-OES. The performance of polymers for different reactions is investigated 

briefly, and we have attempted to explain the mechanism behind reactions. Moreover, 

the OER performance of electrodes is compared with some of the best catalysts. 

Chapter 2 introduces a new method for preparing PCz-based electrodes for 

OER reactions. PCz acts as a binder that is conductive, stable, and can coordinate 

with metal ions, such as Ni, Fe, and Co. The electrodes are prepared by 

electropolymerizing carbazole over CF or Nifoam, and then depositing metal ions by 

coordination with PCz. We made and tested a series of CoFe- and NiFe-based 

electrodes, in which the Ni3Fe1-PCz/Nifoam electrode is one of the best OER 

electrodes under alkaline conditions (~200 mV overpotential to reach a current 

density of 10 mA cm–2 in 1.0 M KOH) and has a very low mass loading of catalysts 

among all OER catalysts. Moreover, this electrode can operate in harsh conditions 

(85 °C in 6 M KOH) with high current density (100 mA cm–2) for a relatively long 

time (120 h), with a minor decrease in performance. The function of PCz is to 

enhance the OER by providing a high local concentration of OH– ions and facilitating 

charge and mass transport to the active sites. In summary, this method can provide a 

simple and low-cost way to prepare efficient and robust electrodes for water splitting, 

which is a promising technology for renewable energy storage and conversion. By 

using abundant and inexpensive materials and a straightforward procedure, we 
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demonstrate that our electrodes can achieve high OER performance and stability 

under harsh conditions. This could help overcome some of the challenges and barriers 

to the large-scale application of water splitting and hydrogen production. 

Future work for PCz-based electrodes contain trying it in seawater with base, 

trying it as an HER electrode, and finding a commercial partner. To perform 

electrodes for water splitting in alkaline seawater, we need to consider some factors, 

such as the electrolyte, the separator, and especially the corrosion resistance. A 

possible technique is to use a two-cell configuration to separate the anode and 

cathode, with a gas-impermeable separator to prevent the product gases from mixing. 

Seawater contains various salts and impurities that can affect the electrode 

performance and stability, while it is a realistic condition if an electrode can perform 

for a long time and without decreasing in performance. For trying the electrode as an 

HER electrode, it is possible for the PCz binder to coordinate with some more 

efficient HER catalysts and improve the HER performance. Moreover, it is also 

possible to investigate the detailed mechanism of the coordinative deposition and the 

role of PCz in the OER reaction using spectroscopic and kinetic methods. For 

example, the conductivity should be measured in different potentials while operating 

in alkaline Conditions. The mechanistic unknowns to be investigated include how the 

catalysts and polycarbazole interact during the OER. Also, which pores are required 

to inject/expel counter ions, and the mechanism of electron conductivity through the 

electrode. Furthermore, we may explore other types of electrodes and metal ion 

precursors or nanomaterials that can benefit from the PCz binder, such as Ni-Co or 

Ni-V. 

Chapter 3 reports the first direct electropolymerization of a 

dicyanobenzene-carbazole dye functionalized with an imidazole group (P3CzImIPN) 

to prepare photoredox- and photoactive POP films on carbon and ITO surface. The 

POP films have controlled amounts by different CV cycles, high stability under 

standard AM 1.5 G sunlight, and tunable properties for various applications. For 

example, the photoelectrodes in alkaline and neutral conditions that efficiently 

oxidize hydroquinone and triethylamine under visible light irradiation, which 
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increases their performance ~3–4 times compared to the electrografted 4CzIPN 

monomers we reported before. It is also a heterogeneous photocatalyst for stilbene 

isomerization to catalyze the photosynthetic isomerization of trans-stilbene to 

cis-stilbene. Moreover, it is a solid-state photoluminescence sensor for response to 

lithium ions by quenching their photoluminescence emission. We also provide some 

structural and spectroscopic characterizations of the POP films and the monomer, as 

well as some theoretical calculations to support the experimental results. In summary, 

we provide a novel and facile method to prepare redox- and photoactive POP films on 

various substrates, which can be used as photoelectrodes for solar energy conversion 

or storage or as photocatalysts for organic synthesis or environmental remediation. 

Future work for P3CzImIPN includes incorporating catalysts for 

photoelectrochemical CO2, N2 reduction, the evolution of H2, or maybe combine with 

polycarbazole and NiFe for photoelectrochemical OER. The imidazole group has the 

ability to coordinate or bond to different catalysts, such as Ru or Co catalysts for CO2 

reduction or water splitting to H2. By binding water oxidation and reduction catalysts 

together with P3CzImIPN POPs, we may make new overall water-splitting catalysts 

for the generation of O2 and H2 without adding any sacrificial agent. It is also possible 

for us to explore other electropolymerization monomers with different functional 

groups or chromophores to obtain more diverse and versatile POP films with tailored 

properties. For example, adding an electron withdrawing or donating group may 

change the properties of the POP. Due to a relatively suitable redox window of the 

POP, future work also may incorporate an investigation of the mechanism and 

kinetics of the photoelectrochemical or photocatalytic organic reactions mediated by 

the POP films, as well as the factors affecting their efficiency and selectivity. 

Furthermore, we can optimize the fabrication and performance of the POP films as 

solid-state sensors for various metal ions or other analytes, such as Ni, Fe, and Co, 

and compare them with other existing sensing materials or methods. 

In conclusion, this thesis focuses on the development of novel 

carbazole-based polymer catalysts and their direct integration onto various electrode 

surfaces. These electrodes exhibit exceptional performance as OER anodes, 
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surpassing conventional experimental conditions and demonstrating robustness in 

industrial-level harsh environments. The inherent characteristic attributes of the 

electrode possibly could be utilized in seawater environments. Moreover, these 

electrodes have the potential to application as HER electrodes. We already have 

submitted a patent application and are actively seeking a commercial partner for 

further advancement. The carbazole-imidazole-dicyanobenzene-based electrode, 

named P3CzImIPN, represents a versatile and multifunctional platform. It serves as a 

prototype electrode for future adornment and modification, enabling the incorporation 

of catalysts for photoelectrochemical carbon dioxide and nitrogen reduction, as well 

as hydrogen evolution. Additionally, the combination of polycarbazole and NiFe with 

this electrode holds promise for photoelectrochemical OER. With further 

development and enhanced understanding of these catalysts, we anticipate that their 

application will expand into broader domains. 
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APPENDIX A 
 

Supporting Information for Electronically 

Conductive, Multifunctional Polymer Binder for 

Highly Active, Stable, and Abundant Composite 

Electrodes for Oxygen Evolution 
 

Supplementary Notes 
 

Conversion of Hg/HgO Voltage to RHE Voltage at 85 °C in 6 M 
KOH 

According to J. Niklas Hausmann et al.,1 the pH of 6 M KOH at 85 ℃ is estimated to 

be 13.59. The reversible hydrogen electrode (RHE) voltage is calculated based on the 

equation:  

 E (vs.RHE ) = E (vs. Hg/HgO) + 0.098 V* + 0.059 × 13.59 S2.1 

According to Ryan A. Nickell et al.,2 for the same concentration of NaOH (OH–), the 

increasing temperature may reduce the reference potential of Hg/HgO vs. NHE. Thus, 

the standard potential (Eo) may be lower than 0.098 V, possibly underestimating the 

performance of the electrodes. Furthermore, the filling solution in Hg/HgO reference 

electrode is 4.24 M KOH, which is lower than the outside environment of 6 M KOH. 

As time passes, water may leak from the inside reference electrode to the outside 

environment. Consequently, the concentration of KOH inside the reference electrode 

may rise, which may cause interference. However, more investigations are needed to 

solve the questions above. 

 

iR Correction 

We use the corresponding Nyquist plot to do iR correction. In brief, the intercept of 

the X axis is identified as the solution resistance (Rs) and multiplied by the current to 

obtain the shited voltage (Vshift). The iR-corrected new voltage is the untreated voltage 

that subtracts the Vshift. 
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Estimation of Turnover Frequency (TOF) 

Suppose Faraday efficiency is 100%, and Ni and Co are the active centers in the 

reaction. Therefore, The TOF can be estimated as below: 

 TOF = jA/4Fn S2.2 

Where j is the geometric current density at a given potential, A is the 

geometrical area, F is the Faraday constant, and n is the moles of Ni or Co on the 

electrodes.3 

 

Estimation of the Amount of Ni and Accessible PCz on the 
Electrodes Using Cyclic Voltammetry (CV) 

Firstly, the I-t curves are plotted by the corresponding CV curves. Then, the total 

charge in Coulombs (Q) is calculated by integrating the corresponding peak in the I-t 

curve derived from the CV. Moreover, the moles of content on the electrodes (mole) 

can be calculated as follows: 

 mole = Q/ NAe S2.3 

Where Q is the total charge of Coulomb calculated from Figures S2.3, S2.4, 

and S20, NA is the Avogadro constant, and e is the Coulomb number for one electron. 

The mass content was estimated by multiplication by the molar mass. 

 

Identification of Growth Polycarbazole on Carbon Fiber Paper (CF) 

The first sweep proceeds in the positive-going direction and contains one anodic peak 

at ~0.92 V vs. Fc/Fc+ (Figure S2.1). This peak likely corresponds to the oxidation of 

dissolved carbazole to form the mono-cationic radical.4 This radical either bonds to 

the carbon surface or reacts with carbazole in solution to form the 3,3'-dimer 

eventually.5 The electropolymerization commences and propagates with this oxidation 

and proceeds as the voltage increases higher than ~ 0.92 V in the positive-going 

sweep. The subsequent cycles contain two anodic waves in the positive direction and 

two cathodic waves in the negative. With each subsequent sweep, these peaks grow, 

broaden, and shift to higher (anodic) or lower (cathodic) potentials. This is typical 

behavior for the electropolymerization of carbazole.4,6 The lower peak (~ 0.75 V) in 

the anodic sweep likely arises from oxidation of the polycarbazole form to a 

mono-cationic radical. The higher peak (~ 0.92V) likely arises from further oxidation 
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to a dicationic (~0.92 V) species, along with oxidation of carbazole in solution as part 

of polymer growth.4 The color of the electrode turns dark green as the polymerization 

proceeds, and the green color persists after washing with MeCN (Figure S2.3). It is 

well known that polycarbazole turns green upon oxidation (doping) to form 

conjugated polycations.7 The shifting and broadening of these peaks during the 

polymerization arise, forming a thicker polymer layer. These effects include changes 

in electronic and ionic conductivity through the growing film. 

 

Performance of The Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF 
Electrodes 

Figure S2.9 compares Ni3Fe1 electrodes with the same mass loadings on CF prepared 

with polycarbazole and Nafion as binders.  Figure S2.9a shows the long-term 

galvanostatic OER at 10 mA cm−2 with the Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF 

electrodes (1.0 M KOH, room temperature). The potential of the PCz-based electrode 

rose slightly over 5 h and then stabilized at ~1.46 V (vs. RHE) over the remainder of 

the 20 h, demonstrating the stability of this system towards the OER. The slight 

increase in potential over the first 5 h may have resulted from a minor reconstruction 

of the electrode. In contrast, the Nafion-based electrodes operated at higher, much 

less stable potentials throughout the experiment. Figure S2.9b shows the LSV curves 

before and after the 20 h OER. The before and after LSVs of the PCz electrode are 

quite comparable, with the curve actually being more defined after the 20 h reaction. 

There are positive currents at low potentials in the LSV of the Ni3Fe1-PCz/CF 

electrode before the long-term reaction. These currents likely arose from the 

electrooxidation (doping) of the polycarbazole support. There was almost no decrease 

in the LSV current densities after the 20 h reaction. The corresponding LSVs of the 

Nafion electrode showed significant degradation of activity. Figure S2.9c shows the 

Nyquist plots (at 0.5 V vs. SCE) for the PCz- and Nafion-based electrodes before and 

after the 20 h reaction. The high-frequency resistance of the PCz-based electrode is 

low, indicating the polycarbazole is electronically conductive at this potential. There 

are very few resistances at low frequencies, and there is little change in the plot after 

the 20 h OER. We note that the charge transfer resistance (Rct) decreased slightly 
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after 20 h. In contrast, the high-frequency resistance of the Nafion-based electrode is 

much higher, there are significant low-frequency resistances, and the Nyquist plot 

changes significantly after 20 h. While detailed investigations are required to 

determine the exact mechanisms responsible for the plots, it is clear that the 

PCz-binder significantly enhances and stabilizes the OER reaction. 

 

Identification of Growth Polycarbazole on Ni Foam 

Figure S2.13 shows the CVs of Ni foam in MeCN (0.1 M LiClO4) both in the absence 

of carbazole and during the electropolymerization (0.005 M carbazole). The CV of 

the Ni foam in the absence of carbazole contains large, linear oxidative waves starting 

at 0.6 V in the forward and reverse directions caused by Ni oxidation, presumably 

forming [Ni(MeCN)4]
2+. Similar waves are present in the first sweeps of the CVs 

recorded during the carbazole electropolymerization. These waves decreased as the 

surface was covered by polycarbazole, leaving only waves for the polymerization of 

carbazole in the final sweeps. 

 

XPS Identification 

Figure S2.18 shows the C, N, and O regions of the XPS spectra of PCz/Nifoam (A-C) 

and Ni3Fe1-PCz/Nifoam after (D-F). The C 1s region of PCz/Nifoam (Figure S2.18a) 

contains peaks at 284.8 and 285.8 eV that may be assigned to the sp2 carbons bonded 

to -carbon and -nitrogen, respectively, in the PCz rings. There is only one signal in 

the O 1s region at 533.1 eV, which may be assigned to the ClO4
– counter ion resulting 

from the doping (Figure S2.18b). There are two peaks in the N 1s region in the XPS 

spectrum of PCz/Nifoam (Figure S2.18c), one at 400.4 eV that may be assigned to 

neutral nitrogen in the polycarbazole rings (Figure S2.26a), and a smaller peak at 

402.6 eV that may be assigned to N+ present because of partial doping of the polymer 

(Figure S2.26b). These tentative assignments are in line with those reported for 

partially doped PCz in the literature.8 We cannot rule out the presence of trace MeCN 

in the PCz/Nifoam. 

The new C 1s peaks in the XPS spectrum of Ni3Fe1-PCz/Nifoam (287.0 eV and 

288.3 eV) likely arise from methanol in the deposit left over from the coordinative 
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deposition (Figure S2.18d). The new peak in the N 1s region at 401.2 eV may arise 

from nitrogen bonded to Ni or Fe (Figure S2.18e, S2.26c). This tentative assignment 

is in-line with polypyridily-metal complexes in the literature.9 The peak assigned to N 

from partially doped PCz in the XPS spectrum of PCz/Nifoam is absent with 

Ni3Fe1-PCz/Nifoam. The O 1s region of the XPS spectrum of Ni3Fe1-PCz/Nifoam 

(Figure S2.18f) contains peaks ~533.6 eV that may arise from methanol in the deposit, 

and peaks at ~532.4 eV that may arise from metal hydrates or hydroxides, consistent 

with literature assignments.10 These assignments are tentative because specific 

reference spectra are not available. 

Similar tentative assignments are shown for the C, N, and O regions of the 

XPS spectra of Ni3Fe1-PCz/CF and Co3Fe1-PCz/CF (Figure S2.25a-c, and Figure 

S2.25d-f). The XPS survey data is shown in Figure S2.27. 

 

FTIR Identification 

For polycarbazole on carbon paper, the bands present at 728, 755, 800, and 880 cm−1 

relate to the C-H bonds. An intense peak at 1100 cm−1 corresponds to ClO4
− ions. 

Moreover, the peak at 1238 cm−1 represents the N-H stretching. A C=C peak locates 

positions at 1449 and 1461 cm−1. The peak at 1605 cm−1 is the C-C peak. A broad 

peak at 3280 cm−1 may result from N-H stretching. The proof for 3, 6 polycarbazole 

is the peak at 856 cm−1.11,12 The peak at 1554 cm−1 is a ring vibration band 

characteristic of the (partially) oxidized (doped) PCz.13 The band that appeared at 

approximately ~3250 cm−1 is assigned to O-H stretching vibrations. After soaking in 

MeOH with metal chloride hydrates salts, washing and drying in the air for 24 h, 

peaks at 1100 and 1554 cm−1 disappear, meaning the absence of ClO4
– ions and 

reduced (undoped) PCz. In addition, a higher intensity broad peak around 3400 cm−1 

represents the presence of Ni salt,14 and a new peak at 733 cm−1 represents the Fe-O 

bond.15 

 

 

 

Chemical and Electrochemical Stability Tests of Polycarbazole (PCz) 
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To examine whether polycarbazole is chemically stable in the alkaline OER 

conditions or not, carbazole is polymerized on carbon fiber paper and Ni foam 

electrodes first, then soaked in 1 M KOH and 6 M KOH for 240 h at room 

temperature. As shown in Figure S2.28, there are no precipitates present or color 

change of the KOH solution after 240 h soaking, meaning that the PCz is stable to 

dissolution under the alkaline conditions. Furthermore, after 15 CVs in acetonitrile, 

the color of PCz changes from brown (undoped) back to dark green (doped), 

indicating that the electrochemical properties of PCz had not significantly changed, 

and the PCz remained on the electrode surface (Figure S2.29). The CVs of PCz on CF 

after 240 h soaking in 1.0 and 6.0 M KOH was not significantly different than before 

(Figure S2.30).  We note that the anion in the polymer would have changed from 

perchlorate to hydroxide, some surface restructuring inevitably occurring during the 

long-term exposure to base, and the stability of the CF support to base is unknown 

under these conditions. Regardless, these findings, along with the stability of the 

operating OER electrode in 6M KOH, 85 C, and 120 h, strongly indicate that 

polycarbazole is chemically stable under alkaline OER conditions.  

Next, the electrochemical stability of PCz is checked by the galvanostatic tests 

on GC, CF, and Nifoam with Ni3Fe1. Notably, If the binder is not electrochemically 

stable, the performance of electrodes for OER will drop. The Ni3Fe1 with Nafion 

binder is only electrochemically stable on the Nifoam electrode in this paper (Figure 

2.6b). The other Nafion binder on GC (Figures 2.3a,b; S2.8a,b) and CF (Figures 

S2.9a,b) fail to pass the galvanostatic tests. Impressively, all electrodes with PCz as a 

binder show good electrochemical stability during the OER tests (Figures 2.3a, 2.6b, 

S2.8a, S2.9a), and the CVs (Figures 2.3b, S2.8b, S2.9b, S2.23) change a little before 

and after the galvanostatic tests. 
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Supplementary Figures 

 

 

 
Figure S2.1. Growth of polycarbazole on carbon fiber paper (CF). (a) 45 cycles CV of CF electrode 
(area ~1 cm x 1 cm) in MeCN (0.1 M LiClO4 and 0.005 M carbazole). (b) Corresponding of 
determining E1/2 Fc/Fc+ reference in the same solution. The oxidation peak is at 0.423 V, and the 
reduction peak is at 0.0674 V vs. Ag/Ag+, E1/2 = 0.245 V 

 

 
 
Figure S2.2. Picture of the CF electrodes. Polycarbazole grown on carbon fiber paper (PCz/CF), 
NiFe-PCz/CF, CoFe-PCz/CF, and the NiFe-PCz/CF(A), CoFe-PCz/CF(A) after 20 h stability test. The 
color changes from green (PCz/CF) to yellow (NiFe-PCz/CF) and green-yellow (CoFe-PCz/CF) after 
coordinating metal ions on the surface. NiFe-PCz/CF and CoFe-PCz/CF turn brown after 20 h stability 
test at 10 mA cm−2 
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Figure S2.3. Estimation of polymer amount on PCz/CF electrode. (b) I-t curve and (a) corresponding 
LSV curve; Scan rate 100 mV s−1 

 

 

 
Figure S2.4. Estimation of Ni amount on Ni3Fe1-PCz/CF electrode. (b) I-t curve and (a) corresponding 
LSV curve; Scan rate 1 mV s−1 
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Figure S2.5. Comparison of literature with relatively low catalyst mass loading vs. OER overpotential. 
The mass loading of Ni3Fe1-PCz/Nifoam is estimated from the Fe amount in ICP-OES supposing the 
ratio of Ni to Fe is 3 :1. The comparison is according to these refences16–25 
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Figure S2.6. Determine double layer capacitance (Cdl) of NixFey-PCz/CF electrodes. (a) CV scanning 
of Ni1Fe1-PCz/CF, (b) Ni3Fe1-PCz/CF, and (c) Ni9Fe1-PCz/CF for ECSA estimation. (d) The 
corresponding Cdl numbers are shown in the graph 
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Figure S2.7. Determine double layer capacitance (Cdl) of CoxFey-PCz/CF electrodes. (a) CV scanning 
of Co1Fe1-PCz/CF, (b) Co3Fe1-PCz/ CF, and (c) Co9Fe1-PCz/ CF for ECSA estimation. (d) The 
corresponding Cdl numbers are shown in the graph 
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Figure S2.8. Stability of Ni3Fe1-PCz/GC and 5Ni3Fe1-Nafion/GC electrodes. (a) The galvanostatic 
OER over Ni3Fe1-PCz/GC and 5Ni3Fe1-Nafion/GC for 24 h at 10 mA cm−2. (b) LSVs over 
Ni3Fe1-PCz/GC and 5Ni3Fe1-Nafion/GC before and after 24 h stability tests. (c) Nyquist plots (at 0.5 V 
vs. SCE) for Ni3Fe1-PCz/GC and 5Ni3Fe1-Nafion/GC before and after the 24 h stability tests. (d) Tafel 
slope of Ni3Fe1-PCz/GC and 5Ni3Fe1-Nafion/GC before stability tests 
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Figure S2.9. Performance of Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF electrodes. (a) The galvanostatic 
OER over Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF for 20 h at 10 mA cm−2. (b) LSVs over 
Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF before and after 20 h stability tests. (c) Nyquist plots (at 0.5 V 
vs. SCE) for Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF before and after the 20 h stability tests. (d) Tafel 
slope of Ni3Fe1-PCz/CF and Ni3Fe1-Nafion/CF before stability tests. The Nyquist plots clearly show a 
difference in the impedance behavior of the polymer. A parent difference in initial activity between 
polymer carbazole and Nafion electrodes is minimized by the large range of the X-axis 
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Figure S2.10. XPS of the electrodes on CF. (a)The Ni 2p and (b) Fe 2p regions in the high-resolution 
XPS spectra of Ni3Fe1-PCz/CF before (black line), and after the long-term galvanostatic OER (pink 
line) (conditions: Time, 20 h; current, 10 mA/cm2; solution,1 M KOH). (c) and (d) are the Co 2p and 
Fe 2p regions in the high-resolution XPS spectra of Co3Fe1-PCz/CF 

 

 

 
Figure S2.11. Picture of glass electrodes. Picture of polycarbazole grown on ITO glass (PCz/ITO); 
after soaking PCz/ITO in methanol for 24 h and dry (PCz (methanol)/ITO glass); after soaking 
PCz/ITO in methanol with Ni2+ ions for 24 h (Ni-PCz (methanol)/ITO glass) and after soaking 
PCz/ITO in methanol with Fe2+ ions for 24 h (Fe-PCz (methanol)/ITO glass) and dry 
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Figure S2.12. UV-Vis of different polycarbazole electrodes on ITO glass. (a) The UV-Vis graph 
subtracts undoped PCz/ITO glass as blank: Polycabazole on ITO glass without soaking in methanol 
(doped PCz/ITO glass); Polycabazole on ITO glass after soaking with Ni ions (undoped Ni-PCz/ITO 
glass); Polycabazole on ITO glass after soaking with Fe ions (undoped Fe-PCz/ITO glass) and 
Polycabazole on ITO glass after soaking in methanol without metal ions (undoped PCz/ITO glass). (b) 
The original UV-Vis graph without subtraction. The peak around 700 nm in undoped Ni-PCz/ITO 
glass represents the presence of Ni ions. The peak around 400 nm in both undoped Ni or Fe-PCz/ITO 
glass represents the presence of Ni and Fe ions. However, the Fe-PCz/ITO glass peak starts earlier and 
is stronger26,27 

 

 

 
Figure S2.13. Comparison of CVs with or without carbazole on Ni foam. (a) 45 cycles CV of 
electropolymerization carbazole on Ni foam with 0.0050 M carbazoles and (b) without carbazole in 
0.10 M LiClO4 MeCN solution 
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Figure S2.14. Comparison of Nifoam and PCz/Nifoam electrodes. (a) 10 cycles CV of Nifoam and (b) PCz/ 
Nifoam electrode (area ~1 cm x 1 cm) in DCM with 0.1 M TBAPF6). (c) Corresponding of determining 
E1/2 of FC/FC+ reference in the same solution. The oxidation peak is at 0.555 V, and the reduction peak 
is at –0.149 V vs. Ag/Ag+. Therefore, E1/2 = 0.203 V 

 

 

 
Figure S2.15. Picture of Ni foam (Nifoam) electrodes. Picture of Nifoam, polycarbazole grew on Nifoam 
(PCz/Nifoam), and NiFe metal ions coordinate on the polycarbazole (Ni3Fe1-PCz/Nifoam) 

 

 

 
Figure S2.16. Morphology of Nifoam electrodes. SEM surface morphology of the (a) Nifoam, (b) PCz/ 
Nifoam, and (c) Ni3Fe1-PCz/Nifoam 
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Figure S2.17. Comparison FTIR of Nifoam electrodes. (a) FTIR spectra of the PCz/Nifoam and (b) 
Ni3Fe1-PCz/Nifoam electrodes 

 

 

 
Figure S2.18. Comparison XPS of Nifoam electrodes. XPS of (a) C 1s, (b) N 1s, and (c) O 1s in 
PCz/Nifoam; XPS of (d) C 1s, (e) N 1s, and (f) O 1s in Ni3Fe1-PCz/Nifoam 
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Figure S2.19. Ni, Fe XPS in Ni3Fe1-PCz/Nifoam. (a) The Ni 2p and (b) Fe 2p regions in the 
high-resolution XPS spectra of Ni3Fe1-PCz/Nifoam 

 

 

 
Figure S2.20. Estimation of Ni amount on Ni3Fe1-PCz/Nifoam electrode. (b) I-t curve  and (a) 
corresponding LSV curve ; Scan rate 1 mV s−1 
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Figure S2.21. Galvanostatic stability test of Ni3Fe1-PCz/Nifoam at 10 mA cm−2 over 22 h. The 
performance of Ni3Fe1-PCz/Nifoam at 10 mA cm−2 was read after the stability test 

 

 
 
Figure S2.22. Tafel slope of Ni3Fe1-PCz/Nifoam electrode. Conditions: in 1 M KOH and scan rate of 
1 mV s−1 
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Figure S2.23. Stability test of Ni3Fe1-PCz/Nifoam. (a) The LSV curves of Ni3Fe1-PCz/Nifoam electrode 
before and after 24 h stability test 1 M KOH, scan rate 5 mV s−1. (b) Nyquist plots of the 
Ni3Fe1-PCz/Nifoam electrode before and after the 24 h stability test at 0.5 V vs. SCE. The curves are not 
in perfect shapes and may originate from O2 bubble interference at this relatively high voltage 

 

 
 
Figure S2.24. Stability test of Ni3Fe1-PCz/Nifoam electrode under hash conditions. Nyquist plot of the 
Ni3Fe1-PCz/Nifoam electrode after 120 h stability test in 6 M KOH and 85 °C at 0.5 V vs. Hg/HgO 
reference electrode. The conversion from Hg/HgO to RHE is described in the supplementary text 
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Figure S2.25. XPS of CF substrate electrodes. XPS of (a) C 1s, (b) N 1s, and (c) O 1s in 
Ni3Fe1-PCz/CF; XPS of (d) C 1s, (e) N 1s, and (f) O 1s in Co3Fe1-PCz/CF 

 

 

 
Figure S2.26. Illustration of different N sites of polycarbazole. (a) sp2 C bonded to -C and -N, (b) N+ 
in doped polycarbazole, (c) N coordinated to the metal 
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Figure S2.27. XPS survey spectra. From top to bottom: Co3Fe1-PCz/CF; Ni3Fe1-PCz/CF; 
Ni3Fe1-PCz/Nifoam; PCz/Nifoam 

 

 

 
Figure S2.28. Chemical stability test of PCz. (a, b) PCz/CF in 6 M KOH and 1 M KOH over 240 h. (c, 
d) PCz/Nifoam in 1 M KOH and 6 M KOH over 240 h. (e, f) 1 M KOH and 6 M KOH without any 
electrode 
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Figure S2.29. Electrodes before and after CV tests. (a, b) After soaking the PCz/CF electrodes in 6 M 
KOH or 1 M KOH for 240 h, then washing with triple-distilled water before CV tests. (c, d) After 
soaking the PCz/CF electrodes in 6 M KOH or 1 M KOH for 240 h, then washing with triple-distilled 
water before CV tests. (e – h) a, b, c, and d electrodes after CV tests 
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Figure S2.30. CVs before and after soaking in KOH. (a, b) CVs of PCz/CF electrodes before and after 
1 M KOH soaking over 240 h. (c, d) CVs of PCz/CF electrodes before and after 6 M KOH soaking 
over 240 h 

 

 

 
Figure S2.31. Performance of electrodes on PCz/CF substrates. (a) Tafel slope, (b) double layer 
capacitance, and (c) mass activity (left) and TOF (right) at 1.50 V vs. RHE curves for Co1F1, Co3F1, 
and Co9F1-PCz/CF 
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Supplementary Tables 
 
Table S2.1. ICP-OES Results of Different Ratios of Ni, Fe and Ni, Co Electrodes. The Mole Ratios 
and Double Layer Capacitance (Cdl) Numbers are Calculated and Shown in the Table. 
 

 
Table S2.2. Table for Comparisons of the Output Results for Electrochemical Water Oxidation. 
 

a Ni3Fe1-PCz/Nifoam electrode under harsh conditions (6 M KOH, 85 ℃) without iR compensation. 

Label Co (μg) Fe (μg) The ratio of 

Co to Fe 

Co  

(μ Moles) 

Fe  

(μ Moles) 

Cdl (mF) 

Co1Fe1 57.91 64.41 0.853: 1 0.983 1.153 23.76 

Co3Fe1 86.45 32.12 2.55: 1 1.467 0.575 42.87 

Co9Fe1 77.9 10.03 7.39: 1 1.322 0.179 31.01 

Label Ni (μg) Fe (μg) The ratio of 

Ni to Fe 

Ni  

(μ Moles) 

Fe  

(μ Moles) 

Cdl (mF) 

Ni1Fe1 53.3 50.4 1.01: 1 0.908 0.902 5.05 

Ni3Fe1 124.43 35.75 3.31: 1 2.12 0.64 5.10 

Ni9Fe1 100.89 17.47 5.51: 1 1.719 0.312 4.89 

Catalyst Support overpotential@ 

10 mA cm2 

Stability test 

time 

overpotential@ 

100 mA cm2 

Stability test 

time 

Co1Fe1-PCz CF 291 mV    

Co3Fe1-PCz CF 283 mV    

Co9Fe1-PCz CF 289 mV    

Ni1Fe1-PCz CF 245 mV    

Ni3Fe1-PCz CF 224 mV 20 h   

Ni9Fe1-PCz CF 253 mV    

Ni3Fe1-PCz GC 272 mV 24 h   

Ni3Fe1-PCz Ni foam ~200 mV 22 h 264 mV 24 h 

Ni3Fe1-PCza Ni foam   ~210 mV 120 h 
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APPENDIX B 
 

Supporting Information for A One-Step 

Electropolymerization of a 

Dicyanobenzene-Carbazole-Imidazole Dye for 

Photoelectrodes, Heterogeneous Photocatalysts, and 

Sensing Applications 
 

General Information 
 

Photoelectrochemistry 

The photoactivity of the electrodes was investigated in two different PH solutions: a 

0.1 M NaClO4 water solution containing 0.02 M hydroquinone (pH = 7.0), and a 

0.1 M NaClO4 water solution containing 0.5 M triethylamine (pH = 12.6). The 

reference and counter electrodes were saturated calomel electrode (SCE) and high 

surface area platinum gauze, respectively. The reaction was carried out in a four-neck 

quartz flask (total volume of 100 mL), and a flat window was used as the reaction 

flask. The electrolyte was stirred using a magnetic bar during the measurements. 

Before each experiment, the electrolyte was purged with argon for 20 min, and an 

argon gas atmosphere was maintained on top of the solution throughout the studies. 

The light source was a 300 W Xe lamp equipped with a Cornerstone M 260 

QEPVSI-b monochromator from Newport. The incident light intensity was 

determined by a Thorlab S121C light meter at each wavelength. The incident photon 

to current conversion efficiencies (IPCEs) at any given wavelength was calculated 

using the following equation:  

 IPCE (%) = (1240i /(Pλ) ×100 S3.1 

where λ is the specific wavelength of irradiated light (nm), P is light power density 

(mW cm–2),and i is the measured photocurrent density (mA cm–2). For 

electrochemical studies, a Solartron SI 1287 potentiostat equipped with Frequency 

Response Analyzer SI 1260 was used. 
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Estimation of Surface Coverage on The Electrodes Using Cyclic 
Voltammetry (CV) 

Initially, the I-t curves were generated based on the corresponding CV curves with 

known scan rates. The total charge in Coulombs (Q) subsequently was calculated by 

integrating the dicyanobenzene oxidation peak. Additionally, the number of moles of 

the substance on the electrodes (mole) was determined using the following equation: 

 mole = Q/NAe) S3.2 

where Q is the total charge of Coulomb, NA is the Avogadro constant, and e is the 

Coulomb number for one electron. 

 

Determine Apparent Quantum Efficiency 

 

The reactor apparatus was prepared with either a 1-ITO-NP glass slide 

electrodes or ITO-NP glass slide electrode in a glass vial, which was filled with a 

solution of trans-stilbene at the start of the experiment. To ensure an argon 

atmosphere, the vial containing the sample was transferred to a larger Schlenk line 

side arm flask, which then was positioned at the center of a glass cylinder wrapped 

with LED tape emitting at 450 nm. The intensity of the light was measured at 45° 

intervals, with a photodiode power sensor positioned at the center of the vial. The 

average intensity in the middle of the vial was found to be 2.73 mW cm–2, and the 

surface area of one electrode was approximately 1 cm2. Based on these values, the 

total energy of the incident photon flux over 16 h was calculated as 157.25 J, by the 

formula 1.94 × 10–3 (J s–1) (cm–2) × 1 cm2 × (16 × 60 × 60) s. This result corresponds 

to 0.59 mmol photons ( by 157.25 J/ 4.41424 × 10–19 J /NA; the energy of one photon 

at 450 nm is 4.41424 × 10–19 J; NA is Avogadro constant). Apparent quantum 

efficiency (AQE) = # of moles of cis-stilbene produced/# of moles of photons 
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AQY = 0.25 mmol x 32.49%/0.59154 mmol = 13.73% (5 cycles); 9.02% (10 cycles); 

7.61% (45 cycles). 

 

Calculation Method 

We employed the Gaussian 16 software1 package to conduct the Time-Dependant 

Density Functional Theory (TD-DFT) calculations. Specifically, the molecular 

structures were computed using the B3LYP (Becke, three-parameter, Lee-Yang-Parr) 

hybrid functional2 to describe the exchange-correlation energies. Basis sets were 

implemented to enable high-level B3LYP calculations at 6-31+G(d,p)3 for atoms, 

including C, N, and H. Vibrational frequency calculations were performed on all 

minima states, and each minimum was identified to have no imaginary frequencies. 

Prior to energy-related calculations, the ground state was stabilized to the minimum 

energy point. Notably, all excited state energies were found to be positive during the 

calculation process. To determine the T1 energy, we first optimized it using the 

Unrestricted Kohn-Sham (UKS) method. Additionally, LUMO and HOMO were 

drawn using Gaussian 16, Multiwfn (Multiwfn_3.8_dev_bin_Win64), and VMD 

(1.9.3). Furthermore, the UV-Vis was calculated via Gaussian 16 (nstates = 80) and 

was subsequently read and exported by Multiwfn (Multiwfn_3.8_dev_bin_Win64). 



 

124
 

 

Supplementary Figures 
 

 

 
Figure S3.1.(a) CV curves of 5-1-ITO-NP in 0.1 M TBAPF6 and 1mM 1 in DCM. (b) CV curves of 
45-1-ITO-NP in 0.1 M TBAPF6 and 1mM 1. Sweep rate 100 mV s–1, 5 or 45 sweeps, sweep range 
from –0.55 to 1.45 vs Fc/Fc+. (c) Determination of E1/2 for Fc/Fc+ reference in the same solution 

 

 
 
Figure S3.2. (a) Negative region CV curves for isolated 5-, 10-, and 45-1-ITO-NP compared to an 
ITO-NP blank showing the 1 e– redox wave for the dicyanobenzene groups in the polymers (0.1 M 
TBAPF6 in MeCN, sweep rate 10 mV s–1 from –0.41 to –1.91 vs Fc/Fc+); (b) Determination of E1/2 for 
Fc/Fc+ reference in the same solution 
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Figure S3.3. (a) CV curves for electropolyermization of 1 to prepare 45-1-ITO and (b) 45-1-CP in 
0.1 M TBAPF6 and 1mM 1 in DCM (45 sweeps, sweep rate 100 mV s–1 from –0.55 to 2.45 vs Fc/Fc+) 

 

 

 
Figure S3.4. Enlarged FT-IR region with putative assignments of the weak stretching peaks for the 
dicyano groups on the central aromatic ring in 45-1-ITO and 45-1-CP 

 

 

 
Figure S3.5. The deconvoluted XPS of elements (a) C 1s, (b) N 1s, and (c) O 1s on 45-1-CP 
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Figure S3.6. CVs (sweep rate 10 mV s–1 from –0.30 to –1.86 vs Fc/Fc+) of the 5, 10, or 45-1-ITO-NP 
electrodes immersed in CH2Cl2 with 0.1 M TABPF6. The onset potentials were determined, as shown 
in the figure 

 

 

 
Figure S3.7. IPCE measurements with the ITO-NP control, and (a) 10-1-ITO-NP electrodes under 
neutral and (b) 45-1-ITO-NP electrodes under alkaline conditions. 0.02 M hydroquinone (pH = 7.0) 
(neutral condition) or 0.5 M Et3N (pH = 12.6) (basic condition) in triple distilled water at 0.25 V vs. 
SCE. Each spike in current corresponds to a decrease in wavelength by 10 nm, starting at 700 nm, then 
down to 400 nm. The light was held at each wavelength for ~8 sec 
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Figure S3.8. (a) The steady-state potentiostatic photoelectroxidation of hydroquinone over 
10-1-ITO-NP under neutral conditions, and of triethyl amine over 45-1-ITO-NP under basic conditions. 
0.02 M hydroquinone (pH = 7.0) (neutral condition) or 0.5 M Et3N (pH = 12.6) (basic condition) in 
triple distilled water at 0.25 V vs. SCE 

 

 

 
Figure S3.9. Estimation of electrochemically accessible surface coverage of poly 1 from the charge 
under the one-electron redox wave for the dicyanobenzene moieties in the polymer. 5-1-ITO-NP: 1.50 
x 10–8 mol; 10-1-ITO-NP: 2.94 x 10–8 mol; 45-1-ITO-NP: 4.74 x 10–8 mol 
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Synthesis of Target Compounds 

5-fluoro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (3CzFIPN) was 

prepared as described in our previous report.4 

 

1-imidazole-2,4,6-tri(carbazol-9-yl)-3,5-dicyanobenzene (3CzImIPN) 
(1) 

Imidazole (106.1 mg, 1.56 mmol) and Cs2CO3 

(1.52 g, 4.67 mmol) were weighed into a side arm 

flask. Then, the flask was connected to a Schlenk 

line, evacuated, and refilled with argon for three 

cycles. Next, acetonitrile (CH3CN, 30 mL, dried 

over molecular sieves and bubbled with N2 for 

30 min) was added into the flask, and the resulted 

suspension was stirred at 50 °C for 30 min. 

Meantime, the monofluro compound, 3CzFIPN (1.06 g, 1.56 mmol) was dissolved in 

10 mL of CH3CN and added slowly into the flask containing imidazole and base at 

room temperature. Additional CH3CN (10 mL) was used for quantitative transfer of 

3CzFIPN, and then the contents in the flask were stirred at 50 °C. An aliquot after 

three hours showed the completion of the reaction with no starting materials 

remaining. The reaction flask was cooled down and filtered with an additional wash 

with CH3CN (100 mL). The combined filtrate was concentrated under reduced 

pressure using a rotavap to give yellow solid products. Next, the crude product was 

dissolved in DCM (50 mL) and washed with water (3 × 50 mL). After washing with 

saturated NaCl, the organic layer was dried over anhydrous Na2SO4, filtered, and 

concentrated again using a rotavap to give the target product as a yellow powder in 95% 

yield. 1H NMR (499.789 MHz, CD3CN, 27.7 °C): δ 6.11 (1H, s), 6.21 (1H, t, J =1.3 

Hz), 6.73 (1H, s), 7.39 (4H, t, J = 7.5 Hz), 7.49–7.55 (6H, m), 7.62 (4H, d, J = 8.1), 

7.73 (1H, dt, J = 8.0 Hz, J = 1.1 Hz), 7.86 (1H, d, J = 8.2 Hz), 8.17 (2H, d, J = 7.8 Hz), 

8.30 (2H, d, J = 7.8 Hz). 13C{1H} NMR (125.685 MHz, CD3CN, 27.7 °C): δ 110.1, 

110.6, 111.8, 117.8, 118.2, 120.8, 121.0, 122.1, 122.4, 123.9, 124.2, 126.9, 127.1, 
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129.3, 135.4, 137.3, 139.4, 139.7, 143.2, 145.3. HRMS (ESI) m/z Calcd. for 

C47H27N7 (M+H)+: 690.2401. Found: 690.2404. 

 

 
Figure S3.10. 1H NMR of 3CzImIPN (1). The δ region from 10 to 1 ppm showing the 1H NMR. The 
spectrum is acquired in CD3CN with 500 MHz Varian Inova 
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Figure S3.11. Zoom in 1H NMR of 3CzImIPN (1). The δ region from 9 to 6 ppm showing the 1H NMR. 
The spectrum is acquired in CD3CN with 500 MHz Varian Inova 
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Figure S3.12. 13C NMR of 3CzImIPN (1), from 0 to 190 ppm. The spectrum is acquired in acetone by 
Varian VNMRS 500 MHz NMR spectrometer 

 

 
 
Figure S3.13. Zoom in 13C NMR of 3CzImIPN (1), from 100 to 160 ppm. The spectrum is acquired in 
acetone by Varian VNMRS 500 MHz NMR spectrometer 
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Stilbene Isomerization 

Trans reactants denoted by (T); cis-products denoted by (*); internal standard denoted 

by (IS) 

 

 

 
Figure S3.14. 1H NMR of stilbene isomerization by ITO-NP for 16 h; the δ region from 10 to 0 ppm 

 



 

133
 

 

 
 
Figure S3.15. 1H NMR of stilbene isomerization by ITO-NP for 48 h; the δ region from 10 to 0 ppm 

 

 

 
Figure S3.16. Zoom in 1H NMR of stilbene isomerization by new ITO-NP for 48 h; the δ region from 
6 to 8 ppm 

 



 

134
 

 

 

 
Figure S3.17. 1H NMR of stilbene isomerization by 5-1-ITO-NP for 16 h; the δ region from 10 to 
0 ppm 
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Figure S3.18. 1H NMR of stilbene isomerization by 5-1-ITO-NP for 48 h; the δ region from 10 to 
0 ppm 
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Figure S3.19. Zoom in 1H NMR of stilbene isomerization by 5-1-ITO-NP for 48 h; the δ region from 6 
to 8 ppm 
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Figure S3.20. 1H NMR of stilbene isomerization by 10-1-ITO-NP for 16 h; the δ region from 10 to 
0 ppm 
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Figure S3.21. 1H NMR of stilbene isomerization by 10-1-ITO-NP for 48 h; the δ region from 10 to 
0 ppm 
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Figure S3.22. Zoom in 1H NMR of stilbene isomerization by 10-1-ITO-NP for 48 h; the δ region from 
6 to 8 ppm 
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Figure S3.23. 1H NMR of stilbene isomerization by 45-1-ITO-NP for 16 h; the δ region from 10 to 
0 ppm 
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Figure S3.24. 1H NMR of stilbene isomerization by 45-1-ITO-NP for 48 h; the δ region from 10 to 
0 ppm 
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Figure S3.25. Zoom in 1H NMR of stilbene isomerization by 45-1-ITO-NP for 48 h; the δ region from 
6 to 8 ppm 
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Figure S3.26. 1H NMR of stilbene isomerization by the second run of 5-1-ITO-NP for 16 h; the δ 
region from 10 to 0 ppm 
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Figure S3.27. 1H NMR of stilbene isomerization by the second run of 5-1-ITO-NP for 48 h; the δ 
region from 10 to 0 ppm 
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Figure S3.28. Zoom in 1H NMR of stilbene isomerization by the second run of 5-1-ITO-NP for 48 h; 
the δ region from 6 to 8 ppm 
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Figure S3.29. 1H NMR of stilbene isomerization by new 5-1-ITO-NP for 88 h; the δ region from 10 to 
0 ppm 

 

 
 
Figure S3.30. Zoom in 1H NMR of stilbene isomerization by 5-1-ITO-NP for 88 h; the δ region from 6 
to 8 ppm 
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Crystallographic Experimental Details for 3CzImIPN (1) 

Crystals suitable for solid-state structure determination were prepared by liquid–liquid 

diffusion of Et2O into a DCM solution of 1. 

 
Table S3.1. Crystallographic Experimental Details. 

A.  Crystal Data 

formula C47H27N7 

formula weight 689.75 

crystal colour and habita yellow plate 

crystal dimensions (mm) 0.16  0.10  0.03 

crystal system orthorhombic 

space group Pbcn (No. 60) 

unit cell parametersb 

 a (Å) 42.8659(8)  

 b (Å) 11.9178(2) 

 c (Å) 14.3275(2)  

 V (Å3) 7319.5(2) 

 Z 8 

calcd (g cm-3) 1.252 

µ (mm-1) 0.596 

B.  Data Collection and Refinement Conditions 

diffractometer Bruker D8/APEX II CCDc 

radiation ( [Å]) Cu K (1.54178) (microfocus source) 

temperature (°C) –100 

scan type  and  scans (1.0) (5-10-15 s 

exposures)d 

data collection 2 limit (deg) 147.59 

total data collected 112845 (–52  h  53, –14  k  14,  

  -–17  l  17) 

independent reflections 7372 (Rint = 0.0651) 

number of observed reflections (NO) 5922 [Fo
2  2(Fo

2)] 

structure solution method intrinsic phasing (SHELXT-2014e) 

refinement method full-matrix least-squares on F2 

(SHELXL–2018f) 

absorption correction method Gaussian integration (face-indexed) 

range of transmission factors 1.0000–0.9079 

data/restraints/parameters 7372 / 0 / 487 

goodness-of-fit (S)g [all data] 1.031 

final R indicesh 

 R1 [Fo
2  2(Fo

2)] 0.0427 

 wR2 [all data] 0.1074 
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largest difference peak and hole 0.152 and –0.210 e Å-3 

 

aObtained by recrystallization from a dichloromethane / diethylether solution. 

bObtained from least-squares refinement of 9903 reflections with 7.70° < 2 < 

144.70°. 

cPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 

dData were collected with the detector set at three different positions. Low-angle 

(detector 2 = –33º) data frames were collected using a scan time of 5 s, 

medium-angle (detector 2 = 75º) frames using a scan time of 10 s, and 

high-angle (detector 2 = 117º) frames using a scan time of 15 s. 

eSheldrick, G. M. Acta Crystallogr. 2015, A71, 3–8. (SHELXT-2014) 

fSheldrick, G. M. Acta Crystallogr. 2015, C71, 3–8. (SHELXL-2018/3) 

gS = [w(Fo
2 – Fc

2)2/(n – p)]1/2 (n = number of data; p = number of parameters 

varied; w = [2(Fo
2) + (0.0469P)2 + 2.3571P]-1 where P = [Max(Fo

2, 0) + 

2Fc
2]/3). 

hR1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2 – Fc

2)2/w(Fo
4)]1/2. 

 



 

149
 

 

Supplementary References 

(1) M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. 

Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. 

Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, 

B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. 

Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. 

Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. 

Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. 

Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. 

Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. 

Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016. 

(2) Devlin, F. J.; Finley, J. W.; Stephens, P. J.; Frisch, M. J. Ab Initio Calculation of Vibrational 

Absorption and Circular Dichroism Spectra Using Density Functional Force Fields: A Comparison of 

Local, Nonlocal, and Hybrid Density Functionals. J. Phys. Chem. 1995, 99 (46), 16883–16902. 

https://doi.org/10.1021/j100046a014. 

(3) McLean, A. D.; Chandler, G. S. Contracted Gaussian Basis Sets for Molecular Calculations. I. 

Second Row Atoms, Z =11–18. J. Chem. Phys. 1980, 72 (10), 5639–5648. 

https://doi.org/10.1063/1.438980. 

(4) Rasu, L.; Amiri, M.; Bergens, S. H. Carbazole–Cyanobenzene Dyes Electrografted to Carbon or 

Indium-Doped Tin Oxide Supports for Visible Light-Driven Photoanodes and Olefin Isomerizations. 

ACS Appl. Mater. Interfaces 2021, 13 (15), 17745–17752. https://doi.org/10.1021/acsami.1c05064. 


