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Abstract

Hydrogen fuel generation through electrochemical water splitting is considered as an advanced
energy conversion technology driven by sustainable energy. High activity and cost effective
electrocatalysts that are able to drive down the energy cost needed for both two half reactions, namely,
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are required to fulfill the
energy transfer process. Exploring new electrocatalysts with enhanced OER and HER activity and
stability is crucial for renewable energy applications. Porphyrin and macrocycle derivatives are
versatile and can electrochemically catalyze water splitting efficiently. In our work, we use porphyrin
as platform for both HER and OER catalysis. As a homogeneous electrocatalyst, free base porphyrins
are able to afford up to two electrons redox transfer. In addition, the four-nitrogen cavity inside the
porphyrin provides two protonation sites, this makes it feasible for facilitating HER. Rational design:
the substituent group with -Br, -F, F» and F3 on the meso-position results in regulatable hydrogen
production under different mechanisms. We also developed a heterogenized porphyrin framework
with Kevlar structure, which results in efficient and sturdy bifunctional electrocatalysis that can operate
in both neutral and pH dependent solutions are comparable with most of the metal-based materials.
The catalytic activity can hold for 60 hours under all the electrolysis conditions. We found that when
porphyrins are metalated with first-row transition metals, i.e., Co and Fe, with linkers that have
different electron negativity, they show different performance towards OER. On the other hand,
intercalated porphyrin into electrochemically inert layered structure material can prevent catalyst
degradation and serve for water oxidation. Beside these, we were also working on high surface area Ni
based MoS; that is synthesized with pre-treated amine and carbon for water splitting electrocatalysis.
As for catalyzing HER, pre-treatment with carbon nanotubes during the synthesis can largely enhance
the exposure of MoS> HER active basal plane; when using as OER catalyst, the DETA pre-treated
NiMoS; has the best performance. All these works provide insight into the rational electrocatalyst
design for eco-friendly fuel generation and more importantly, for the practical large-scale industrial

production in an environmentally benign and cost-effective way.
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Chapter 1
Introduction

With the rapid depletion of fossil fuels and the associated environmental issues due to their
combustion, the development of alternative energy source is crucial and emergent.! Hydrogen is
an ideal carbon-neutral energy carrier, it can be combusted to liberate energy without any harmful
side products other than water at the point of use.”> As the substitute energy carrier for fossil fuels,
hydrogen could be an excellent candidate to store and convert solar energy via the chemical bond
between two hydrogen atoms.** In industry, more than 90% of hydrogen gas produced through
conventional fossil path through steam reforming of syngas (CHa(g) + H20(g) — CO(g) + 3H»
(2)).> Nevertheless, this process usually consumes fossil fuels and releases CO and CO..
Additionally, the non-renewable process precludes its application regarding the deep
decarbonization of global energy system. In fact, water is a potential resource for being the most
plentiful supply of hydrogen that can be used to produce hydrogen through electrocatalytic®’ or
photocatalytic®® water splitting. Despite the environmental benign, the green hydrogen produced
through water electrolysis holds merit of generating more than 99.9% very high purity compare to
other low-carbon hydrogen production pathways.!” In addition, with water electrolysis, excess
electrical energy generated from solar and wind power, hydropower, biomass and geothermal
energy can be chemically stored in hydrogen bonds, therefore balance the discrepancy between
energy demand and production and potentially lowered the hydrogen production costs.!!

Electrochemical splitting of water consists of two half reactions, which are hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) to form H; and O, respectively.!'?
As illustrated in Figure 1, it proceeds through the reduction (oxidation) of protons (hydroxides) of
water molecules accompanied by the subsequent evolution of gas just as its name implies.
However, both reactions have proven to be challenging due to their high overpotential and sluggish
kinetics with a positive free energy of +237 kJ/mol (1.23 V vs. RHE) at 25°C and 1 atm which
origin from the multistep proton and electron transfer processes from both cathodic reduction and

anodic oxidation.!® In this regard, efficient electrocatalysts can accelerate the rate of related



2H20 EE— 02 + 2H2

Acid solution : Hydrogen Evolution Reaction (HER)
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Scheme 1. Schematic description of energy diagram for water splitting.

electrons transfer processes through an alternative mechanism involving different transition states
to lower activation energy are required for each half-cell reaction (Scheme 1).!*!* To date, the
most efficient catalysts for HER in acidic electrolytes is platinum metal'>!® while the benchmark
catalysts for OER electrocatalysts are iridium and ruthenium oxides in alkaline environment!'’1%,

20-22 and the scarcity of precious metals severely limited their

However, the unstable intermediates
large-scale viability and widespread use. Therefore, the development of robust and available non-
noble metal and metal free electrocatalysts in various electrolysis conditions for both HER and

OER is highly desirable.



Chapter 2
Regulatable Molecular porphyrins catalyzed hydrogen evolution reaction
2.1 INTRODUCTION

Electrocatalysts can be generally categorized as either homogeneous or heterogeneous
depending on whether or not they function in the same phase as the reactants. Homogeneous redox
electrochemical reactions consists of the generation of the active form of a catalyst that able to
exchange electrons with the substrates at a potential less negative (for reduction reaction) or less
positive (for oxidation reaction) than the potential required for reducing or oxidizing the substrate
directly at the electrode surface.”> Compared with heterogeneous system, homogeneous catalysts
diffuse freely in the solution that contains the substrate and the electrode material does not
participate in the electrochemical reaction. In other words, the electrode only plays the role of a
heterogeneous outersphere electron donor (or acceptor).?* The direct reduction (or oxidation) of
the substrate requires an overpotential to give rise to a significant current which provide us more
insight to the catalytic process. In water splitting reaction, the homogeneous system can give more
reaction mechanism details since electrocatalytic pathway turns into molecular level. The redox
events in cyclic voltammograms can help to determine the transient intermediates that have
electrochemical and chemical characteristics. At this point, the formation of a solar fuel such as
H,, involves multiple electron transfer (ET) and proton transfer (PT) steps.?>?® During the
reaction, the electrochemical activity of catalysts always evaluated in organic solvent, such as
THF, acetonitrile, DCM, etc., where an electrode supplies electrons and a Brensted acid (HA)
provides protons as shown in the following equation:

catalyst + 2e~ + 2HA - catalyst + 2A™ + H,

To avoid the build-up of charge, the two processes are often interdependent, giving rise to proton-
coupled electron transfer (PCET) reactions.?*** These steps can precede stepwise, one before the
other, or in a concerted fashion where protons and electrons transfer simultaneously. Fully
understanding the detailed PCET mechanisms and the formation of intermediates during hydrogen
evolution reaction holds promise for rational design of energy-efficient catalysts.
Homogeneously hydrogen evolution reaction (HER) is a prototypical electrochemical
reaction for catalyst design and mechanism exploration towards water splitting reaction. Most of

electrocatalysts design are based on naturally occurring enzymes, for example, hemoglobin and
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hydrogenases, which are able to catalyze both HER and OER with an activity comparable to
platinum.>3¢ In this context, organometallic molecules based on non-noble metals appear to be
useful to precisely tailor and regulate for adapting the local environment of active sites.>’” Among
numerous reported organometallic compounds that can catalyze HER, metalloporphyrins show
great potential for facilitating the proton coupled electron transfer in water splitting reaction.>®*
Aside being a rigid and stable coordination sphere for the metal center, porphyrin can also affect
the catalysts behavior through varying electron density on the metal active sites.***! Compared
with metalloporphyrin, free-base porphyrins also exhibit rich multielectron redox chemistry due
to the m-conjugated system.* Inspired by the metalloporphyrin catalysts, the four nitrogens in the
porphyrin core could act as pendant base and generate protonated species which mimic metal
hydride intermediates. Furthermore, modulation the basicity of imide by different electron-
withdrawing substituted groups on meso position can also result in stepwise or concerted PCET
pathway.* A former graduate student in the Villagran’s lab, Dr. Yanyu Wu, found that free-base
meso-tetra(pentafluorophenyl)porphyrin can also be used as HER electrocatalyst with a
comparable electrocatalytic activity with the metallated macrocyclic complexes®. They
demonstrated the catalytic wave appeared at -1.31 V vs Fc/Fc' when successive titrate with tosic
acid into the free-base porphyrin THF solution. The product and efficiency were confirmed with
gas chromatography after controlled-potential bulk electrolysis, result in hydrogen generation with
90% faradaic efficiency. Mechanistic studies of the corresponding PCET reaction pathways were
carried out through UV-vis spectroelectrochemistry analysis and thermodynamic theoretical
calculations in order to reveal the spectral signatures of the intermediates and the related free
energy during evolution of hydrogen. The results suggest the most favorable mechanistic process
is a sequence with one electron reduction followed by protonation to form [porphyrin-H]
intermediate followed a proton coupled electron transfer to evolve dihydrogen and regenerate
porphyrin catalyst.

Based on Yanyu’s work, we synthesized four metal free porphyrins, namely 5,10,15,20-
tekis(4-bromophenyl) porphyrin (Z), 5,10,15,20-tekis(4-fluorophenyl) porphyrin (2), 5,10,15,20-
tekis(1,3,5-trifluorophenyl) porphyrin (3), 5,10,15,20-tekis(2,4-difluorophenyl) porphyrin (4), as
catalysts to generate hydrogen electrochemically (Scheme 2). The electron-withdrawing ability of
meso-substituent group will lead to various basicity for the imine group in the porphyrin core,

which result in different reaction mechanisms according to the sequence of protonation and



reduction processes in the PCET pathway. All the free-base porphyrins in this work are catalytic
active towards hydrogen generation in THF with tosic acid as proton substrate. The product
hydrogen gas was confirmed by gas chromatography after long-term bulk electrolysis. Among
these, mono-meso substituted porphyrins (bromo- and fluoro-) are proposed to have a PPEE
mechanism with overpotential of — 1.54 V vs. F¢/F¢" and — 1.56 V vs. Fc¢/F¢™ whereas difluoro-
phenyl porphyrin and trisfluoro-phenyl porphyrin follow an EPPE pathway. Measurement of
Faradaic efficiency was evaluated after controlled-potential bulk electrolysis, showed that a PPEE
mechanism is more favored for the hydrogen evolution for the 100% faraday yield when (4-

bromophenyl)porphyrin as electrocatalyst.

Scheme 2. The as-synthesized porphyrin electrocatalysts.

2.2 MATERIALS AND METHODS

All reagents used for synthesis were purchased from Sigma Aldrich. Pyrrole was freshly
distilled prior to use. Solvents used for electrochemical studies were dried and degassed through a
Pure Process Technology solvent purification system. Tetrabutylammonium hexafluorophosphate
(TBAPFs) and tosic acid were purchased from Acros Organics. Meso-tetra(penta-
fluorophenyl)porphyrin and meso-tetraphenylporphyrin were synthesized according to Lindsey's

method. Deionized (DI) water from Milli-Q ultrapure water purification system (Millipore Co.)



2.3 SYNTHESES

2.3.1 Synthesis of 5,10,15,20-tekis(4-bromophenyl) porphyrin (1)

Br

+ H Propionic acid

\ 7 30 min, reflux

In a 500 mL round bottom flask, propionic acid (125 mL) and zibromobenzaldehyde (1.85
g, 10 mmol) were mixed in the room temperature. After the reaction mixture was heated up to
125°C, pyrrole (0.7 mL, 10 mmol) was rapidly injected into the solution and the mixture was stirred
at 125 °C for 30 min. Cooled down the reaction and filtered the reaction mixture with DI water and
MeOH and dried under vacuum overnight get the 4-bromopheny porphyrin. (0.19 g, yield: 21.5%)
UV-vis (Amax nm in THF at 298 K): 421.5, 516.1, 550.9, 594.1, 650.7 nm, '"H NMR (600 MHz,
CDCls, 25 °C): 6 8.84 (d, 2H), 8.06 (d, 2H), 7.91(br, 2H, N-H).

2.3.2 Synthesis of 5,10,15,20-tekis(4-fluorophenyl) porphyrin (2)

F
H Propioni id
+ N pionic aci
R ————
\\ // 30 min, reflux
O H

In a 500 mL round bottom flask, propionic acid (125 mL) and 4-fluorobenzaldehyde (2.5

g, 20 mmol) were mixed in the room temperature. After the reaction mixture was heated up to
125°C, pyrrole (1.4 mL, 20 mmol) was rapidly injected into the solution and the mixture was stirred

at 125 °C for 30 min. Cooled down the reaction and filtered the reaction mixture with DI water and



MeOH and dried under vacuum overnight get the 4-fluoropheny porphyrin. (1.82 g, yield: 13.37%)
UV-vis (Amax nm in THF at 298 K): 417.5, 518.2, 553.3, 594, 652.1. '"H NMR (600 MHz, CDClI;,
25°C): & 8.84 (s, 8H, B-pyrrole), 7.46 (m, 8H, 2.6-(4-fluorophenyl)), 8.17 (d, 8H, 3,5-(4-
fluorophenyl)).

2.3.3 Synthesis of 5,10,15,20-tekis(2,4,6-trifluorophenyl) porphyrin (3)

F
H BF3-OEt (cat.)
+ N DCM
F F \\ // N, reflux, 4 h
DDQ
O~ 'H

A mixture of tri-fluorobenzaldehyde (1.6g, 10 mmol) and pyrrole (0.7 mL, 10 mmol) were
dissolved in DCM under N; atmosphere. 0.5 mL of BF3-OEt was added and the reaction was
refluxed for 4 hours. After cooling down, DDQ (2.17g, 10 mmol) was added to the mixture and
reacted for 30 min in order to oxidize the porphine intermediate. After the reaction is done, the
reaction was dried under reduced pressure, the dark black product was dissolved in CHCls. A dark
red solution filtrate was obtained which was the crude porphyrin product after dried the solution.
The crude product was washed with DCM several times and got the purified HTF;PP (0.74 g,
yield: 8.4%) UV-vis (Amax nm in THF at 298 K): 413.9, 508.9, 545.1, 588.7, 639.4. 'H NMR (600
MHz, CDCl3, 25°C): § 8.89 (s, 8H, B-pyrrole), 7.18 (d, 8H, 3,5-(2,4,6-trifluorophenyl))



2.3.4 Synthesis of 5,10,15,20-tekis(2.6-difluorophenyl) porphyrin (4)

N Propionic acid

+ -
F F \\ // 30 min, reflux

In a 500 mL round-bottom flask, propionic acid (125 mL) and 2,6-difluorobenzaldehyde
(1.42g, 10 mmol) were mixed in room temperature. The solution was heated up to 125°C, pyrrole
(0.7 mL, 10 mmol) was rapidly injected into the solution and stirred under 125°C for 30 min. After
the reaction was cooled down, the flask was placed in the fridge overnight. Porphyrin crystals were
formed in the solution which colored purple. The crude product was washed with MeOH and DI
water and obtained pure porphyrin (0.36g, yield: 4.7%) UV-vis (Amax nm in THF at 298 K): 411.7,
508.9, 588.4, 565.9, 657.7. 'H NMR (600 MHz, CDCl3, 25°C): § 8.87 (s, 8H, B-pyrrole), 7.38 (m,
8H, 4-(2,6-difluorophenyl)), 7.80 (d, 8H, 3,5-(2,6-difluorophenyl)).



2.4 RESULTS AND DISCUSSION
2.4.1 Cyclic voltammetry

Cyclic voltammetry experiments were performed in THF in order to assess the
electrocatalytic activity of the four as-synthesized porphyrins (1-4). Porphyrin 1 and 2 exhibited
similar CV shape upon titrating with tosic acid, which indicates a similar PCET mechanism (Figure
1). For the mono-substituted porphyrin, 1 shows two reversible one-electron reductions at E12 = —
1.308 V and E1» = —1.650 V vs. Fc/F¢' in the absence of acid, which indicate the generation of
porphyrin radical anion and the dianion species. Upon the addition of 0.6 mM tosic acid, the
reaction solution changed from dark maroon to green, and the two reversible events remain but
shifted to more negative potential, while a quasi-reversible peak arise at £1», = —0.605 V, means
the chemical protonation process of mono-substituted porphyrin occur before the electron
reduction*®’. This protonation wave starts to grow along increasing the concentration of acid. At
the same time, a catalytic wave appeared at —2.040 V. It is worthy to mention that the two one-
electron reversible events decreased gradually until disappeared during electrolysis, while the
protonation peak and catalytic peak become major events denotes the formation of intermediates
in the meantime porphyrin catalyst deplete near the electrode. Catalyst 2 possesses a similar
behavior as titrate with acid, implies resemble intermediates are generated in the reaction, as well

as the mechanism.

a ——No Acid —— 1.8 mM THF b ——No Acid —— 1.8 mM THF
——0.6mM 22mM ——0.6mM 22 mM
— 2.6 MM ——10mM —26mM
12 ::m —30mM 1.4 mM ——3.0mM
c = '
o .
() :
= 4
O 10 pA
N TR B DR T . N D B B K
0.0 -0.5 -1.0 -1.5 -2.0 -2.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

Potential V vs. Fc/Fc' Potential V vs. Fc/Fc¢'

Figure 1. Cyclic Voltammetry of H,TBrPP, 1 (a) and H,TFPP, 2 (b) in solutions containing 0.1 M
TBAPFs and in presence of acid. Scan rate: 100 mV/s.



Porphyrins 3 and 4 are designed to be more electrophilic on imine nitrogen since more
electron-withdrawing groups on the meso-position compared with 1 and 2. When 3 and 4 were
used as electrocatalysts, the CV shape is different with neither mono- nor per-substituted catalysts
(Figure 2). Similar with 1 and 2, the two-electron reduction waves with different potentials are

observed due to the redox property of free-base porphyrin 3 and 4.

However, the protonation wave does not show in the cyclic voltammetry when successive
addition of tosic acid (—0.605 V). Instead, a new peak generated after the first electron reduction

potential at —1.022 V and —1.480 V, this suggests that the protonation of 3 and 4 is impossible

a ——NoAcid ——1.8mM THF b THF
—02mM 22mM
——0.6 MM 26 mM
—1.0 MM 3.0mM
" 14mMM ——34mM
< ) =
= =
g £
E :
= }
O 3
ir
iu
1 M 1 M 1 M 1 " 1
0.0 05 10 15 20 -2 0.0 -0.5 -1.0 -1.5 -2.0

Potential V vs. Fc/Fc' Potential V vs. Fc/Fc'

Figure 2. Cyclic Voltammetry of H.TF3;PP, 3 (a) and H,TF,PP, 4 (b) in solutions containing 0.1 M
TBAPFs and in presence of acid. Scan rate: 100 mV/s.

without the electrochemical processes. As the potential sweep to more negative region, the
catalytic peak appears at —1.610 V vs. F¢/F¢” (=1.000 V vs. Fc¢/F¢* for porphyrin 4) in the presence
of acid. At this point, only two waves appeared in the CV, implies the electron transfer processes
are separated.

2.4.2 Bulk electrolysis

In order to evaluate the efficiency of as-synthesized porphyrins (1-2) for hydrogen
evolution, bulk electrolysis was carried out under controlled-potential with the present of acid for
3 hours. A special H-cell with a frit in between cathode and anode was used to collect the gas

generated during the bulk electrolysis. All the tested porphyrin catalysts show stable current
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Figure 3. Charge passed plot versus time of as-synthesized porphyrin 1 (red) and 2 (blue) compared
with the reported perfluorophenyl porphyrin (green) and the blank THF (grey) under bulk
electrolysis condition in the presence of acid.

response over with time, indicated their excellent durability under electrolysis condition. Among
these porphyrins, catalyst 1 possesses the most total charge passed through the electrolysis (Figure
3), furthermore, the linearity of the charge plot with respect to time suggests the high yield of gas
production. Combine with gas chromatography, the faraday efficiency was calculated by the
percentage of mols of hydrogen generated in experiment to the theoretical hydrogen yield, by
following Faraday yield equation: Faraday yield=n X N X F/ Q, where Nis avogadro's number,
n is the number of electrons evolved in the reaction, Q is total charge passed during the electrolysis
and F is the Faraday constant. The mono-substituted porphyrins have better efficiency in which 1
shows 100 % faraday efficiency that better than the reported meso-pentafluorophenylporphyrin

where only have 90 % faraday efficiency at a similar electrolysis condition.
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2.4.4 Spectroelecgrochemistry analysis

UV-vis spectroscopy combined with bulk electrolysis was performed for all the candidate
porphyrin catalysts in order to reveal the mechanism for electrocatalytical hydrogen generation.
By observing intermediates that have the adsorption at ultraviolet and visible region (190 nm to
750 nm) in different conditions, the detailed reaction pathway will be revealed. For a free-base
porphyrin, a Soret band at around 420 nm along with four small Q-bands between 470 and 650 nm
can be observed in the UV-vis spectroscopy in THF. For catalysts 1, a new intense absorbance
appears at 445 nm when titration of tosic acid, whereas the original Soret band decreased (Figure
4). This indicates that in THF, porphyrin 1 can be protonated by tosic acid, which in agreement
with HA/H" peak at —0.605 V in the cyclic voltammogram. When subject this protonation solution
to the controlled-potential bulk electrolysis at the first one-electron reduction potential (—1.308 V
vs. Fc/Fc"), a decrease of the 445 nm Soret band and Q-IV band (652 nm) suggests the
consumption of the protonated species under the electrolysis condition. When performing bulk
electrolysis at the potential above the second electron reduction wave (—1.65 V vs. F¢/F¢") without
the presence of acid, the recorded spectrum remains unchanged. Upon addition of tosic acid, no
obvious new peak appears. However, the shoulder at around 300 nm grows dramatically along
with the increase of Soret peak (420 nm) and an isosbestic point at 450 nm, this denotes the electron

transfer process is the last step to reform the porphyrin catalyst. Similarly, porphyrin 2 possesses

a THF b R THF
420 /4% %
o aas ‘
(&) Q
= 2 1€ " O
3 [P-HHJ'—[P-HH] =
— Ne) + 1e-
2 5 PHH S p sy
£ 3
< <
2 1 2 1 2 1 " 1 " " 1 2 1 2 1 2 1 "
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4. The UV-vis spectrum of 1 under one-electron reduction potential (a)
and two-electron reduction potential (b) in the absence of acid.
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Figure 5. The UV-vis spectrum of 3 under one-electron reduction potential (a) and two-
electron reduction potential (b) in the absence of acid.

the same UV-vis spectrum behavior with slightly different wavelength, which consistent with the
electrochemisty measurements.

However, for the catalysts 3 and 4, the UV-vis spectrum remains the same when adding
the acid, which indicates in THF, tosic acid is not strong enough to protonated 3 and 4. This is also
in accordance with the cyclic voltammetry for the absence of protonated event. As subject the
catalysts under the controlled-potential electrolysis at one-electron reduction potential (—0.850 V
vs. Fe/Fc¢' for porphyrin 3, —1.120 V vs. Fc¢/F¢* for porphyrin 4) with existence of acid, no new
peaks appeared in the UV-vis. A similar spectrum was observed along with the growth of Soret
band (415 nm) when the second reduction potential applied. This phenomenon shows the
intermediates generated during the electrolysis cannot be detected in the UV-visible region.
However, an increasing of shoulder peak around 300 nm appeared. This phenomenon is similar as
the catalyst 7 when two-electron reduction potential was applied to the system, suggesting the
electron transfer process happened at the last step of catalytical cycle and facilitated the
regeneration of porphyrin catalyst (Figure 5).

2.4.5 Proposed mechanism

Based on the experimental results demonstrated above, mechanisms for the HER catalyzed

by two types of metal-free porphyrins are proposed. For porphyrin 1 and 2, since the electron-

withdrawing ability (-Br and -F) on the meso-phenyl group is relative weak, the imine-nitrogen is

able to be protonated in the presence of Bronst acid. This is proved by the proton reduction peak
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appeared in the cyclic voltammogram and the UV-vis spectrum. Due the fact that the two nitrogens

R
H—H R‘R +2H"
R
[P-HH] R R R [P-HH]**
\ /+ e
+e R R
R

P-HH]*

Scheme 3. Proposed mechanistic reaction path\[)vay ]for 1 and 2 catalyzed hydrogen evolution reaction.
in the symmetric porphyrin core are identical, the protonation of the two nitrogens must process at
the same time. As a result, the first intermediate should be [I-HH]*" with protonation-protonation
steps in the reaction pathway (Scheme 3). Upon applying the potentials on electron-reduction and
two-electron reduction, the porphyrin catalysts are able to regenerate and complete the catalytical
cycle. Since two electrons and two protons are involved in the reaction, therefore, a P-P-E-E
(Protonation-Protonation-Electron-Electron) catalytic pathway can be assigned for mono-
substituted type of porphyrin catalysts.

In the case of porphyrin 3 and 4, the electron-withdrawing groups (di-fluoro and tris-fluoro)
are able to pull the electrons from the conjugated system, result in a slightly charge polarization
on the nitrogen. At this point, the addition of acid can not protonate the imines due to the electron
deficient feather unless additional electron is subject to the system. Therefore, we propose the first
step to be an electron transfer. Due to the fact that no intermediates (new peaks) can be observed
in the UV-vis region under the one and two-electron reduction potential, we are not able to assign
the sequence of next several steps. However, the similar UV-vis responds with the second electron
reduction of mono-substituted type porphyrin gives us a clue the last step would be electron

transfer. Therefore, the proposed mechanism of catalysts porphyrin 3 and 4 should be E-P-P-E
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(Electron-Protonation-Protonation-Electron) pathway (Scheme 4). This sequence is also in good
agreement with the P-E-P-E reaction pathway of reported meso-pentafluorophenylporphyrin, in
which the addition of one electron to the porphyrin system is not enough to balance the polarity
and form double protonated species due to the strong electron pulling effective of meso-phenyl
groups. As a result, another electron is need for the second protonation to form the essential

intermediate for hydrogen generation.

[P-HH]* R’ +HY R [P-H]

Scheme 4. Proposed mechanistic reaction pathway for 3 and 4 catalyzed hydrogen evolution reaction.

2.5 CONCLUSION

In conclusion, we have studied the electrocatalytic generation of hydrogen using five
metal-free porphyrins (1-4). The catalytic activities were studied through cyclic voltammetry and
controlled-potential electrolysis. All the as-synthesized porphyrin catalysts can serve as efficient
electrocatalyst for hydrogen generation in THF solution when tosic acid is used as proton source.
Combined with UV-vis spectroscopy with bulk electrolysis, 1 and 2 are proposed undergo a same
P-P-E-E- catalytic mechanism whereas 3 and 4 are favored for an E-P-P-E mechanistic reaction
pathway. Among these catalysts, porphyrin 1 exhibits the highest faraday efficiency (100%),
which is better than the reported meso-pentafluorophenylporphyrin. Future work including
determination of the overpotential for each electrocatalysts by means of gas chromatography under

different potential controlled electrolysis, stability test and the faraday efficiency measurement can
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give us more details about how the substituent groups affect the efficiency and mechanism

pathways during the hydrogen generation.
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Figure 7. "H NMR spectrum of 4-bromophenyl porphyrin(1)
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Chapter 3*
Free-base porphyrin polymer for bifunctional electrochemical water splitting
3.1 INTRODUCTION

Porphyrins are organic macrocycles that have conjugated aromatic rings and characteristic
intense colors.** Porphyrin-based catalysts for water splitting have been exclusively focused on
metallated complexes.*>>* The generation of high-valent metal-oxo intermediates is the key step
to form molecular oxygen, where the porphyrin scaffold serves only as a molecular frame to
facilitate the multi-electron transfer process, and a metal center is responsible for the catalytic
activity.*>>¢ Similar mechanisms are invoked in HER which have metal-hydride intermediates
as proton transfer carriers.***>” However, it has been shown that the catalytic activity of porphyrin
complexes towards hydrogen generation does not necessarily require a metal center.****® The N-H
groups and N-lone pairs in the core of free-base porphyrins can also act as active sites for hydrogen
generation under acidic conditions.*® Electronic tuning at the meso-position by electron donating
or withdrawing groups can yield porphyrin complexes with varied basicity that lead to distinct
redox reactivity.5>%1 Our previous work shows that a metal-free porphyrin with perfluorinated
meso-substituted groups can electrocatalyze hydrogen generation in acid with a potential of —1.31
V (vs. Fc/Fc* ) and 90% faradaic efficiency.*® However, molecular level electrocatalysts suffer
from stability issues, low current densities, high cost, and non-recyclability for industrial
utilization.®? Therefore, developing low-cost heterogeneous electrocatalysts that possess high
reactivity and stability towards water splitting could be a promising strategy for hydrogen and
oxygen production.

Poly(p-phenylene terephthalmaide) (PPTA) fibers are a type of ultra-strong synthetic
polymer with a high tensile strength-to-weight ratio. The amide linkages from hydrogen bonds
between the polymer chains which act like “hydrogen bond locks”, making it a material for bullet-
proof body armors. Incorporating units of free-base porphyrins into PPTA networks can result in

two-dimensional (2D) porphyrin-based polymers with ordered columnar m-arrays. Porphyrin

* This project is already published, see:

Journal: Yulu Ge, Zhenhua Lyu, Mariana Marcos-Hernandez, Dino Villagran, Porphyrin-based metal free polymer
as a bifunctional electrocatalyst for water splitting, Chemical Science, 2022, 13 (29), 8597-8604.

Patent: Dino Villagran*, Yulu Ge, Metal-free porphyrin-based electrocatalyst, 2022, US Patent App. 17/183,109
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moieties can enhance aromatic stacking interactions and add charge transport properties, used in
electrocatalytic applications. However, the use of metal-free porphyrin-based polymer as
bifunctional electrocatalyst directly for both HER and OER is still underexplored.

In this chapter, we present the synthesis of a metal-free porphyrin based crystalline 2D
organic polymer, Porphvlar, obtained from the condensation of terephthaloyl chloride and
5,10,15,20-tetrakis(4-aminophenyl porphyrin, namely H>TAPP), which is an effective
bifunctional electrocatalyst for the OER and the HER in pH dependent and pH neutral solutions.
The electrochemical response of this materials is explored under oxidation and reduction

conditions in order to study its catalytic activity, charge transfer, and stability.
3.2 MATERIALS AND METHODS

4-Nitrobenzaldehyde (99%), tin (II) chloride dihydride (SnCl-2H>O, 98+%) were
purchased from Acros Organics, terephthaloyl chloride (99%) and Nafion solution (5% w/w in
H>0 and 1-propanol) were obtained in Alfa Aesar, pyrrole (98%), pyridine (99%), sulfuric acid
(H2S04), potassium hydroxide (KOH) and 1.0 M PBS buffer (pH=7) were purchased from Fisher
Scientific and used without further purification. All the glassware and cells were decontaminated
by soaking in aqua regia solution (conc. HCI/ conc. Nitric acid= 3:1). The glass apparatus was
washed with deionized water and oven dried. Carbon paper substrate was purchased from FuelCell
Store (AvCarb P75T - 40 x 40cm), which is carbon particle-filled, polyacrylonitrile (PAN) based
carbon fiber paper with hydrophobic Teflon wet-proof (13% wt treatment) coating (nominal
Thickness of 0.255 mm (@ 1psi/ 0.7 N/cm?).

All electrochemical measurements were performed in a three-compartment
electrochemical glass cell using a CHI760D potentiostat. A graphite rod (2 mm, radius; 40 mm,
length; 515 mm? surface area) was used as the counter electrode, and a saturated calomel electrode
(SCE) was employed as the reference electrode. Aqueous 1.0 M KOH, 0.5 M H>SO4 and 1.0 M
PBS buffer were used as electrolytes and purged with nitrogen gas to remove the dissolved oxygen
before each measurement. To minimize the double layer charging, a low scan rate of 5 mV/s was
used to perform linear sweep voltammetry (LSV). Electrochemical impedance spectroscopy (EIS)
was obtained at an overpotential, n, of 250 mV from 100 kHz to 0.1 Hz with an AC voltage of 5
mV. Bulk electrolysis and chronoamperometric measurements were tested at the voltage with

current density at around 10 mA, 5 mA, and 1 mA for 60 hours in ambient atmosphere. All
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potentials referenced to saturated calomel electrode (SCE) were calibrated with respect to
reversible hydrogen electrode (RHE) using the equation: E = E0 + 0.245 + 0.059 x pH. All the
experimental potential data were calibrated at a pH of 14 for basic conditions and pH of 7 for
neutral conditions and were performed at ambient temperature. All the current densities obtained
were normalized by dividing the obtained current response by the geometric area of the working
electrode (0.25 cm?).

Porphvlar samples were characterized by scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDX), and powder X-ray diffraction (pXRD). SEM and EDX
studies were performed on an SEM Hitachi S-4800 instrument. Powder x-ray diffraction pXRD
patterns were obtained on a Panalytical Empyrean X-ray Diffractometer. The structural
characterizations were further elucidated by infrared spectroscopy (IR) through an Agilent Cary
630 FT-IR spectrometer and UV-vis spectra data were obtained with an ALS SEC2020
spectrometer system. Elemental analyses measurements were performed with a PerkinElmer 4300
DV Inductively-Coupled Plasma Optical-Emission Spectrometer (ICP-OES). Porphvlar samples
were digested using aqua regia at 115 °C for 45 min before measurement.

A catalyst ink was prepared by mixing catalyst powder (5.0 mg), carbon black (0.25 mg),
2-isopropanol (1.00 mL) and a Nafion solution (4.08 pL). The mixture was ultrasonicated for 30
mins to generate a homogenous dispersion. Carbon paper was cut into 0.5 cm x 2 c¢m strips and
dried at 30°C for 12 hours in air before use. 10uL of the as-prepared catalyst ink was drop-casted
on the carbon paper and was allowed to dry in ambient atmosphere for 10 minutes before each
measurement. Electrodes using the molecular HoTAPP catalyst were prepared using an identical
method.

Bulk electrolysis was performed in an H-type divided cell (120 ml) with a frit separating
the two half reactions. A graphite rod electrode (2 mm, radius; 40 mm, length; 515 mm?2 surface
area) was as the counter electrode. The electrochemistry cell was purged with high purity argon
gas before electrolysis. Quantitative gaseous products were measured online by a gas
chromatography instrument (SHIMADZU GC-8A) equipped with a Zebron ZB-1column (30m
(length), 0.53mm (I.D), 5 pm (film thickness)) and high-purity argon (99.999%) was used as the
carrier gas. Faradaic efficiency (FE) is calculated as follows: FE = anF It x 100% where a=2 for
the number of electrons transferred to generate hydrogen and a=4 for the number of electrons

transferred to generated oxygen; F is the Faradaic constant (96 485 C/mol); n is the amount of gas
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generated in mols (7.69 umol for OER in 1.0 M KOH; 2.311 umol for OER in 1.0 M PBS buffer;
1.8 umol for HER in 0.5 M H2SOys; 1.37 umol for HER in 1.0 M PBS buffer); I (A) is the current
and t (s) is the time duration for the bulk electrolysis.

3.3 SYNTHESES

3.3.1 Synthesis of 5,10,15,20-tetrakis(4-aminophenyl) porphyrin (H-TAPP)

NO, oo

Mol
Propionic acid
e
Pyrrole, N,
0“ "H

reflux, 2 hr

SnCl,- 2H,0
Conc. HCI

NO,

Scheme 5. Synthesis procedure of H,TAPP.

5,10,15,20-tetrakis(4-aminophenyl) porphyrin (H.TAPP) was synthesized by a
modification of a previously reported procedure, depicted in Scheme 5. A solution of 4-
nitrobenzaldehyde (3.0 g, 20 mmol) and acetic anhydride (3.6 mL, 34.8 mmol) in 100 mL
propionic acid was heated to 120°C. The mixture of freshly distilled pyrrole (1.4 mL, 20 mmol)
was added slowly under N> and the reaction was stirred at 140°C for 2 h. Upon cooling, the mixture
was refrigerated overnight, and then the resulting precipitate was collected by filtration and washed
with MeOH and DI water. The obtained dark solid was dissolved in pyridine (20 mL) and refluxed
for 1h. After cooling down, the system was refrigerated overnight. The nitrated product 5,10,15,20-
Tetrakis(4-nitrophenyl) porphyrin, H-TNPP, was obtained by filtering. It was then washed with a
1:1 mixture of MeOH/acetone and dried under the vacuum yielding 3.7938g (4.76 mmol) of a
purple solid. Without any further purification Hy TNPP was dissolved in 480 mL of concentrated
hydrochloric acid. A solution of 27 g (130 mmol) SnCl;:2H>0O in 120 mL concentrated
hydrochloric acid was added to the porphyrin solution within 20 mins and was vigorously stirred
for 3 h. Then the reaction mixture was placed in a hot water bath for 1.5 h. After this, the reaction
was cooled down to room temperature, then put in an ice bath. The greenish solid obtained was
dispersed in 1000 mL DI water. Concentrated ammonia was added dropwise in order to neutralize
the excess acid until the pH of the solution was approximately 7. The purplish solid was washed

twice with water, dried under vacuum at room temperature, and then Soxhlet-extracted with

23



acetone for 24 h. The solvent was removed under reduced pressure to give isolated H-TAPP as a
purple crystal with a yield of 34.3% (1.1105g). UV-vis (Amax nm in THF at 298 K): 429, 521, 570,
663. 'TH NMR (600 MHz, CDCls, 25°C): § —2.72 (s, 2H, pyrrole -NH), 4.03 (s, 8H, amine —NH>),
8.90 (s, 8H, B-pyrrole), 7.98 (d, 8H, J = 8.1 Hz, 2,6-(4-aminophenyl)), 7.07 (d, 8H, J = 8.1 Hz, 3,5-
(4-aminophenyl)).

3.3.2 Synthesis of Zinc(IT) 5,10,15,20-tetrakis-(4-aminophenyl) porphyrin Zinc(II)

(ZnTAPP)
NH, NH,
MeOH/CHClI,
" ﬁ Qg = mosarano L0 w0 w A
NH, NH,

Scheme 6. Synthesis procedure of ZnTAPP.

H>TAPP (1.0 mmol, 1.86 mg) and Zn(OAc)2-2H>0 (4.0 mmol, 130 mg) were dissolved in
a mixture solvent of methanol and chloroform under N> atmosphere. The mixture was refluxed for
4 hours at 65°C. After completion of reaction, the solvent was removed under reduced pressure
and desired product was obtained by washing with DI water, followed by recrystallization in
ethanol with a yield of 85.4%. UV-vis (Amax nm in THF at 298 K): 438, 561, 606. FT-IR (solid):
3349, 3222, 3227, 2316, 2109, 1591, 1505, 1401, 1276cm™!
3.3.3 Synthesis of Porphvlar

Porphvlar was synthesized through the polymerization of HoTAPP and terephthaloyl
chloride as modified from the synthesize method of the commercial PPTA threads, and is shown
in Scheme 7. Initially, N-methyl-2-pyrrolidone (NMP) 0.5 mL was added into 100 mL round
bottom flask, and then bubbled N> to remove oxygen. When the temperature of the solvent reached
78°C, finely ground dry CaCl, was added and dissolved. H-TAPP (72 mg, 0.106 mmol) and
pyridine (0.025 mL) was added to the system with stirring. When H,TAPP was completely
dissolved, the temperature was lowered with an ice-bath. The polymerization was started by adding
terephthaloyl chloride (88 mg, 0.425 mmol). After 1 h, DI water was added into the reaction and

the resulting mixture was quickly filtered with a Buchner funnel and hydrophilic disks. The residue
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was washed with ethanol and water. The powder material was ground and kept immersed in
ethanol overnight. The suspension was filtered again and dried under vacuum to yield a greenish
powder (yield: 48.7 mg, 37.7%). UV-vis (Amax nm in THF at 298 K): 425, 518, 556, 654. FT-IR
(solid): 3000, 2960, 2378, 2126, 1681, 1587cm .

e e

NH
e Nﬁ@ﬂ‘" Y é Sl
Pyridine, Ca?lz HN O
NMP, 0°C
0 NH
O O
H
KO OHOTY e
s
NH N

Scheme 7. Synthesis procedure of Porphvlar

3.3.4 Synthesis of Zn-Porphvlar

Zn-Porphvlar was synthesized through the polymerization of ZnTAPP and terephthaloyl
chloride with same method used in the Porphvlar synthesis. UV-vis (Anax nm in THF at 298 K):
422,514,544, 601. FT-IR (solid): 2985, 2825, 2670, 2560, 2109,2077, 1986, 1679, 1430, 1273cm™
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Figure 11. Scanning electron microscopy (SEM) of Porphvlar in various scales and the p-XRD peaks.
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3.4 CHARACTERIZATIONS

Scanning electron microscopy (SEM) images were obtained to evaluate the morphology of
the synthesized Porphvlar polymer in different magnifications. Figure 11 shows that the Porphvlar
powder exhibits a flake-like morphology. The flakes are stacked in layers of a couple of
nanometers in thickness. This is in contrast to the rod-like topology of PPTA threads.®® Both
Energy-dispersive X-ray spectroscopy (EDX) (Figure 12) and high-resolution XPS spectra (Figure
13) show that only C, N, and O elements exist throughout the Porphvlar structure without the
presence of any metal atoms that could have been incorporated through the synthetic processes.
Inductively coupled plasma - optical emission spectrometry (ICP-OES) was performed to more

exhaustively study the elemental composition of the samples. A trace amount of Sn can be detected
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T .,,.. r"mﬁ'

-

Figure 12. Energy-dispersive X-ray spectroscopy (EDX) mapping of Porphvlar.
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Figure 13. High resolution XPS spectra of Porphvlar sample (A-C); (D). Atomic ration of C, N, and
O of the Porphvlar sample; (E) Full XPS survey.

at the parts per million level (328 ppm) in Porphvlar samples. SnO is presumed to be the
contaminant that is likely generated during the syntheses of the Porphvlar precursor, H;TAPP.
The powder X-ray diffraction (p-XRD) pattern in Figure 12 B shows that the sample is
microcrystalline. The p-XRD pattern of Porphvlar closely resembles the crystalline pattern of
commercial PPTA. The diffraction peaks observed at 26 =24.1°,27.5°, 28.4° and 42.4° correspond
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tothe (1 10),(200),(004)and (21 1) planes, respectively, which are also present in PPTA
fibers.®* The broad peak centered at around 20 = 20° is attributed to n- & stacking between the 2D

layers, where the porphyrin units form an AA type eclipsed stacking.®’
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Figure 14. Spectroscopic characterization of Porphvlar. (A) FT-IR spectra of Porphvlar and
molecular porphyrin (H,TAPP). (B) Comparison UV-vis spectra of Porphvlar and
H,TAPP.

The FT-IR and UV-vis spectra of Porphvlar were compared to those obtained from the
molecular porphyrin unit, H;yTAPP. Figure 14 A shows the FT-IR spectra for both the porphyrin
unit (top) and Porphvlar (bottom) materials. Porphvlar exhibits a band at 1785 cm™ assigned to the
amide I (carbonyl stretch, yellow region), the amide II band (N-H bend) appears around 1500-
1700 cm™ (green region), and the amide III band is observed in the blue region. These bands
indicate the formation of the amide group in the Porphvlar structure and are missing in the H;yTAPP
spectrum. In addition, the y-(N—H) pyrrole out-of-plane stretch is observed at 799 cm™ in H,TAPP
and shifts to ~1000 cm™ in Porphvlar. Two primary amines v-(N-H) stretching bands at 3440 and
3356 cm! and one sp? v-(C-H) stretching peak (3218 cm™!) are visible in H,TAPP, and those
appear as a broad band around 3000 cm™ in Porphvlar (pink region) due to hydrogen bonding
between the polymer layers. Figure 14 B shows the UV-vis spectra of H-TAPP and Porphvlar.
H>TAPP has the indicative spectrum of a free-base porphyrin with a Soret band at 429 nm along
with its corresponding Q-bands between 521 to 663 nm. Porphvlar shares a similar spectrum where
the Soret and Q bands are blue-shifted by about 4 nm. This indicates that the porphyrin unit is

incorporated into the Porphvlar network.
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3.5 RESULTS AND DISCUSSION

The OER electrocatalytic activity evaluation of the resulting Porphvlar was performed in
1.0 M KOH aqueous solution and 1.0 M phosphate buffer saline solution (PBS) with carbon paper
as the conductive support electrode. The carbon black/carbon paper blank electrode has a
negligible current increase. In KOH solution, Porphvlar exhibits a current increase at 1.63 V (17 ;
=400 mV) where a sharp increase is observed. The molecular porphyrin, H2TAPP, has a similar
onset potential where the catalytic current is observed but with a lower current response (Fig. 2A,

blue line). These onset overpotentials are lower than those from reported metallated porphyrin
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Figure 15. Polarization curves of molecular porphyrin (H,TAPP) (blue), Porphvlar (red) and blank
carbon paper electrode under different conditions. (A) Oxidation in 1.0 M KOH
aqueous solution; (B) Reduction in 0.5 M H>SO4 aqueous solution, (C) Oxidation in 1.0
M PBS buffer solution; (D) Reduction in 1.0 M PBS buffer solution, scan rate: 5 mV/s.

composite materials (rGO/(Ni**/THPP/Co*'/THPP)n: 1.49 V vs RHE)® and other metal-based
OER catalysts (FeNi LDH/GO: 1.439 V vs. RHE) * and metal-free carbon/graphene-based
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multifunctional electrocatalysts (2D-N, S doped graphitic sheets: 1.49 V vs. RHE)® in
heterogeneous systems.

The current response of Porphvlar reaches a current density of 10 mA/cm? at 1.75 V (7 10
= 520 mV) in basic electrolyte, while the molecular porphyrin plateaus at 5 mA/cm? (Figure 15
A). The electrocatalytic OER performance for Porphvlar was also investigated in neutral PBS. As
depicted in Figure 15 C, the current density of Porphvlar increases slowly at 1.31 V vs. RHE until
1.63 V vs. RHE. Porphvlar requires an overpotential of 520 mV to achieve a current density of 1
mA/cm?, however, the molecular H,TAPP shows negligible current increase under the same
conditions. An electrode was prepared with commercial PPTA thread and was used as a working
electrode, the low current density show PPTA is inactive for both HER and OER. Therefore, the
current density corresponds to catalytic electrochemical activity when porphyrin units are
incorporated into PPTA networks. The generated gas obtained from the 60 h Porphvlar bulk
electrolysis was collected in a gas-tight H-type cell and was confirmed to be O> by gas
chromatography with 92.7% Faradaic efficiency in 1.0 M KOH and 84.5% Faradaic efficiency in
1.0 M PBS solution.

Figure 15 B shows the HER electrocatalytic activity of Porphvlar in a 0.5 M H2SO4
aqueous solution. The Pt electrode is shown as a benchmark for HER. Porphvlar has an onset
potential of 36 mV vs. RHE and reaches a current density of 1 mA/cm? at 144mV. H,TAPP does
not perform HER in 0.5 M H2SO4 aqueous solution due to the protonation reaction in the nitrogen
core. A pre-wave was observed at around —0.4 V vs. RHE, which is a phenomenon of adsorption
of protons that accumulate favorably on the modified electrode surface. The competition between
the adsorption stage and the cathodic reduction is significant but consecutively since the pre-wave
disappears when precludes the mass transfer factor. The collected reduction product was confirmed
to be hydrogen gas by gas chromatography with a Faradaic efficiency of 98% in acidic electrolyte
and 99.55% in PBS buffer.
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Additionally, the porphyrin unit was metallated with zinc using standard synthetic
procedures. Figure 16 shows Zn-Porphvlar exhibits a considerably lower current response towards
HER and OER with respect to the corresponding metal-free materials. This suggests that the
catalytic center is located at the four-nitrogen core in the free-base porphyrin units. Thus,
incorporating a redox inactive metal ion such as Zn can effectively shut down the activity of

Porphvlar towards catalyzing water splitting electrochemically.
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Figure 16. Comparison linear sweep voltammetry of Zn-Porphvlar with the metal-free Porphvlar in
different electrolytes under the corresponding oxidation and reductions. Scan rate: 5
mV/s.

The kinetic properties of Porphvlar and H2TAPP under oxidation and reduction
conditions within different electrolytes were characterized by electrochemical impedance
spectroscopy (EIS) in order to study the interface charge transport process. The Nyquist
plots of Porphvlar and H>TAPP, obtained by measuring the parametric response of the
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R Figure 17. Electrochemical impedance spectroscopy of Porphvlar (red) and H,TAPP (purple)f
operated at 250 mV overpotential: (A) in 1.0 M KOH aqueous solution (B) in 1.0 M
PBS buffer solution and 0.5 M H2SO4 aqueous solution (blue), respectively; Tafel plots
of Porphvlar constructed by polarization curves: (C) in 1.0 M KOH aqueous solution
(red) and 1.0 M PBS buffer (purple); (D) 1.0 M PBS buffer solution (green) and 0.5 M
H,S0O4 aqueous solution (blue).
imaginary part vs. the real part of the impedance, are shown in Figure 17 A and B. The
diameter of the semicircle relates to the electron transfer process from the electrode surface
into the electrolyte solution since it arises from the parallel combination of Faradaic charge
transfer resistance and non-Faradaic double-layer capacitance. Therefore, the smaller the
semicircle the less the charge transfer resistance.®%° It can be seen that the semicircle in
the high-frequency range of the Nyquist plot of Porphvlar has a smaller diameter than that
of the molecular porphyrin unit under both oxidation and reduction conditions. This
suggests that the Porphvlar network favors charge transfer during water splitting.
Furthermore, the increased electron transfer from the modified electrode to the electrolyte

enhances the catalytic activity towards both HER and OER.
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Figure 18. Electrochemical impedance spectroscopy (EIS) of hydrogen evolution reaction catalyzed
by Porphvlar on carbon paper electrode: (A) Nyquist plot of HER in 0.5 M H>SO4
aqueous solution with simulation fit. (B) Bode plot of HER in 0.5 M H,SO4 aqueous
solution. (C) The electrical equivalent circuit (EEC) used to simulate the impedance
spectra fit in 0.5 M H>SOj4 aqueous solution. (D) Nyquist plot of HER in 1.0 M PBS
solution with simulation fit. (E) Bode plot of HER in 1.0 M PBS solution. (F) The
electrical equivalent circuit (EEC) used to simulate the impedance spectra fitin 1.0 M
PBS solution.

EIS analyses were performed to investigate the Porphvlar cathode/anode interphase
during the water splitting reaction and modeled with the appropriate equivalent circuit
(Figure 18 and 19). Experimental results fit to the Randles circuit and fitted parameters are
shown in Table 1. Constant phase elements (CPEs) are used for the non-ideal capacitance
from the non-homogeneous electrode surface with the ideality factor n. R1 is the series
resistance for the electrolyte and the electrode materials. The simulation shows that for
HER the electrochemical processes are different when the reaction happens in acidic or
neutral conditions (Figure 18C and 18F). For the HER in sulfuric acid, the parallel branch
(CPE1/(R2+W)) indicates that the interphase between the electrode and the electrolyte is
where electron transfer occurs, and R represents the charge transfer resistance (Rct). In
PBS buffer, HER requires two steps: the first branch describes the contact between the
electrode and Porphvlar; the second branch (CPE3/R3) is responsible for the double-layer

impedance and the charge Porphvlar. For OER, Porphvlar has a similar two-step catalytic
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process (Figure 19C and 19F) in both basic conditions and PBS buffer. An extra diffusion
impedance element (Warburg diffusion) is included in the simulation in a neutral solution
since the reaction is no longer controlled by kinetics due to the lack of readily available
hydroxide ions. In these conditions, the reaction rate depends on the diffusion of buffering
ions. As result, buffered ions penetrate the diffusion layer creating a finite thickness

Warburg element.

20
% Simulation TGN ——Porphvlar

» Parphviar OERin 1.0 M KOH
16 | OER n 1.0 M KOH
X X
Epf x %
(@] %
= %
N ¥ %
E 8 5 kY
l X ®
% x
sk # %
0 1 1 1 1 L L 1 1
10 15 20 25 30 35 40 45 50 -1 0 1 2 3 4 5
ReZ'/Ohm log (Freq/Hz)
5000
x  Simulation [N — OERPO[IPEVSFPBS
N » Porphviar F 7 \ in1.
4000 QERin 1.0 M PBS x N 60 \ CPE
\ 1
o |
§ 3000 Sl »
= @ CPEs
S o0 . 3 N o |
e = ™~
= »x o
1000 R ' . [ R |
Vs o , R }-w-
ok L
1 1 L 1 n L 1 1 1 L ' il L
0 500 1000 1500 -1 0 1 2 3 4 5
ReZ'/Ohm log (Freq/Hz)

Figure 19. Electrochemical impedance spectroscopy (EIS) of oxygen evolution reaction catalyzed by
Porphvlar on carbon paper electrode: (A) Nyquist plot of OER in 1.0 M KOH aqueous
solution with simulation fit. (B) Bode plot of OER in 1.0 M KOH aqueous solution. (C)
The electrical equivalent circuit (EEC) used to simulate the impedance spectra fit in 1.0

M KOH aqueous solution. (D) Nyquist plot of OER in 1.0 M PBS solution with

simulation fit. (E) Bode plot of OER in 1.0 M PBS solution. (F) The electrical
equivalent circuit (EEC) used to simulate the impedance spectra fit in 1.0 M PBS
solution.

TABLE 1. Parameters for Equivalent Circuits for the water splitting reaction reported in this
work.
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Porphvlar H2TAPP
HER OER HER OER
Electrolyte 05M 1.0M 1.0M 1.0M 1.0M 1.0M 1.0M
H.SO,4 PBS KOH PBS PBS KOH PBS
R1 (Ohm) 18.84 62.60 10.34 60.73 61.99 8.919 63.15
CPE1 N/A 0.1611x 0.2996x 0.1549x% 58.29x% 0.1591x 58.33x
(Fs™(a-1) 103 103 103 103 103 10°
nl N/A 0.6385 0.6902 0.6349 0.6688 0.6888 0.6845
CPE2/3 0.1267x% 0.203x 0.506x 0.1549x% 0.2321  0.67x10°  0.1193x
(F.s™(a-1)) 103 10°® 103 10°® 103
n2/3 0.8612 0.9557 0.9495 0.9365 0.0965 0.8398 0.8583
R2 (Ohm) 180.5 67.56 4.415 69.06 1098 6.098 43.08
R3 (Ohm) N/A 622.8 30.67 31.66 303.0 206.6 477.5
S2 11.99 N/A N/A N/A 22.64 N/A N/A
(Ohm.s"™1/
2)
x? 0.03369 0.03336 9.155x% 0.07571 0.0306 0.2432 0.08639
103
X/\/N 0.0215 0.0225 0.0124 0.0322 0.0214 0.0598 0.0243

To evaluate the kinetics during the electrolysis process, Tafel plots were constructed

from polarization curves (Figure 17 C and D). The linear portions of the Tafel plots were

fit to the Tafel equation: n = a + b log(j), where n is the overpotential, j is the current

density, and b is the Tafel slope. The calculated Tafel slope for Porphvlar (131.5 mV/dec)

in a 1.0 M KOH solution is comparable to that of the benchmark OER electrocatalyst IrO>

(83 mV/dec),”* suggesting fast reaction kinetics and high OER activity. In 0.5 M H2SO4

solution, Porphvlar has an HER Tafel slope of 138.55 mV/dec, which also indicates

efficient kinetics. The general HER mechanism in metal surfaces has been extensively
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studied, and three mechanisms have been proposed for the different Tafel slopes: VVolmer
(120 mV/dec), Heyrovsky (40 mV/dec ) and Tafel (30 mV/dec).”? The Porphvlar HER
Tafel slopes (in neutral and acidic conditions) suggest a Volmer-Heyrovsky mechanism via
water reduction H,0 + e~ = Hyys + OH™ and H,0 + e~ + Hyys = H, + OH™).”® The
Tafel slopes are larger for HER and OER when using PBS as an electrolyte, these slow
kinetics might be due to the low ion concentration and pH in the reaction.

The long-term stability of Porphvlar in different electrolytes under both oxidation
and reduction conditions, was studied with bulk electrolysis for 60 hours. Figure 20 shows
that Porphvlar exhibits constant and stable anodic and cathodic currents during OER and
HER electrocatalysis, respectively, during this timeframe. Energy-dispersive X-ray
spectroscopy mapping shows no metal contamination or deposition on the Porphvlar
network after the electrolysis in basic and acidic conditions mentioned. The FT-IR and UV-
vis spectra of the Porphvlar material/electrode and the corresponding electrolyte before and
after the bulk electrolysis show unchanged characteristic peaks. The durability of Porphvlar
can be attributed to the stability of the conjugated porphyrin networks and the hydrogen
bonding within its layers that result in a unique catalytic material for HER and OER.

3.6 CONCLUSIONS

In summary, an efficient and stable metal-free electrocatalyst for HER and OER has been

developed. This bifunctional material was constructed through the condensation of (4-
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Figure 20. Time dependence of the current density for as-synthesized Porphvlar at static potential;
blue: HER in 0.5 M H,SOys; green: in 1.0 M PBS buffer; teal: OER in 1.0 M PBS buffer;
red: OER in 1.0 M KOH.
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aminophenyl) porphyrin (H,TAPP) into PPTA networks. The HER and OER catalytic
performances are higher than those of other metal-free materials and comparable or better than
several traditional metallic electrocatalysts. The catalytic ability of Porphvlar which occurs at the
molecular porphyrin nodes is further enhanced by the 2D network arrangement of the hydrogen-
bonded PPTA networks. This material provides a novel approach to the design of metal-free
electrocatalysts and takes advantage of the structural interactions within a 2D network to yield

high electrochemical performance, conductivity, and durability.
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Chapter 4
Metalloporphyrin organic polymers as effective and stable electrocatalysts for oxygen
evolution reaction and oxygen reduction reaction

4.1 INTRODUCTION

The new emerging energy conversion and storage system such as rechargeable metal-air
batteries, fuel cell and water electrolyzers has been attracting considerate attention due to the
emphasis on sustainable production of green and renewable energy.’*”> The key reaction on the
electrode, namely oxygen evolution reaction (OER) is generally the major bottleneck for the
development of more applicable device since OER is significant in determining the reaction rate
and the efficiency of water splitting.”®”” Today, the state-of-the-art electrocatalysts for HER and
OER are still precious metal based materials (e.g. Pt and IrOx), the high price and scarcity
hampered their feasible commercialization. This has led to more research being conducted in an
effort to look for efficient alternate electrocatalysts for these two processes that are able to achieve
the overpotential close to the thermodynamic limits and increase the reaction rate. Recent research
has been committed to the design of active nonprecious metal based metal oxides, nitrides,
carbides, and chalcogenides as electrocatalysts for generating oxygen.’8-®2 Integrating redox active
molecular units contain earth-abundant metals, such as cobalt, nickel, iron, and manganese, into
networks has shown enhanced catalytic active and stability towards water splitting.23°! These
efforts have improved the fundamental understanding of catalysis process and guided the rational
design of efficient electrocatalysts. Despite all the progress has been made, it still remains a great
challenge to achieve a balance between catalyst performance, cost, and stability before the energy

conversion system can be implemented on large scale.

Porphyrin based materials, such as metal-organic frameworks (MOFs),%>°* covalent
organic frameworks (COFs),%°" amorphous polymers®**% and composites,®>'® have been
widely used in energy-related conversion processes, including oxygen reduction reaction (ORR),
oxygen evolution reaction (OER) and CO. reduction reaction. Porphyrins are a group of nitrogen-
rich organic compounds with extended18 w-conjugated structure and can undergo multi-electron
and proton transfer process.** Introducing different functional groups on porphyrin periphery can

tune the electronic structure, therefore regulate its physical and chemical properties towards
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catalyzing HER and OER.342101.102 | ots of research focus on the substituent effect on porphyrin
when is using as water splitting catalysts.’®® Our recent research revealed the superior catalytic
activity of a free-base porphyrin bearing electron-withdrawing groups on the meso- positions for
electrochemically hydrogen generation reaction.”® Transition metal based metalloporphyrins
inspired from hemoglobin have been frequently studied as (photo)electrocatalysts for water
electrolysis.*8°057:104105 ' Deprotonated porphyrin units have a strong ability to coordinated high
valence transition metal or metal ions by forming a rigid four-coordinated environments, which
frequently find to be active for O-O cleavage and formation.1%1" Transition metals such as Co,
Ni, Cu and Fe are constantly chosen to be active site especially in oxygen reduction/evolution
reaction.'%81%° This is mainly due to their efficient electron transfer and are able to form metal-oxo
adducts that can facilitate the four electron reduction/oxidation with efficient selectivity. However,
Fe porphyrins in general showed moderate electrocatalytic OER activity.!'%1'2 Considering that
water oxidation is the reverse reaction of oxygen reduction, it is possible to improve the OER
activity of Fe-porphyrins if the structure is properly designed. In addition, systematical
heterogenization of metalloporphyrin moieties in polymer/framework will help facilitated their
recyclability, and more importantly, address the issues such as low mass transport efficiency, poor
stability and low density of catalytic active sites.>*1%%112 |n addition to it, linker units with different
electronegativity could affect the electron transfer efficiency when combine with various metal
center within porphyrin units, as a result, the OER efficiency can be largely enhanced by tuning

the electronic structure.*

In this work, we report the synthesis and characterizations of an easily synthesized
porphyrin organic polymer from one-step polymerization, and their metallated versions as efficient
electrocatalysts for OER. The introduction of Co and Fe in the porphyrin unit can serve as active
sites, which resulting in fast reaction rate and significantly improved electrocatalytic performance.
Furthermore, the fluorinated linkage in metallated porphyrin polymers gave rise to an enhanced
OER overpotential and kinetics. All materials were characterized using standard spectroscopic and
microscopic techniques. We also report herein the evaluation of the electrocatalytic OER

performances of all polymer materials through electrochemical studies.

39



4.2 MATERIALS AND METHODS

All chemicals used were purchased from commercially available sources. Pyrrole
(C4H5N), terephthaldehyde (CsHsO2), FeCly-4H,O and Nafion® 117 (5% w/w in H>O and 1-
propanol) were purchased from Sigma Aldrich. Co(OAC)>-4H>,O was purchased from TCI
chemicals. Carbon black (Vulcan XC-72) was obtained from FuelCell Store. All solvents used and
potassium hydroxide (KOH) pellets (>85%) were from Fisher Scientific. Pyrrole was freshly
distilled prior to use while all other chemicals were used as received.

Fourier-transform infrared (FT-IR) spectra were recorded using an Agilent Cary 630 FT-
IR spectrometer equipped with an attenuated total reflectance (ATR) accessory. X-ray power
diffraction (p-XRD) patterns were obtained using a Bruker D8 Discovery X-ray diffractometer.
Scanning electron microscope (SEM) measurements along with elemental mapping and energy
dispersive X-ray analysis (EDX) were recorded on a Hitachi S-4800 instrument equipped with an
EDX microanalysis system. X-ray photoelectron spectroscopy (XPS) spectra were obtained by a
Physical Electronics PHI 5000 VersaProbe with an Al Ka source. All spectra were calibrated to
the adventitious carbon 1s peak at 284.8 eV and fitted using a Shirley background.

A catalyst ink was prepared by dispersing 2.5 mg of carbon black and 5 mg of catalyst in
1.02 mL isopropanol and 4.08 uL Nafion® solution. The resulting solution was sonicated for
30minutes for form a homogeneous ink. A glassy carbon disk was cleaned and polished to a mirror
finish and was mounted on a rotating disk electrode (RDE) apparatus. The working electrode
consisted of 10 uL of the prepared catalyst ink dropcatsed on a glassy carbon disk which was
rotated at 600 rpm for 5 minutes until the ink was dry. The glassy carbon disk electrode (0.196
cm?) had a final catalyst loading of 0.25 mg/cm?.

Electrochemical measurements were conducted in a three-electrode RDE configuration
using an Ag/AgCl reference electrode, a graphite rod counter electrode, and the modified glassy
carbon disk as the working electrode. All studies were performed in a 0.1 M KOH aqueous solution
saturated with ultra-high pure O, with the working electrode constantly rotated at 1600 rpm at a
scan rate of 10 mV/s. Ohmic correction was performed after each electrochemical measurement
and the resistance of the electrolyte solution in the cell was determined at 100 kHz. The RHE
(reversible hydrogen electrode) potential was determined by measuring the open circuit potential
of a clean Pt electrode in the electrolyte solution after testing the electrodes. Faradaic efficiency

was determined by quantitative oxygen gas determination from oxygen bubbles evolved from the
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working electrode that were captured in an inverted graduated cylinder containing 0.1 M KOH

electrolyte.

4.3 CHARACTERIZATIONS

FT-IR spectra and X-ray powder (p-XRD) diffractograms of (Por)OP, Co(Por)OP, and
Fe(Por)OP are in agreement with previous studies.*'® Notably, all FT-IR spectra do not show the
characteristic C=0 vibration band of the aldehyde between 1720 and 1740 cm, which is expected
to diminish after successful polymerization; therefore, indicating that all samples are polymeric
systems. The band observed at around 1001 cm for Co(Por)OP, and Fe(Por)OP is assigned to the
characteristic metal-nitrogen vibration suggesting successful metallation. The peaks observed at
around 1298 cm™ in the fluorinated samples are attributed to the C—F stretch (Figure 21). In
addition, all p-XRD diffractograms of the samples show no strong diffraction peaks, which reveal

the amorphous nature of all the synthesized materials (Figure 22).

——(Por)OP ——F{Por)OP
El E)
a o
S Fe(Por)OP) % ——FeF(Por)OP
5 £
5 2
o ©
= =
——Co(Por)OP ——CoF(Por)0OP

1 . 1 . 1 . 1 . 1 M 1 1 i | 1 i 1 M 1 M 1

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Figure 21. FT-IR spectra of (Por)OP, F(Por)OP, Co(Por)OP, CoF(Por)OP, Fe(Por)OP and
FeF(Por)OP.
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SEM micrographs (Figure 23) show that all the synthesized materials present morphologies
of uniform spherical particles with dimensions at the micrometer scale. After metalation, the
morphologies of the polymers retained the spherical shape. The metal content was determined by
inductively coupled plasma mass spectrometry (ICP-MS). As a result, Co(Por)OP and
CoF(Por)OP contains 17.13% and 54.12% cobalt, respectively, while Fe(Por)OP and FeF(Por)OP
respectively show iron content of 4.19% and 34.64% .In addition, XPS survey (Figure 24), EDX

Figure 23. SEM images of (a) (Por)OP, (b) Co(Por)OP, (c) Fe(Por)OP, (d) F(Por)OP, (e)
CoF(Por)OP and (f) FeF(Por)OP.
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Figure 24. representative XPS survey (CoPorOP and FePorOP.
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Figure 25. representative EDX spectrum of synthesized porphyrin organic polymers:
CoPorOP and FePorOP

analysis (Figure 25), elemental mapping (Figure 26) and UV-vis spectra (Figure 27) all showed

the success metalation of Co and Fe metal inside the porphyrin core of the porphyrin organic
polymers.

43



Figure 26. representative elemental mapping spectrum of synthesized porphyrin organic
polymers (CoPorOP)

4.4 Syntheses

4.4.1 Synthesis of porphyrin organic polymer [(Por)OP and F(Por)P]:3*

Oy H
0y
N R

Scheme 8. Synthetic scheme of porphyrin organic polymers.( R = H or F)

44



—— Porop

N

—— CoPorop

S

—— FePorop

400 500 600 700
Wavelength (nm)

Absorbance

Figure 27. representative UV-Vis spectra of synthesized porphyrin organic polymers
(CoPorOP and FePorOP)

The general synthetic scheme is shown in Scheme 7. Terephthalaldehyde (0.500 g, 3.73
mmol) or 2,3,5,6-tetrafluoroterephthalaldehyde (0.768 g, 3.73 mmol) was dissolved in propionic
acid (400 mL) while freshly distilled pyrrole (0.250 g, 3.73 mmol) was dissolved in propionic acid
(40 mL). The pyrrole solution was slowly added to the terephthalaldehyde solution with constant
stirring. The reaction mixture was allowed to react under reflux conditions for 12 h. The resultant
product was cooled down and filtered using a medium coarse filter frit and was washed thoroughly
with (1) deionized water, (2) methanol, (3) tetrahydrofuran and finally (4) dichloromethane. The
filtered and washed product was vacuum dried at 80°C to remove any residual solvents to obtain
the final products as black powder. [Yield: F(Por)OP: 0.705 g, 79.40%; (Por)OP: 0.459 g, 74.10%)]
4.4.2 Synthesis of cobalt porphyrin organic polymer [(Co(Por)OP) and CoF(Por)OP] and

iron porphyrin organic polymer [(Fe(Por)OP) and FeF(Por)OP]:54
The general synthetic scheme is shown in Scheme 2. In separate syntheses, (Por)OP or

F(Por)OP (0.325 g) and the corresponding metal salts [Co(OAc).-4H20 and FeCl»-4H-O] (1.10 g)
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Figure 28. Cyclic Voltammograms of (Por)OP, F(Por)OP, Co(Por)OP, CoF(Por)OP,

Fe(Por)OP,FeF(Por)OP and carbon black with iR compensation in the presence of 0.1
M KOH electrolyte solutions saturated with oxygen gas; Scan rate: 10 mV/s.
were dissolved in a mixture solvent of propionic acid and DMF (400 mL, v/v = 2:1). The reaction
mixtures were heated under reflux with constant stirring for 3 days. The solutions were
subsequently cooled down and filtered using a medium coarse filter frit. The black filter cake was
washed with deionized water, methanol and dimethylformamide and vacuum dried at 80°C to
remove any residual solvents.

4.5 RESULTS AND DISCUSSION

The OER and ORR activity of the newly prepared porphyrin polymers were investigated
by CV in Oj-saturated and Nj-saturated 0.1 M NaOH aqueous solution on glassy carbon
electrodes. In order to increase the electrical conductivity, Vulcan XC-72 was also loaded onto the
glassy carbon electrode.

Figure 28 A shows the polarization curves of all the synthesized polymers, as well as of
pure carbon black, which was used in the deposition of catalysts on the working electrodes to
enhance the conductivity. All of the metallated species show to be electrocatalytic active with
modest overpotentials (n) for oxygen production. At the chosen current density (j) of 10 mA/cm?,
nis 0.38 and 0.43 V vs. RHE for CoF(Por)OP and Co(Por)OP, respectively, while n is 0.46 V for
both Fe(Por)OP and FeF(Por)OP. These electrochemical results are comparable to other reported
porphyrin polymeric OER electrocatalysts.>** On the contrary, both of the metal-free polymers
(Por)OP and F(Por)OP show no significant catalytic current increase, implying that the metal

centers are the essential catalytic active sites. Additionally, the carbon black also shows no
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electrocatalytic activity. The high catalytic behaviour of Co(Por)OP compared to Fe(Por)OP can
be attributed to the higher metal loading and the more redox active nature of cobalt. Notably, the
metal-free polymer (Por)OP shows no significant catalytic current increase, implying that the
metal centers are the essential catalytic active sites.

To further study the OER Kkinetics, Tafel analysis for CoF(Por)OP, Co(Por)OP,
FeF(Por)OP and Fe(Por)OP were obtained. Figure 28 B shows the Tafel plots fitted to the Tafel
equation (n =b log j + a, where b is the Tafel slope and a is a constant) to obtain the Tafel slope.
The Tafel slopes of CoF(Por)OP, Co(Por)OP, FeF(Por)OP and Fe(Por)OP are determined to be
84.2, 72.8, 89.8 and 91.7 mV/dec respectively, which are comparable to or better than previous
reported similar porphyrin polymer-based catalytic systems.>*** These results further indicate that
both metalloporphyrin polymeric materials are efficient and promising OER electrocatalysts. EIS
measurements were conducted to gain further insight into the charge transfer kinetics of as-
synthesized porphyrin polymer towards OER. Figure 29 describes the obtained Nyquist plots of
CoF(Por)OP, Co(Por)OP, FeF(Por)OP and Fe(Por)OP and the corresponding simulation fit by
equivalent circuit. The simulation curves are in good agreement with the experimental impedance
data, thus validating the proposed equivalent circuit for all the synthesized materials. It is worth to

mention that Co metalated Porop have different interfacial electron transfer pathway as the Porop
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Figure 29. Electrochemical impedance spectroscopy and the corresponding equivalent electric
circuits.
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with Fe metalation. These evidence also consistent with LSV data since a more complicate circuit

is corresponding to less kinetic favor processes in the case of FePorOP/FeFPorOP.

The durability of Co(Por)OP and Fe(Por)OP was evaluated using chronoamperometry at j

=10 mA/cm?. Figure 30 shows the current density response as a function of time. While Fe(Por)OP

shows almost no changes in current density over a period of 16 hours of continuous electrolysis,

Co(Por)OP exhibits ca. 0.7 mA/cm? loss of current density. This observation indicates both

materials are stable for OER.
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Figure 30. Chronoamperometry of the synthesized porphyrin organic polymers with current
maintained at 10 mA/cm? for 14 hours.

4.6 CONCLUSIONS

In conclusion, we have successfully synthesized and characterized two metalloporphyrin-

based polymers with cobalt and iron and their fluorinated version, which were obtained from a

facile one-step condensation reaction of pyrrole and the respective aldehyde in the presence of
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propionic acid. Both polymers were implemented as substrates for direct metalation using cobalt
and iron to prepare four different metalloporphyrin organic polymers. These materials were used
as oxygen evolution from alkaline aqueous media through electrochemical means. All of the
metallated porphyrin polymers exhibit to be efficient and durable OER electrocatalysts by
requiring moderate overpotentials while the metal-free polymers are catalytically inert under the

same conditions.
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Chapter 5*
Amine and Carbon-pretreated nickele molybdenum disulfide as bifunctional
electrocatalysts for hydrogen and oxygen gas evolution
5.1 INTRODUCTION

Transition metal dichalcogenides (TMDs) where chalcogens are sulfur, selenium, or
tellurium, are traditionally used as catalysts for the hydrodesulfurization process to lower the sulfur
content in natural gas and crude oil!!*"!'8, Among these materials, molybdenum disulfide (MoS>)
has recently obtained substantial interest as a promising electrocatalyst for HER''*!22 and OER.!?}
Density functional theory (DFT) calculations indicate that MoS: possesses similar free energy
when binding with atomic hydrogen to those of Pt metal, which endows MoS»-based materials in
an alternative category for noble metal-free catalysts towards HER.!** Previous research shows
that doping with transition metal enhances the oxygen/hydrogen generation efficiency during
electrocatalysis.!?> 13 MoS, doped with earth-abundant transition metal (Fe, Co, Ni, etc.)!23:131-133
also exhibits highly efficient HER and OER catalytic activity. The constructed interfaces between
MoS:; and the transition metals are fundamental to facilitate the absorption of H* and OH, and
therefore enhance OER kinetics.!** However, few of the reported MoS,-based electrocatalysts are
capable of catalyzing both HER and OER.

Experimental and computational studies have shown that the basal planes of bulk 2H MoS;
are catalytically inert for water splitting, whereas the under-coordinated Mo-S sites along the edges
or defects are the actual active sites for the electrocatalytic response.!'** Therefore, activating the
basal plane and increasing more exposed active sites are efficient ways to overcome the inherent
limitation of 2H MoS,."** Introducing organic amines and carbon sources in the precursors during
the hydrothermal synthetic process has proved to be an effective strategy to increase the mass-
specific activity of MoS, based materials.!*>!3” The carbon skeleton will decompose to the
corresponding gaseous byproducts under high pressure and temperature resulting in porous defects

within the MoS: structure and enhanced surface area resulting in an enhancement to the water-

* This project is already published, see:
Yulu Ge, Yanyu Wu, Lei Ma, Brenda Torres, Dino Villagran, Amine and Carbon Pretreated Nickel-Molybdenum
Disulfide as Bifunctional Electrocatalysts for Hydrogen and Oxygen Gas Evolution, International Journal of

Hydrogen Energy, 2022, 47, 27839
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splitting efficiency (HER and OER).!*® Our previous work'®® indicates that amine-pretreatment
(where the amine sources were 1-dodecylamine, diethylenetriamine, tetradecyl-
trimethylammonium bromide, and cetyltrimethylammonium) of the molybdate precursors can
yield porous CoMoS; materials with enhanced surface area up to 69 m?/g comparing to CoMoS>

prepared without any amine-pretreatments (surface area of 35 m?/g). Doping MoS: with Co lowers
the hydrogen adsorption energy and accelerates electron transfer resulting in efficient HER
catalytic behavior and higher conductivity compared to pristine MoS,.!*° Furthermore, the
increased exposed active sites due to enhanced surface area and porous structure lead to a more
accessible reaction substrate into the internal structure of MoS; and further promoting the catalytic
process. In this work, we extend the study using Ni-promoted MoS; (NiMoS;) and ATM
precursors that are modified with other amines and a carbon source and evaluate their effects on
electrocatalytic HER. We further expand these studies to OER and find that these materials have
bifunctional activity. Herein, we present a series of Ni-doped 2H phase MoS: as heterogeneous
electrocatalysts towards HER in acidic solution and OER in alkaline solution. The porous structure
originates from the decomposition during the hydrothermal synthesis of pre-treated ATMs with
diethylenetriamine (DETA), ethylenediamine (EDA), or carbon nanotubes (CNT) which possess
carbon skeletons. Electrochemical studies including linear scanning voltammetry, electrochemical
impedance spectroscopy, scan rate dependent cyclic voltammetry, and bulk electrolysis show that
the pretreated NiMoS; catalysts exhibit enhanced catalytic efficiency and faster reaction kinetics

toward both HER and OER when compared with the pristine NiMoS,.

5.2 MATERIALS AND METHODS
5.2.1 Materials

Ni(NO3)2-6H20, ethylenediamine (EDA), and diethylenetriamine (DETA) were purchased
from Aldrich Chemical Company. Sulfuric acid (H2SO4) and potassium hydroxide (KOH) were
purchased from Fisher Scientific. Nafion® 117 solution (5% w/w in H,O and 1-propanol) was
purchased from AlfaAesar. Carbon black (Vulcan XC-72) was purchased from FuelCell Store. All
chemicals were used without further purification. All the glassware and cells were decontaminated
by soaking in aqua regia solution (conc. HCl/conc. Nitric acid = 3:1). The glass apparatus was

washed with deionized water and oven dried.
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5.2.2 Physical measurements

All the NiMoS» samples were characterized by scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and powder X-ray diffraction (pXRD) analyses.
SEM and EDX studies were performed on an SEM Hitachi S-4800 instrument. XRD data were
obtained on a Panalytical Empyrean X-ray Diffractometer.

5.2.3 Electrochemical methods

All electrochemical measurements were performed in a three-compartment
electrochemical glass cell using a CHI760D potentiostat. A graphite rod (5 mm) was used as the
counter electrode, and a saturated calomel electrode (SCE) was employed as the reference
electrode. Aqueous H2>SO4 and KOH solutions were used as the electrolytes and purged with
nitrogen gas to remove the dissolved oxygen before each measurement. To minimize the double
layer charging, a low scan rate of 0.005 V/s was used to perform linear sweep voltammetry (LSV).
Electrochemical impedance spectroscopy (EIS) was obtained at a potential of 250 mV vs. RHE
from 100 kHz to 0.1 Hz with an AC voltage of 5 mV. Bulk electrolysis and chronoamperometric
measurements were tested at the voltage with a current density of 1 mA for 7000 s at ambient
atmosphere. All potentials referenced to the saturated calomel electrode (SCE) were calibrated
with respect to the reversible hydrogen electrode (RHE). Using the equation: E = Eo + 0.245 +
0.059 x pH, all the experimental potential data were calibrated with the pH = 0 for the HER and
pH = 14 for the OER studies. A 2 mm diameter platinum working electrode was also used as a
reference in linear sweep voltammetry in 0.5 M H2SO4 solution with a scan rate of 0.1 V/s, the
obtained potentials using SCE as reference electrodes were added by + 0.279 V to be referred to
RHE. All the current densities obtained were normalized by dividing the obtained current response
by the geometric area of the working electrode

5.2.4 Preparation of NiMoS: modified carbon paper electrode

Catalysts NiMoS>-CNT, (1); NiMoS»-DETA, (2); NiMoS2-EDA, (3); NiMoS:-Pristine, (4)
were coated on carbon paper stripe substrates and utilized as working electrodes for
electrochemical studies. A catalyst ink was prepared by mixing NiMoS» powder (5.00 mg), carbon
black (2.5 mg), 2-propanol (1.00 mL) and Nafion solution (4.08 pL). The mixture was
ultrasonicated for 30 mins to generate a homogenous suspension. Carbon paper was cut into 0.5cm

x 2cm stripe and dried at 30 °C for 12 hours in the air to remove moister prior to use. 10.00 pL of
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the as-prepared catalysts ink was dropcasted on the carbon paper and was allowed to dry in ambient
atmosphere for 10 min before each measurement.

5.3 SYNTHESES
5.3.1 Synthesis of NiMoS: using alkyl-containing thiomolybdate precursors (1-3)

The unsupported Mo-based sulfide materials were produced by thermal decomposition.
Ammonium tetrathiomolybdate (ATM) was synthesized by dissolving ammonium
heptamolybdate (25.0 g, 0.0215 mol) in 120 mL of deionized water (DIW) followed by the addition
of (NH4)2S (200 mL, 1.170 mol). The mixture was stirred at 55 °C for 30 min and then refrigerated
in the original solution to crystallize the final product. A solution of 2 equivalents (0.0384 mol)
carbon nanotube or alkyl containing amines in 5 mL DIW was prepared to react with the as-
synthesized ATM (5.0 g, 0.0192 mol) in 50 mL DIW to form highly dispersed MoS: particles.
Afterward, a solution of Ni(NO3),:6H>0 (4.93 g, 0.0270 mol) in 10 mL DIW was added to the
reaction mixture. The precipitate was filtered and placed into the Parr reactor vessel (Model 4560)
under 300 °C and 8.96 MPa for 2 h. Once the reaction was finished, the reactor was cooled down
below 70 °C, and the resulting products were washed with isopropanol and DIW and then dried in
air overnight.

5.3.2 Synthesis of NiMoS: using ammonium tetrathiomolybdate (ATM) procursors (4)

The synthesis of the pristine NiMoS; followed the same procedure of 1-3 without the
pretreatment of ATM with carbon nanotube or amines.
5.3.3 Synthesis of carbon nanotubes

Carbon nanotubes were synthetized by vapor pyrolysis: a syringe pump is used to feed 20
mL of precursor solution (0.75 g of ferrocene in 25 mL of toluene) at a rate of ImL /min into a
preheater, where the solution is vaporized at 180 C. As the vapor forms, the precursors are carried
by 1 L/min of Ar into a quartz tube that is placed inside a tube furnace at 800 C, where the
hydrocarbon and the ferrocene are pyrolyzed and precipitated on the quartz tube wall as carbon
nanotubes. After synthesis, the furnace and the preheater are allowed to cool to room temperature
under Ar flow. Finally, the CNTs formed are scraped off the wall of the quartz tube and collected

for later use.
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5.4 CHARACTERIZATIONS

pXRD (powder X-ray diffraction) patterns were obtained to investigate the crystallinity of
the synthesized materials and are displayed in Figure 27. All the NiMoS: materials possess
different diffraction patterns due to the Ni atom doping and the resulting structural changes due to
doping and amine pre-treatment when compared with MoS,. The pristine NiMoS, (4) shows
diffraction peaks at 26 values of 14.3°,29.0°, 32.6°, 35.8°, and 55.9° corresponding to the (0 0 2),
(004),(010),(012),and (0 1 6) crystal facets, respectively, are attributed to hexagonal (2H
phase) MoS, (ICDD# 98-064-4259).140 For the NiMoS, pretreated with amines and carbon
nanotubes (1-3), the diffraction patterns have a lower intensity when compared to the pristine
NiMoSz. The diffraction peaks also slightly shifted to lower 26 values which indicate the increase
in unit cell parameters and unit cell volume. Specifically, the peak at 26 = 14.3° which is assigned
to be the basal plane (0 0 2) of MoS: is shifted in 2 and 3 and disappeared in 1. This indicates the
inner structure layer arrangement of MoS; in 1-3 is different from the pristine NiMoS., which can

be induced by the decomposition of amines and carbon nanotube during the syntheses.
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Figure 31. p-XRD patterns of 1-4.

Representative SEM images of as-synthesized materials are shown in Figure 32. It is found
that the morphology of all the samples have a lamellar architecture. Due to the hydrothermal
decomposition of amines and carbon nanotube during the syntheses, porous tunnels are observed
in the surface morphology of 1-3. By comparison, the pristine NiMoS> shows smaller pores and a
smoother surface morphology. The elemental composition of all the samples reported in this work
was analysed by EDX elemental mapping, which is depicted in Figures 33 and 34. The elemental
graphs of 1-4 corroborate the that these materials are composed of Ni, Mo and S, in addition to
traces of oxygen. The presence of oxygen can be attributed to exposure to air, a result which has

been observed by others.'*!

Figure 32. SEM images showing the morphologies of (a-b) sample 4 and (c-d) representative pre-treated
NiMoS; (sample 2) at two different scales.
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Figure 33. Representative elemental mapping images (NiMoS;-CNT).
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Figure 34. EDX spectra of samples 1-4.
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5.5 Results and discussion
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Figure 35. (a) HER Polarization curves in a cathodic potential window for the as-synthesized
catalysts: (1) NiMoS,-CNT (purple); (2) NiMoS,-DETA (green); (3) NiMoS,-EDA
(blue); (4) NiMoS,-Pristine (red) and Pt (black) and blank carbon paper doped with
carbon black (grey) in 0.5 M H,SO4 aqueous solution. Scan rate: 5 mV/s; (b) Tafel
plots of 1-4 derived from the HER polarization curves. (c) Nyquist plots of 1-4 in
acidic condition. (d) Chronoamperometric studies of the as-synthesized NiMoS, (1-4)
in 0.5 M HxSO4 at = 0.250 V.

The HER electrocatalytic activities of all the prepared NiMoS, samples supported on
carbon paper electrodes were measured in 0.5 M H2SO4 aqueous solution. Polarization curves with
a cathodic potential window from 0.00 V to — 0.65 V vs. RHE are shown in Figure 35 a. Current
densities are normalized to the geometric area of the working electrodes for all samples. Platinum
metal and carbon paper electrode modified with only carbon black were also studied under the
same condition for comparison. Platinum metal generates catalytic current increase immediately

at 0 V vs. RHE corresponding to the hydrogen evolution reaction. Negligible current increase was
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observed for carbon paper electrode with carbon black within the tested potential range, indicating
that the electrode doped with carbon black is catalytically inert. All the samples reported in this
study shown considerable catalytic current with current density surpass 50 mA/cm? at the
displayed potential. The pristine NiMoS» (4) exhibits an overpotential #; of 0.263 V (5, is the
overpotential at j = 1 mA/cm?), and 70 of 0.366 V vs. RHE (510 is the overpotential an j = 10
mA/cm?). In contrast, samples 1, 2 and 3 show substantially improved electrocatalytic activity
with lower onset potentials of 0.189 V, 0.151 V and 0.195 V and  at 10 mA/cm? 0f 0.272 V, 0.238
V and 0.277 V, respectively. The anodic potential shift of the pretreated catalysts compared with
the pristine NiMoS, demonstrate their superior catalytic property towards HER.

Figure 35 b shows the Tafel plots derived from the cathodic polarization curves of all the
studied catalysts. The linear regions of the Tafel plots were fitted to the Tafel equation: n = a +
b log(j), where 7 is the overpotential, b is the Tafel slope and j is the current density.”® Low Tafel
slope values indicate faster reaction kinetics. Platinum metal is well known to follow the VVolmer-
Tafel mechanism with a Tafel slope of around 30 mV/dec for hydrogen generation.”? The

corresponding Tafel slopes of the pretreated NiMoS, samples span from 179 to 226.9 mV/dec,
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Figure 36. (a) and (b): Bode plot of HER using 1 and 2 as electrocatalysts under 250 mV
overpotential with 5 mV AC voltage applied; (c) the simulated equivalent electric
circuit of the corresponding electrochemical processes.

whereas pristine NiMoS> shows a significantly larger value of 419.2 mV/dec. The differences in

Tafel slopes among the samples show that the HER kinetics of pretreated NiMoS: are enhanced
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compared to the non-pretreated one. Therefore, the overall catalytic reaction process is consistent

with a Heyrovsky dominated VVolmer mechanism.
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Figure 37. (a) and (b): Bode plot of HER using 3 and 4 as electrocatalysts under 250 mV
overpotential with 5 mV AC voltage applied; (¢) the simulated equivalent electric
circuit of the corresponding electrochemical processes.

TABLE 2. Electrochemical impedance parameters obtained from fitting Nyquist plot data with
the equivalent circuit for HER (to three significant digits).

R1 CPE2 R2
HER a2 S2
(Q, ohm) F.s@D (Q, ohm)
1 11.7 232x10° 0.815 82.6 N/A
2 10.7 255x10°  0.758 56.7 N/A
3 10.4 1.56 x 10°  0.852 142. 9.26
4 11.2 1.14 x10°  0.843 254, 21.0

Electrochemical impedance spectroscopy (EIS) analyses were also performed for further
insight into the HER catalytic activity. Nyquist plots of 1-4 of the EIS responses are shown in
Figure 35 c. All the experimental data are in good agreement with the simulation parameter and
fit in Randles circuit models (Figures 36 and 37). Samples 1-3 doped electrodes exhibit relatively
smaller semicircles at the chosen overpotential of 250 mV, which indicate a smaller charge-
transfer resistance (Rct) Kinetics from NiMoS: active site to the electrode and faster electron
transfer when compared to 4. Sample 2 shows the best conductivity with the smallest Rt of 56.69
Q, which explains why it shows the best efficiency for HER (Table 2).
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To assess the electrocatalytic stability of the materials, chronoamperometric measurements
were conducted at a constant potential of 0.25 V vs. RHE in 0.5 M H2SO4 using the prepared
NiMoS; doped carbon paper electrodes as working electrodes, which are shown in Figure 35d. A
higher current density is obtained by 2 compared to the other three samples, and 90% of the original

current density is retained after 7000 s of continuous operation. This indicates all these catalysts
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Figure 38. (a) Polarization curves of 1-4 and carbon black as control electrode in 1.0 M KOH as
electrolyte. Scan rate: 5 mV/s. (b) Tafel plots of the corresponding NiMoS,
electrocatalysts (1-4) derived from the OER polarization curves. (c¢) Nyquist plots of
1-4 at an overpotential of 250 mV in 1.0 M KOH aqueous solution. (d)
Chronoamperometric studies of 1-4 in 1.0 M KOH at # = 0.250 V.
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are stable under acidic conditions. All the samples show a minimal cathodic current density
decrease (less than 10%) after 500 cyclic cathodic sweeps compared to the initial scan.

All the synthesized NiMoS; materials were also studied as OER electrocatalysts. Figure 38
shows the anodic polarization curves of catalysts 1-4 in 1.0 M KOH aqueous solution with carbon
paper as substrate. It is found that 1 has the best OER activity with the lowest onset potential of
0.310 V and a 0.389 V at current density of 10 mA/cm? (#10). Sample 2 exhibits a similar
overpotential value (1 = 0.308 V) to 1, but has slower OER kinetics and current density. In
comparation, the pristine NiMoS: has the lowest activity for oxygen generation (10 = 0.408 V),
which is consistent with the HER catalytic measurements shown (vide supra). The polarization
curve obtained from the carbon black control electrode shows negligible OER activity, which
suggests that the catalytic activities originate from the NiMoS> catalysts. The OER activity of the
pretreated NiMoS: catalysts is comparable to those recently reported high-performance MoS»-
based OER electrocatalysts, for instance, the interfaced MoS2/Ni3S; heterostructures'®* (1710 =
0.218 V), the cobalt covalently doped MoS2'3! (510 = 0.260 V), MoS, quantum dots'*? (710 = 0.370
V) and the exfoliated 1T MoS2'* (1710 = 0.420 V). Cyclic voltammograms of 1-4 consistently show
a reversible oxidation event at around 0.150 V vs. RHE which is assigned to the formal Ni**/Ni**

redox couple,'*

meaning that the redox properties of all the catalysts are similar and that the
increase in catalytic efficiency is mainly due to their enhanced porous structure observed in 1-3
with respect to 4.

The OER kinetics of NiMoS: samples were analyzed by Tafel slopes. Figure 38 b presents
the Tafel plots of # as a function of log j. As is shown in the plots, 1 exhibits a lowest slope value
of 87.6 mV/dec, among all the synthesized catalysts and it is lower than the reported benchmark
OER catalyst RuO: (135 mV/dec)!?, signifying its excellent OER kinetics. Moreover, compared
with the pristine NiMoS, (Tafel slope =225 mV/dec), catalysts 2 and 3 both possess significantly
lower Tafel slope, indicating that the pretreated NiMoS; catalysts demonstrate faster OER kinetics

than their pristine counterpart.
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Figure 40. (a) and (b): Bode plot of OER using 1 and 3 as electrocatalysts under 250 mV
overpotential with 5 mV AC voltage applied; (¢) the simulated equivalent electric
circuit of the corresponding electrochemical processes.
Electrochemical impedance spectroscopy (EIS) was carried out on all the samples in 1.0
M KOH solution at a chosen overpotential of 250 mV. Compared to the EIS measurements

performed in acidic media, a considerable decreased charge transfer resistance (R¢) for all

measured samples is observed in basic condition suggesting faster electron transfer in basic
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TABLE 3. Electrochemical impedance parameters obtained from fitting Nyquist plot data with
the equivalent circuit for OER (to three significant digits).

R1 R2 CPE3
CPE2 R3
OER  (Q, a2 «Q, F-s@D a3 s2
F.s@ (Q, ohm)
ohm) ohm)
3.73x 10" 0.603 1.26
1 6.00 253x10° 0914 31.9 X N/A
1.27 x 10 0.304 x
2 556 4.78x10° 0.857 96.8 ) 0.616 117 10

6.88 x 100 0.833 69.5

3 6.07 1.09x102% 0.608 0.720 2 N/A

5.71x10- 0.916 51.0

4 924 6.13x102 0235 13.1 2 5.89

environment Figure 38 ¢ shows that the pretreated NiMoS» samples exhibit substantially lower Ry
with smaller semicircles in their Nyquist plots compared with the pristine NiMoS,. These
decreases Rets suggest enhanced conductance of NiMoS: samples which accelerate OER kinetics
by making electrons transfer easier. In addition, the EIS analysis with equivalent model (Figures
35 and 36) to investigate the NiMoS; electrode during the OER reaction. The experimental data
are fitted with the parameters with respect to the Randles circuit model (Table 3). The equivalent
electric circuit consists of two parallel branches connected in series. R1 is the equivalent series
resistance for the electrolyte and constant phase elements (CPEs) are non-ideal capacitance. The
first parallel branch account for the interface contacts between NiMoS: interlayers and the second
branch describe the contact between NiMoS: and carbon paper electrode. All the data fit with the
simulation parameter.

The stability of the NiMoS, modified carbon paper electrodes in the OER experimental
conditions were also tested by long-term electrolysis (Figure 38 d) and cyclic voltammetry after
500 constant cyclic scans. All theNiMoS; catalysts show a relatively decent stability in alkaline
solution, however, a marginal current drop is observed for catalyst 1 and 2 after 500 scans. It is
suggested that the oxidation of MoS; to its high valent oxides during the multiple cyclic scans is
responsible for the current decay. The aggregation of MoO3 may cover the electrode surface and

the formation of nickel hydroxide species may render a slightly decrease of current density'*.
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The electrocatalytic activity of the NiMoS:2 catalysts is attributed to both surface area
effects and their intrinsic catalytic nature. In order to compare this intrinsic activity of the NiMoS2
samples reported in this works, their electrochemically active surface area (ECSA) is
determined.'*® The ECSA of a material with similar composition is proportional to its
electrochemical double-layer capacitance (Cai), which was measured by voltammetric curves in
the mere double-layer region with multiple scan rates (0.02 V/s, 0.04 V/s, 0.06 V/s, 0.08 V/s, 0.10
V/s, 0.12 V/s, 0.14 V/s, 0.16 V/s). In this region, only double-layer charging process is occurring
and there is no faradaic contributions to the current flowing. The current traces of all the NiMoS2
materials obtained from non-faradaic potential yield a rectangle shaped CV, which indicate their
capacitor behavior (Figure 42 and 43). The Caiis estimated by plotting the current A j = (ja— jc) in
the middle of the potential window as a function of the scan rate (Figure 37). This plot yields a
straight line with a slope equal to Cd, according to the equation: %147

i=dQdt=(dQMdE) - (dEdt) = Cdi- v
This capacity value obtained by the above procedure only contains contribution from double layer
charging, other contributions such as the pseudocapacity of the process due to electrolyte ion
adsorption and intercalation or chemical capacitance from the population of electron trap states are

not considered. The EASA of a catalyst can be calculated by referring the obtained specific
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Figure 41. Linear fit plots of scan rates as a function of double layer charging current for the NiMoS,
(1-4) report in this study. (a) Performed in 0.5 M H,SO4 aqueous solution; (b)
Performed in 1.0 M KOH aqueous solution. Scan rate: 0.02 v/s, 0.04 v/s, 0.06 v/s, 0.08
v/s, 0.1 v/s, 0.12 v/s, 0.14 v/s, 0.16 v/s.
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capacitance (Cs) of the sample or the capacitance of an atomically smooth planar surface of the

material per unit area under identical electrolyte conditions following the equation: '’

ECSA = Cal
"~ Cs

The specific capacitance values for a variety of metal electrodes in acidic or alkaline
solutions have been reported with a range between 0.015-0.110 mF/cm? in H2SO4!'*® and 0.022-
0.130 mF/ cm? in NaOH'*® and KOH"" aqueous solutions. For the determination of ECSA in our
electrocatalytical system, we accept Cs= 0.035 mF/cm?in 0.5 M H2SO4 and Cs= 0.040 mF/cm? in
1.0 M KOH solution based on the reported value for the evaluation of catalysts performing HER
and OER. With these, the CV measurements were carried out in 0.5 M H2SO4and 1.0 M KOH
solution to obtain Caiin both HER and OER. For the HER, catalyst 2 has the largest Caiof 28.118
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Figure 42. Cyclic voltammograms of NiMoS; catalysts 1-4 at different scan rates in the 0.1 V
potential window with no faradaic process in 0.5 M H,SO4 solution.
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mF/cm?, while the Cai values of sample 4, 1 and 3 are 18.244 mF/ cm?, 24.119 mF/cm?and 21.372
mF/cm?, respectively. As a result, the calculated ECSA values derived from the abovementioned
equation is 689.11 cm? (1), 803.37 cm? (2), 610.63 cm? (3) and 521.26 cm? (4). As for the OER,
catalyst 1 shows the highest Cai value of 11.884mF/cm? among all the studied catalysts, which
results in the largest active surface area with ECSA of 297.1 cm? (Figure 41 b). These results show
that the improved electrochemical active surface areas for HER and OER of the pretreated
NiMoS2, which result from the enhanced surface areas due to the decomposition of amines and

CNT, are the main reason of promoted catalytic performance.
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Figure 43. Cyclic voltammograms of NiMoS; catalysts 1-4 at different scan rates in the 0.1 V
potential window with no faradaic process in 1.0 M KOH solution.
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5.6 CONCLUSIONS

In conclusion, we show that the pretreatment of the ammonium thiomolybdate precursor
with carbon source (carbon nanotube) and amines (diethylenetriamine and ethylene diamine) is an
efficient method to improve the catalytic activity for the overall water splitting reaction including
both the HER and OER for NiMoS: catalysts. These catalysts exhibit poorer crystalline with
porous tunnel structures that potentially increase their catalytical active sites when comparing to
NiMoS;, prepared directly from ATM precursor. Electrochemical studies show that these
pretreated NiMoS: are efficient bifunctional electrocatalysts and exhibit promising catalytic
efficiency, stability and fast reaction kinetics towards electrochemical water splitting. The
enhancement of the catalytic activity of the pretreated NiMoS; is attributed to the faster charge
transfer and larger electrocatalytic active sites of the catalysts, as are evidenced by electrochemical

impedance spectroscopy and electrochemical active surface area analysis.
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Chapter 6 Conclusion and Future Work

The unrestricted exploitation of fossil fuels will continue to greatly influence the planet;
thus, it is imperative that great effort continues to be put forth in order to eliminate this objective
detriment. Through this work, steps were made toward the cost-effective generation of hydrogen
gas as an energy source to replace fossil fuels. Water is the most abundant resource on earth. To
harness this resource, we have conducted water electrolysis to generate hydrogen gas. Through
rational catalyst design, we have come closer to achieving this effort. Several catalysts were made
to increase the energy efficiency of water splitting. In chapter 2, we explored the mechanism of
hydrogen generation by regulating the electron negativity associated with molecular porphyrins.
To do this, we synthesized four metal free porphyrins with different functional groups: tetrakis
meso phenyl F, F2, F3, and Br porphyrin. This allowed the four-nitrogen core to have altered
electrochemical activity that could be studied to reach a greater understanding of the means in
which these macromolecules can generate hydrogen gas. Depending on the electronegativity
assigned to each porphyrin, the basicity of the nitrogen core is affected. Although the core’s ability
to be protonated can be made more or less facile, each porphyrin is still capable of hydrogen
generation, albeit with vastly different mechanisms: the Br and F porphyrins are easily protonated,
allowing them to readily generate hydrogen gas without the need for first experiencing electron
transfer. The F» and F3; porphyrins still generate hydrogen at low overpotentials, however, the
mechanism first requires reduction. To continue this work, it will be necessary to pair the findings
with an understanding of their associated DFT calculations to determine the absolute energy
required to catalyze this reaction. Then, new porphyrins with appropriate functionality must be
synthesized that take full advantage of these present and future findings. In chapter 3, we conceived
a more stable and applicable heterogenous metal free porphyrin framework as a bifunctional
catalyst for water splitting: Porphyrin Kevlar (Porphvlar). In pH dependent conditions, Porphvlar
can generate oxygen at 1=400 mV and hydrogen at n=36 mV, which is comparable to most metal-
based catalysts. In neutral solution, Porphvlar is able to catalyze water splitting. Bulk electrolysis
shows that Porphvlar is considerably stable under sustained electrolysis condition, up to 60 hours,
owing to Kevlar’s exceptionally sturdy structure. Future work must include metalating Porphvlar
with early transition metals in order to explore the energy related small molecule activation. In
chapter 4, we discovered that by changing the linker of the porphyrin organic polymer, the water
splitting efficiency changed. Additionally, Co and Fe metalation results in different OER
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overpotentials: by metalating the framework, better catalytical performance was observed.
Alternating the heterogenization strategy can facilitate electron and proton transfer on metal
centers to different extents. Future work including changing the metal centers into other transition
metals and corresponding mechanism studies must be addressed to increase the efficiency and
stability of porphyrin catalyzed water splitting. In chapter 5, Nickel doped molybdenum disulfide
was synthesized. By pretreatment with carbon nanotubes and DETA and EDA, the surface area of
the material is enlarged, thus, the electrochemical activity is greatly benefited. When catalyzing
the water splitting reaction, these materials can facilitate both HER and OER. DETA pretreatment
is optimal for HER, conversely, carbon nanotube pretreatment is best for OER. Detailed
mechanism studies are required for the continuation of this work. Also, these materials with the
proper pretreatment can be essential to nitrate reduction in natural waters, thus furthering the extent
of necessity in mechanism study.

This being said, the world energy crisis can be averted by developing cheap materials to

replace precious metals as catalysts for the hydrogen generation reaction.
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