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Electrochemical Hydrogen Evolution by Cobalt (II) Porphyrins:
Effects of Ligand Modification on Catalytic Activity, Efficiency and
Overpotential
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Electrochemical H, evolution of a series of cobalt(Il) porphyrins with electron-withdrawing (EW) and electron-donating (ED)
substituents at the para positions of the meso-phenyl rings has been investigated in DMSO using acetic acid as a proton source. Our
study showed that the nature of substituents significantly influences catalytic activity, efficiency, and the potential at which catalysis
occurs. Faradaic efficiencies (FE) ranging from 44 to 99%, turnover numbers (TONs) from 1.5 to 104 (~11 h electrolysis), turnover
frequencies (TOFs) from 0.23 to 9.1 h~!, and onset overpotentials from 25 to 445 mV were obtained by tuning the porphyrinic
substituents. Cobalt porphyrins with -SO3H, -COOH, or -NH; groups as the substituents showed high activity and efficiency with
more positive onset potentials as compared to the parent [Co(TPP)]. Supports also from the low hydrogen generation activities for
complexes with -COOMe, -OMe and -OH groups as the substituents suggest that the acidity of the meso-phenyl substituent plays a
key role in enhancing the hydrogen evolution activities during the catalytic processes.
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Hydrogen has emerged as an attractive candidate for clean and
sustainable fuel.'”? Despite the simplest covalent bond, the thermo-
dynamic and kinetic barriers for generating H, without the pres-
ence of a catalyst are very high.> Over the past few years, cobalt
complexes of various macrocycles have been extensively studied and
used as catalysts for H, generation either in aqueous or non-aqueous
medium under acidic conditions both in heterogeneous and homoge-
nous systems.*'* Cobaltous porphyrin complexes are also among
the most fascinating compounds to be employed in H, evolution.'!
The first study dealing with cobalt porphyrins as H, evolving cata-
lysts was reported in 1985 by Kellett and Spiro.'>!* However, the

activity was observed through adsorption of metalloporphyrins to X=COOMe [1]

the electrode surface, which hampers a thorough kinetic and mecha- COOH [2]
nistic investigation. In 1998, [Co(TPP)] (where, TPP = 5,10,15,20- SO,H (3]
tetraphenylporphyrinato) has been reported to serve as a heteroge- H (4]
neous electrocatalyst in a pH 1 aqueous solution by incorporating it to NH, (5]
aNafion membrane coated on a Ptelectrode.'* Nocera and co-workers OH (6]
also intensively studied electrochemical H, generation using cobalt(II) X OMe 7]

hangman porphyrins as the catalyst in the presence of benzoic and
tosic acids in acetonitrile.!!!>1% Their works provide essential in-
sights into the H, evolving mechanism, proton transfer rate constants,
and the roles of hanging group in lowering the overpotential. Lately,
photocatalytic and heterogeneous H, generation using water-soluble
cationic [Co"(NMeTPyP)]** (where, NMeTPyP = meso-tetrakis(1-
methyl-pyridinium-4-yl)-porphyrin) was studied.'”' Electrochemi-
cal H, evolution using highly active water-soluble biomolecular cata-
lyst made from cobalt substitution of micro-peroxidase-11 was stud-
ied in homogenous solution.’ Quite recently, we have reported the use
of water-soluble cobalt(II) meso-(tetraphenyl-4-sulfonato)porphyrin
as a highly efficient, active, and stable catalyst for H, evolution in

Scheme 1. Molecular structures of cobalt(II) porphyrins.

onset overpotential in order that a low-cost and large-scale hydro-
gen production can be achieved. In this study, the substituents at the
para positions of the meso-phenyl rings were varied from EW groups
(-COOMe [1], -COOH [2] and -SOsH [3]), -H [4] (i.e., unsubstituted
phenyl), to ED groups (-NH; [5], -OH [6], and -OMe [7]) (Scheme 1).
To ensure consistent experimental conditions, we choose DMSO as the
solvent, in which all the molecules are readily soluble and acetic acid
was used as an inexpensive organic proton source. The catalytic ac-

neutral phosphate buffer solution under electrochemical conditions.>®
This success inspired us to explore the potential roles of peripheral
functional groups on the porphyrin core to the catalytic activity.

A key advantage of a well-defined molecular catalyst lies in the
possibility of tuning its performance via synthetic chemistry. Func-
tionalization or ligand modification of cobalt-based electrocatalysts to
tune their catalytic activity and electrochemical property has been well
studied and going rapidly.?'2* Although the parent [Co(TPP)] and its
derivatives have been reported as effective electrocatalysts for H, gen-
eration, it is still required to optimize their catalytic performance and
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tivity parameters such as FE, TON, TOF and onset overpotential were
determined by using the combination of electrochemical methods fol-
lowed by gas chromatography. Our results showed that ligand modifi-
cation considerably affects the catalytic activity, efficiency and onset
overpotential of electrocatalytic H, generation. In line with this, com-
plexes 2, 3, and 5 are much more active and efficient catalysts with low
onset potentials for generating H, as compared to the parent molecule
4. On the other hand, complexes 1, 6, and 7 were observed to evolve
very less amount of H, at an applied potential of —1.6 V vs NHE.

Materials and Methods

Synthesis and  characterization.—The  meso-5,10,15,20-
tetraphenylporphyrins were prepared by following reported
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procedures® 2% via condensation reactions of the corresponding

benzaldehyde with pyrrole in a mixed solvent of propionic acid and
acetic anhydride. The amino functional group was obtained by reduc-
tion of nitro group using SnCl,/HCI. Carboxyl group was prepared by
base-catalysed hydrolysis of ester functionality. A subsequent cobalt
metalation using Co(OAc),e4H,0O as the metal salt in DMF under
reflux conditions afforded the desired cobalt complexes. The free
base porphyrins and complexes were characterized by spectroscopic
techniques as shown in supporting information (SI).

Electrochemical and catalytic study.—Cyclic voltammetry of
0.5 mM of complexes in 0.1 M [BusN]JPFs/DMSO solution was
recorded at different scan rates. The dependence of cathodic cur-
rent peak on scan rate was deduced from cyclic voltammetry (CV) for
all complexes. Electrocatalytic H, evolution activity of the complexes
was measured by carrying out CV, amperometry (IT), and differen-
tial pulse voltammetry (DPV) experiments in the presence of proton
source. To DMSO solution containing 0.1 M [BuyN]PFg electrolyte
in three electrode systems, was added 0.5 mM catalysts and 80 equiv-
alents of acetic acid and then the CV, DPV and IT were recorded.

Controlled-potential electrolysis (CPE).—Controlled-potential
electrolysis experiments were conducted in a sealed cell with three
electrode system, glassy carbon as the working, silver wire as ref-
erence, and platinum as auxiliary electrodes, in 10 mL of 0.1 M
[nBusN]PF¢/ DMSO with 0.5 mM catalysts and 160 mM AcOH. The
extended CPE experiments of all complexes were lasted for 11 h at
—1.6 V vs NHE indicating their stability under electrolysis condition.
The evolution of H, was confirmed by analysis of the headspace of
the reaction mixture with GC following CPE experiment. The amount
of H, evolved was quantified and used to determine catalytic perfor-
mance parameters.

Determination of catalytic performance parameters.—Onset
overpotential —Onset overpotential is a potential difference between
thermodynamic reduction potential of acetic acid in DMSO and the
onset potential (the potential at which catalysis starts to occur).?” From
CV and LSV experiments, onset overpotentials of all complexes were
estimated.

Faradaic efficiency.—One of the attribute for a good catalyst is
high efficiency, exhibited in the case of electrochemistry by large
catalytic currents for given concentrations of catalyst in the presence
of excess acid under similar experimental conditions as determined
by Evans and Glass.?! It is the ratio of amount of hydrogen produced
practically (as determined by GC using calibration curve of standard
H,) and theoretical yield obtained from bulk electrolysis. Thus, under
similar experimental condition, their faradaic efficiency toward proton
reduction was determined.

Catalytic activity and stability.—TON and TOF are related to the
amount of hydrogen produced in practical (from GC) per amount of
catalyst used for study. Both TON and TOF of all complexes were
measured after 11 h controlled potential electrolysis in the presence
of catalyst and excess proton source.

Results and Discussion

Synthesis and electronic spectra—The synthesis of the desired
free-base porphyrins follows procedures from the condensation of
pyrrole with a corresponding aldehyde.?*? The spectroscopic prop-
erties of the obtained products are identical with those reported in
literature. Alder’s method was then used to insert the cobaltous ion
into the central cavity of the porphyrin core. Despite variations in
the wavelengths of absorption peaks, the common UV-vis absorptions
featuring a Soret and several Q bands were observed for all ligands.
The absorption patterns have changed as a result of cobalt metalation,
with the most remarkable difference being the decrease on the num-
ber of Q band.*® Moreover, based on experimental results, the nature
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Figure 1. Absorption spectra of studied complexes in DMSO.

of the functional groups influences UV-vis absorption of the studied
compounds (Figure 1). In addition, many factors affect the absorption
band of porphyrins. For instance, the electronic and steric nature of
substituents, effect of solvent and capability of self-aggregation of
substituent. Accordingly, the electron rich substituent such as NH,
and OH groups, contributed to the 18 m-electron systems due to the
resonance effect and red-shifted the absorption bands as compared
to other substituents. Moreover, they can self-aggregate, which might
also contribute to the observed bathochromic shift. For complexes
with electron withdrawing COOH and SOs;H groups, hypsochromic
shift is expected. However, likely because of self-aggregation, the
absorption band shifted to longer wavelength as compared to parent
Co(TPP), 4.3! The Soret bands of COOMe and OMe substituted cobalt
complexes are close to parent molecule.

Upon addition of excess acetic acid to the DMSO solution of
catalysts, blue-shift was observed only in the solution of compound
5, which is consistent with protonation of amino groups to yield an
active catalyst containing terminal EW -NH;* groups (Fig. 2). It thus
supports that under acidic electrocatalysis, the active form involving in
catalytic processes is the porphyrin with -NH;* functional groups, The
absorption patterns of all the rest catalysts did not change because of
addition of the proton source (Fig. SI 24), suggesting stable cobalt(II)
porphyrins under acidic conditions.
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Figure 2. Absorption spectra of complexes 5 and its ligand in DMSO with or
without the addition of acetic acid.
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Figure 3. Cyclic voltammograms of 0.5 mM of cobalt(Il) porphyrin com-
plexes in 0.1 M [BusN]PFs/DMSO at scan rate of 0.1 V/s using glassy carbon
working electrode at room temperature.

Electrochemical and catalytic study.—Electrochemical studies
showed that the redox potentials of cobalt(Il) porphyrins with the
substituent on each of the meso-phenyl ring, are highly tuneable. As
expected, the potentials of the first Co’*/!'* and the second Co'*"
redox couples both changed systematically with the electronic na-
ture of the substituents. The potentials were measured with reference
to Ag/AgCl and converted to NHE by adding 0.21 V to the mea-
sured potentials.’>* The CV measurement using a glassy carbon
working electrode in DMSO and 0.1 M tetra-n-butylammonium hex-
afluorophosphate, [BuyN]PFg as the supporting electrolyte showed
electrochemically reversible redox processes at potentials (vs. NHE)
ranging from —0.27 to —0.59 for Co**’'* and —1.34 to —1.58 V for
Co'* (Fig. 3).

The complex with the EW -COOMe substituents exhibits the least
negative Co”*’!* and Co'*" reduction potentials (—0.27 and —1.34 vs.
NHE). The congener with the ED -OH group has shifted to the most
negative potential (—0.59 V and —1.58 V vs. NHE), revealing sub-
stantial electronic communication through the porphyrin ligand to the
metal center.

Upon addition of AcOH to the solution of cobalt complexes in
DMSO, catalytic current dramatically enhanced at the potential close
to the Co'* redox couple, with onset potentials varying from —0.955
to —1.38 V vs NHE. For complex 5, however, the catalytic peak
appeared at a potential much less negative than that of Co'*™ pair
measured in the absence of AcOH, which is consistent with an electron
deficient metal center resulted from the protonation of amino group
to -NH;*. As can be seen from linear sweep voltammetry (LSV) in
Figure 4, the magnitudes of catalytic current enhancement and onset
potential vary with the most positive shift and highest catalytic current
enhancement being for complex 3 with terminal sulfonates, which
suggests an efficient proton delivery at favorable applied potential. It
is about 320 mV less negative than the parent molecule and 420 mV
positive shift when compared to complex 6 (the most negative onset
potential) as determined from CV and LSV.

Scanning to more negative potentials in the presence of excess
AcOH resulted in the sharp increase in current, indicative of electro-
catalytic proton reduction and H, generation as also confirmed from
GC chromatograms. Such subsequent sharp rise in current at lower
onset potential in the presence of excess protons (Fig. 5 and SI 27-30)
highly depends on the acidity and electronic properties of the func-
tional groups. This implies that substitutions in fact do adjust the po-
tential at which catalysis arises (onset potential). Control experiments
employing cobalt acetate in the presence of 160 mM AcOH showed
no catalytic activity at the potential ranges where catalyst operates.
Moreover, catalytic activities of porphyrinic ligands of 2, 3, 5 and 6,
without the cobalt(II) ion, were examined in the presence of 160 mM
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Figure 4. Linear sweep voltammograms of 0.5 mM of complexes in the pres-
ence of 160 mM AcOH/DMSO containing 0.1 M [BusN]PF¢ using glassy
carbon electrode. Control experiment using AcOH alone (160 mM, black) was
also displayed.

AcOH. Except ligand of 2, which showed some catalytic activity, all
others showed no catalytic activity at all (Fig. 5a). Thus, an increase in
catalytic current is due to the catalytic cycles that produce molecular
hydrogen. It is also apparent that, acidification didn’t affect Co>*/!*
reduction feature of all complexes, indicating that protonation of Co°
presumably yields cobalt(II)-hydride as a reactive intermidate.® In
principle, the Co(II)-H intermediate formed upon protonation of Co°,
can readily generate H, under acidic conditions. Supported by control
experiments, the enhancement on current peak is not due to a direct
reduction of acetic acid.

To assess faradaic efficiency and TOF of H, evolution, controlled
potential electrolysis of 0.5 mM solution of cobalt complexes was
conducted at —1.6 V vs NHE for 11 h in the presence of 160 mM
AcOH in 10 mL of DMSO (Fig. 6) and quantified H, produced by
GC. Although an increase in charge with time is clearly observed
for all of the complexes, the amount of charge accumulation per
second varies depending on the inherent activity of catalyst toward
proton reduction. Significant increment was noticed for complex 3,
followed by 2 and 5, when the electrolysis was conducted for 11 h.
Moreover, CPE experiments of blank acetic acid show insignificant
catalytic activity under the same experimental conditions. Following
CPE experiment, the headspace gas mixture was analyzed by GC
(Fig. 7) and the amount of H, generated was quantified (Fig. 8) us-
ing calibration curve of standard H,. The TOF, FE, and TON are
deduced from CPE experiment at a potential of —1.6 V vs NHE,
in which charge ranging from 17.8 to 101 C was passed during
electrolysis.

Comparison of catalytic performance parameters.— Analysis of
the headspace by gas chromatography following electrolysis for
around 11 h at —1.6 V (vs NHE) obtained parameters of the cat-
alytic performance such as onset overpotential (E,;), FE, TON, and
TOF. Large diversity on the catalytic performance were observed by
tuning the substituents on the porphyrin core with faradaic efficien-
cies (FE) ranging from 44 to 99.4%, TONs from 1.5 to 104, TOFs
from 0.23 to 9.12 h™!, and Eyyp from 25 to 445 mV (Table I). The
trends of these parameters are consistent with catalytic current en-
hancements and onset potential features observed in CV, LSV and
DPV experiments under acidic conditions. Therefore, such a signif-
icant variation reveals an important role of the functional groups on
tuning the catalytic activity.

Even though it is anticipated that molecules with strong electron-
donating groups have more negative redox potentials due to the more
electron-rich metal center and porphyrin core and are expected to be
more active toward H, generation, the —1.6 V (vs NHE) of applied
potential in this study wasn’t negative enough to produce a large
amount of H; in the cases of complexes 6 and 7. Moreover, for most
of the earth-abundant transition metal molecular catalysts reported to
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Figure 5. Cyclic voltammograms of 0.5 mM of active complexes: a) 2, b) 3 and ¢) 5 in the presence of 160 mM AcOH/DMSO containing 0.1 M [BugN]PF¢ using
glassy carbon electrode. Catalyst with 160 mM AcOH (blue), control experiment using 160 mM AcOH alone (black), catalyst with no acid (red), and ligand only

with 160 mM acid (magenta).
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Figure 6. Controlled potential electrolysis for 11 h for 0.5 mM complexes in
the presence of 160 mM AcOH/DMSO solution at —1.6 V vs NHE.

date, high activity is observed when more negative potential is applied
and catalysts working at low applied potential usually display low
catalytic activities. However, in this particular study highest catalytic
activity with faradaic efficiency of 99.4%, TOF of 9.12 h™!, and a
TON of 104 (after 11 h) was observed using 3 as the catalyst even
though 3 has the lowest overpotential, i.e. the least negative onset
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Figure 7. Gaschromatograms after 11 h for 0.5 mM complexes in the presence
of 160 mM AcOH/DMSO solution at —1.6 V vs NHE.

potential. Such an unusual trend of increasing catalytic activity with
a less negative onset potential, suggests that a higher catalytic activity
can be achieved through molecular design. In our case, analysis of
the correlations of molecular structure and catalytic activities showed
that the combination of factors such as the presence of an acidic
proton on ligand, electron withdrawing nature of substituents and
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Figure 8. The amount of H, produced after 11 h electrolysis of 0.5 mM
complexes in the presence of 160 mM AcOH/DMSO solution at — 1.6 V vs
NHE as determined from GC (Figure 8).

surface anchoring moiety of the catalysts significantly enhances the
H, evolution activity.

Even though a catalyst with a more negative onset potential, i.e. a
larger overpotential resulted from a relative electron rich catalytic cen-
ter is expected to be favourable for electrochemical H, generation, we
have confirmed that higher rates of catalysis can be achieved without
increasing overpotential. Bullock and co-workers also reported similar
observations in which fastest turnover frequencies for H, generation
from acetic acid in acetonitrile using Ni(diphosphine),>* complexes
with electron withdrawing groups.® In this report, the low catalytic
activity of a catalyst with -COOMe as the terminal functional groups,
which gave a TOF of only 0.23 h~!, further confirmed that the elec-
tronic property will not be the dominant and the only factor. Instead,
due to the lacking of any acidic proton and surface anchoring group,
the efficiency of this catalyst is much lower than the catalyst contain-
ing terminal carboxylic acid as the substituent.

Noticeably, although catalyst 5 is a compound with a rela-
tive negative redox potential for Co?*’!* and Co*™' couple in CV
measurements in the absence of an acid, the onset overpotential for
H, evolution is relatively positive in the presence of AcOH as the
proton source. This discrepancy is presumably due to the protonation
of amino group to form —NH;" under acidic conditions as evidence
from UV-visible absorption and CV measurements. Thus, the relative
active behavior of catalyst 5 is more related to protonation of amino

Table 1. Electrocatalytic H, production by cobalt(II) porphyrins
with AcOH as proton source.

Eonset J max Eonsel OopP TON TOF FE
Catalyst (VvsNHE) (mA/cm?) (mV) (~11h) () %

1 —1.23 1.93 295 1.9 023 543
2 —1.13 3.6 197 51.8 454 98.1
3 —0.96 8 25 104.1 9.12 99.4
4 -1.29 1.8 355 6.4 0.56 47

5 —1.22 3.4 285 46 4.04 958
6 —1.38 0.73 445 1.5 031 477
7 —1.36 1.2 425 2.1 032 438

CH3COOH in DMSO (pKa = 12.6, E® (HA/H,) = —0.93 V vs NHE).
During bulk electrolysis, —1.6 V vs NHE was applied. Eqnsetop = EOH A-
Ecat, where E0xa is thermodynamic potential and E¢y is potential at
which catalysis starts to occur. Jp,x is current density.

group in AcOH to offer a strong acid for H, evolution but not the ED
characteristic of —-NH,. Since studies on electrochemical H, produc-
tion were made in different media using various acids with different
working and reference electrodes, it is difficult to evaluate the efficien-
cies of electrocatalysts by directly comparing the TOF and catalytic
potentials observed in different research groups. Nevertheless, litera-
ture reported electrocatalytic H, production by cobalt-based catalysts
with strong and moderate acids as proton sources in different organic
solvents showed catalytic onset potentials ranging from —0.07 V to
—1.84 V vs NHE, faradaic efficiencies from 10 to 100% and TONs
from < 0.5 to 90 h~! at applied overpotentials ranging from 0 to
830 mV.*** Thus, moderate to good catalytic activities, efficiencies,
and onset potentials are obtained in this report with catalyst 3 listed
as one of the best catalysts among all available porphyrin-based cata-
lysts with electrochemical H, evolution activities. Most importantly,
our results illustrate the importance of tuning the functionality of the
meso-phenyl ring to achieve optimized rates of catalysis. Based on
our experimental result, the catalytic activity order of the complexes
in DMSO/AcOH is 3> 2>5 > 4 > 7~6~1.

Mechanistic approach in AcOH/DMSO.—The mechanism of
electrochemical H, evolution by Co(II) molecular catalysts in weak
proton sources involves a two-step le~ reduction of Co** to Co°
followed by protonation of Co® to form Co(Il)-hydride as a reactive
intermediate.>'>!7-3%" We also reported a mechanism for electrocat-
alytic H, evolution employing Co(II) porphyrin as a catalyst in H,O
(weak proton source)’’ and based on similar spectroscopic and CV
results all the Co(Il) porphyrins presented here follow a resemble
mechanism as shown in Scheme 2. But, in the case of catalyst 5 with
para-NH; substitution, protonation of amino group may occur first to
give -NH; ™, which will take part in catalysis.

Electrocatalytic study in neutral water.—Encouraged by en-
hanced homogenous catalytic activity of 2, 3 and 5 in organic sol-
vents, we extended our study to heterogeneous electrochemical H,
generation in neutral water by electrochemically modifying glassy
carbon electrode in the catalysts solution using continuous CV sweep
(from 0 to —1.5V vs NHE, 50 cyclecs) and then extended electrol-
ysis at —1.5 V vs NHE for 2h. Only, the active catalysts in organic
solvent have been used for electrode modification and electrocatalytic
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Scheme 2. Mechanism of H, evolution of catalysts in the presence of AcOH
in DMSO.
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Figure 9. Cyclic voltammograms in neutral aqueous solution (1 M KPi, pH

7) using glassy carbon electrode coated with catalyst 2, 3, or 5 as the working
electrode.

1200 | =——G|ank 1M KPI

—C Modified with 2
Em— C Modified with 3
e G,C Modified with 5

900 -

Current (uA)
[+2]
o
o
l

T . T T v T v
0.0 -0.5 -1.0 -1.5
Potential (V vs NHE)

Figure 10. Differential pulse voltammograms in neutral aqueous solution
(1 M KPi, pH 7) using catalyst 2, 3, or 5 coated glassy carbon as the working
electrode.

H, generation ability was evaluated in neutral aqueous solution (1 M
KPi, pH 7). Based on CV, DPYV, controlled-potential electrolysis and
GC experiments, the catalysts have ability to generate H, from neutral
water, with the activity of 3 still higher than others (Figs. 9, 10).

Conclusions

In summary, electrocatalytic H, generation activity of a series of
cobalt(Il) porphyrins with EW and ED substituents on meso-phenyl
rings have been investigated. The nature of substituents has played an
important role in amending efficiency, catalytic activity and the po-
tential at which catalysis occurs. Upon applying a potential of —1.6 V
vs NHE, enhanced catalytic activity and efficiency was observed for
2, 3 and S at less negative onset potential when compared to either
parent molecule or other studied molecules. Such unexpected trends
of increasing catalytic activity and efficiency with more positive onset
potentials show that higher rates of catalysis can be achieved with-
out increasing overpotential. The key factors in enhancing catalytic
activity and lowering onset overpotential are found to be the combi-
nation of acidity of the functional group, electron withdrawing nature
and surface anchoring moiety at para position of meso-phenyl rings.
This study set a direction for future optimization and further modi-
fication of porphyrin macrocycles for electrocatalytic H, generation
in organic solvents or in aqueous phase under both electrochemical
or photocatalytic approaches using either homogeneous or heteroge-
neous catalysts. The complexes employed in current work are advan-
tageous because of their capability in catalyzing hydrogen evolution
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from both organic acid as homogenous catalytic systems and water
as heterogeneous catalyses. The catalysts are made from cheap and
earth abundant cobalt metal ion. In addition, the selected porphyrin
derivatives are stable, step-economy, and ease of synthetic workup.
The scale-up version of heterogeneous catalysis and homogenous pho-
tocatalytic H, evolution prototypes from neutral water by using 3 is
currently under pursuing in our group.
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