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Abstract
A series of first-row transition metal complexes of tetrakis(pentaflucrophenyl)porphyrin (1),

denoted as 1-M (M = Mn, Fe, Co, Ni, Cu, and Zn), were synthesized and examined as
electrocatalysts for the hydrogen evolution reaction (HER). All these transition metal porphyrins
were shown to be active for HER in acetonitrile using trifluoroacetic acid (TFA) as the proton
source. The molecular nature and the stability of these metal porphyrins by functioning as HER
catalysts were confirmed, and all catalysts gave Faradaic efficiency of >97% for H. generation
during bulk electrolysis. Importantly, by using 1-Cu, a remarkably high turnover frequency (TOF)
of 48500 st can be obtained, making 1-Cu the most efficient one among this series of metal
porphyrin catalysts. This TOF value also represents one of the highest values reported in the
literature. In addition, electrochemical analysis demonstrated that catalytic HER mechanisms with
these 1-M complexes are different. These results show that with the same porphyrin ligand, the
change of metal ions will have significant impacts on both catalytic efficiency and mechanism. This
work for the first time provides direct comparison of electrocatalytic HER features of transition
metal complexes of tetrakis(pentafluorophenyl)porphyrin under identical conditions, and will be

valuable for future design and development of more efficient HER electrocatalysts of this series.

Keyword: metal porphyrin, hydrogen evolution, electrocatalysis, molecular catalysis, energy
conversion
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Introduction
Electrocatalytic HER is at the heart of the hydrogen-based new energy conversion and

storage schemes [1,2]. With the production of hydrogen, it provides an ideal approach to convert
electric energy into chemical energy [3-5]. Considering that electric energy can be generated from
renewable but intermittent energy sources, such as solar, wind and hydro power, electrocatalytically
produced H> can be regarded as a clean, environmentally benign, and sustainable energy source
[6,7]. Hydrogenases, which are a class of nature metalloenzymes, can efficiently catalyze the
reversible uptake and production of H> [8,9]. However, the difficulty in the large-scale synthesis of
hydrogenases and their deactivation under Oz atmosphere severely limits their practical applications
[10-12]. Platinum and its alloys are very active for catalytic HER, but the very high cost and low
natural abundance of this noble metal also restrict its large-scale uses [13,14]. As a consequence,
developing highly efficient and robust HER electrocatalysts, which are cheap and are made of
earth-abundant transition metal elements, have attracted increasing interests in the community [15].

In the past decades, tremendous efforts have resulted in the identification of a variety of
molecular complexes consisting of first-row transition metals, including Mn [16,17], Fe [18-21], Co
[22-24], Ni [25,26], Cu [27,28], and Zn [29,30], as active HER electrocatalysts. Among these
catalysts, metal porphyrins and metal corroles have received increasing attention because of their
high efficiency by functioning as HER catalysts [31-34]. In addition to their remarkable
performance, choosing metal porphyrins and metal corroles as catalysts is largely based on the
following reasons. First, almost all transition metal and main group elements can be incorporated
into the porphyrin and corrole macrocycles through the binding with the four N atoms [3,35-37].
The resulted four-coordinated structure is rigid and stable even in the presence of acids and bases in
organic and aqueous solutions without irradiation. This square-planar coordination geometry can
afford two open axial sites for other ligands and substrates, which is ideal for substrate binding and
activation. Second, dianionic porphyrin and trianionic corrole macrocycles are negatively charged
ligands [38,39]. This feature enables them to be able to efficiently stabilize high-valent metal ions,

and as a consequence, porphyrin and corrole ligands can offer low-valent metal ions with strong
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reducing powers, which is favored for HER. Third, porphyrin and corrole ligands are redox-
noninnocent [40,41]. Therefore, they can participate in multielectron catalytic processes, can
significantly enrich the redox chemistry of metal complexes, and can make complexes of redox-
inactive metal ions, such as Ga, to be highly active for redox catalysis [31]. Fourth, metal
porphyrins and metal corroles have strong and characteristic features in electronic absorption
spectroscopy, which will benefit the detection and identification of reaction intermediates in
homogeneous solutions for mechanistic studies [42,43]. Fifth, the systematical modification of
porphyrin and corrole macrocycles is accessible at both the meso- and f-positions to introduce a
variety of functional groups [44-46]. This feature makes metal porphyrins and metal corroles
excellent platforms for the investigation of the structure-function relationship, and makes them
readily to be assembled with other molecular architectures and/or grafted onto materials. On the
basis of these considerations, we have focused on investigating the catalytic features of metal
porphyrins and metal corroles for energy-related small molecule activation reactions, including
hydrogen and oxygen evolution [25,28,31-33,47-57], oxygen reduction [58-64], and carbon dioxide
reduction reactions [65,66].

Recently, Co porphyrin [67-69] and Ni porphyrin [25,70] complexes have been shown to be
efficient and robust for HER by Nocera and by us. In order to examine the catalytic HER features of
other first-row transition metal complexes of tetrakis(pentafluorophenyl)porphyrin and also to make
a direct comparison of these complexes for HER under similar conditions, we herein report the
synthesis and electrocatalytic HER performance of 1-M (M = Mn, Fe, Co, Ni, Cu, and Zn). Our
results show that all these transition metal porphyrins are active for HER in acetonitrile using TFA
as the proton source, and their molecular nature and stability by functioning as HER catalysts are
confirmed. Among these complexes, 1-Cu is the most efficient one by achieving a remarkably high
TOF of 48500 s*. This value also represents one of the highest TOF values reported in the

literature. Although thorough analysis of the catalytic performance of these 1-M complexes is
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challenging because their catalytic mechanisms are different, this work will provide new insights

into the future design and development of more efficient HER electrocatalysts.

Results and discussion

Synthesis and characterization

In our experiment, ligand 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin was synthesized
according to the literature procedure [71]. First-row transition metal porphyrins, 1-Mn [72], 1-Fe
[73], 1-Co [74], 1-Ni [25], 1-Cu [27], and 1-Zn [75] were prepared by following procedures
reported previously. The identity and purity of 1-Ni and 1-Zn were confirmed by using both H
nuclear magnetic resonance spectroscopy (NMR, Fig. S1 and S2, respectively) and high-resolution
mass spectrometry (HRMS, Fig. S6 and S8, respectively). Due to the paramagnetism, complexes 1-
Mn, 1-Fe, 1-Co, and 1-Cu were only characterized by HRMS (Fig. S3, S4. S5, and S7,
respectively). Moreover, the porphyrin ligand and its corresponding metal complexes were all
characterized by UV-vis absorption spectroscopy (Fig. S9-S15), showing the characteristic Soret
and Q bands. All these results confirmed the successful syntheses of these metal porphyrins.
Importantly, we have characterized complexes 1-Fe, 1-Co, 1-Ni, 1-Cu, and 1-Zn by using single
crystal X-ray diffraction method, further confirming their structures (Fig. S16-S20). In the structure
of 1-Fe, the Fe ion is at the trivalent state and has an additional axial chloride ligand to give a
tetragonal pyramid geometry. For the rest metal porphyrins, 1-Co, 1-Ni, 1-Cu, and 1-Zn, their
metal ions are at the divalent state and have square-planar coordination geometry as provided by the
porphyrin ligand. For 1-Mn, although we were unable to get large and high-quality single crystals
suitable for X-ray analysis, its structure has been reported in the literature, showing a Mn'"" ion with
an axial chloride ligand [76]. It is worth noting that crystalline samples of these metal porphyrins
were obtained and were used in all these characterizations and in the following electrochemical

studies.

Electrochemistry
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Cyclic voltammograms (CVs) of porphyrin ligand 1 and its metal complexes were carried
out in 0.1 M BusNPFg dry acetonitrile solution using a three-compartment cell with a glassy carbon
(GC) working electrode, an Ag/Ag* reference electrode, and a graphite rod auxiliary electrode.
Ferrocene was used as an internal standard, and all potentials reported in this work are referenced to
the ferrocenium/ferrocene couple. As shown in Fig. 1b, the CV of 1 shows two reversible le redox
couples at E1» = —1.17 and —1.61 V, which can be assigned to the first and the second reduction of
the porphyrin macrocycle. Complex 1-Mn displays two quasi-reversible redox waves and one
reversible redox wave. The quasi-reversible redox waves at Ei = —0.36 and —1.47 V can be
assigned to the [1-Mn]¥*~ and [1-Mn]'7>" redox couples, respectively, while the reversible redox
wave at E1» = —1.87 V corresponds to the [1-Mn]*7*~ couple. The quasi-reversibility is likely due
to the dissociation of the axial CI™ ligand on the Mn ion. A similar CV is observed for 1-Fe, which
displays one quasi-reversible redox wave at E1» = —0.38 V and two reversible redox waves at E1» =
—1.25 and —1.76 V (Fig. 1b). These redox processes can be assigned to [1-Fe]”!", [1-Fe]' %", and
[1-Fe]*> " couples, respectively [18,77].

The other four metal porphyrins all exhibit two reversible 1e redox couples (Fig. 1b). For 1-
Co, the [1-Co]”"" and [1-Co]""* couples are found at E12 = —1.02 and —2.00 V; for 1-Ni, the [1-
Ni1”'~and [1-Ni]'"* couples are found at E12 = —1.28 and —1.83 V; for 1-Cu, the [1-Cu]”!"and [1-
Cu]""* couples are found at E1, = —1.31 and —1.76 V. These results are all consistent with those
values reported previously [25,32,33,56,69,78]. For 1-Zn, it also shows two reversible 1le redox
waves at Ey, = —1.41 and —1.80 V for [1-Zn]”"" and [1-Zn]'*", respectively. Because Zn ion is
considered as redox inactive, these two redox couples are thus assigned to the first and the second

reduction of the porphyrin ligand [79].

Electrocatalytic HER studies
The electrocatalytic HER properties of these metal porphyrins were then investigated in 0.1

M BusNPFs acetonitrile with the addition of trifluoroacetic acid (TFA, pKa = 12.7 in acetonitrile
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[80]) as the proton source. As shown in Fig. 2a, the CV of 0.5 mM 1-Mn exhibited a pronounced
catalytic wave in the presence of TFA. Comparison of the CVs of 1-Mn with and without TFA
suggests that the 2e-reduced form [1-Mn]?*~ is the catalytically active species for proton reduction.
The onset potential of this catalytic wave is at —1.06 V. The catalytic peak currents increase with
the first-order dependence on the concentrations of both TFA (Fig. 2a and 3a) and 1-Mn (Fig. 4a),
indicating molecular nature of this catalytic proton reduction. When the concentration of TFA
reaches 50 mM (100 equivalents relevant to 1-Mn), the catalytic HER currents with 1-Mn reached
the acid-independent region. Importantly, very small currents were observed if MnCl; and the free-
base porphyrin were used as the catalyst, suggesting that the catalytic HER activity is due to 1-Mn
rather than the demetalated species. Note that the free-base porphyrin 1 is known to be active for
electrocatalytic HER [70], but this activity requires the use of a stronger p-toluenesulfonic acid as
the proton source and much more negatively applied potentials.

For 1-Fe, its second reduction wave also becomes a large catalytic wave with the addition
of TFA, and the onset potential of this catalytic wave is at —1.20 V (Fig. 2b). This result suggests
that the 2e-reduced form [1-Fe]* is the catalytically active species for proton reduction. Similar to
1-Mn, catalytic currents with 1-Fe also increased linearly with the concentrations of the acid (Fig.
3b) and the catalyst (Fig. 4b), and reached the acid-independent region with 40 mM TFA (80
equivalents relevant to 1-Fe, Fig. 2b). All these results demonstrated the molecular nature of this
electrocatalysis.

In the case of 1-Co, a large catalytic wave was observed with the addition of TFA (Fig. 2c).
Comparison of the CVs of 1-Co with and without TFA suggests that the le-reduced form [1-Co] is
the catalytically active species for proton reduction. However, unlike 1-Mn and 1-Fe, the catalytic
wave is well-behind the first reduction wave of 1-Co. This result indicates that although the le-
reduced form of 1-Co is able to reduce TFA to form the hydride intermediate, the basicity of this
metal hydride species is insufficient for the heterolytic protonolysis with TFA to evolve H,. As a

consequence, further 1e reduction of this hydride species is required to give more active form for
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subsequent HER. The catalytic currents with 1-Co increased linearly with the concentrations of the
acid (Fig. 3c) and the catalyst (Fig. 4c), indicating the molecular nature of this electrocatalytic HER
with 1-Co. The catalytic currents reached the acid-independent region with 70 mM TFA (140
equivalents relevant to 1-Co, Fig. 2c).

For 1-Ni, its first reduction wave also becomes a pronounced catalytic wave with the
addition of TFA as the proton source (Fig. 2d), suggesting that the le-reduced form [1-Ni] is the
catalytically active species for proton reduction. Careful analysis of the electrocatalytic HER wave
with 1-Ni shows two plateau currents, especially in the presence of a small amount of TFA. The
first plateau current is at the position of the first reduction wave of 1-Ni, while the second plateau
current is well-behind the first reduction wave of 1-Ni. Recently, we demonstrated, by both
experimental and theoretical studies, that the le-reduced form of 1-Ni is able to reduce TFA to give
a Ni-hydride intermediate [25]. Two molecules of this Ni-hydride species can undergo bimolecular
homolysis to evolve Hz and regenerate the [1-Ni] catalyst. On the basis of these results, we can
contribute the first plateau current with 1-Ni to the homolytic HER pathway. With CV scanning to
more negative potentials, this Ni—hydride intermediate can be further reduced by one electron to
give more active hydride species [57], which can then undergo heterolytic protonolysis with TFA to
evolve Hy. This will result in the second plateau current. The molecular nature of the
electrocatalytic HER with 1-Ni is also confirmed: catalytic currents with 1-Ni display first-order
dependence on the concentrations of both the acid (Fig. 3d) and the catalyst (Fig. 4d). The catalytic
currents reached the acid-independent region with 65 mM TFA (130 equivalents relevant to 1-Ni,
Fig. 2d).

For 1-Cu, its first reduction wave becomes a large catalytic wave with the addition of TFA
(Fig. 2e), suggesting that the le-reduced form [1-Cu]  is the catalytically active species for proton
reduction. Unlike 1-Co and 1-Ni, the catalytic plateau current is at the position of the first reduction
wave of 1-Cu. The onset potential of this catalytic wave is at —1.18 V. This result suggests that [1-

Cu] can react with TFA to form a hydride intermediate, which may have sufficient basicity to
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undergo heterolytic protonolysis with TFA to evolve H». The catalytic currents with 1-Cu increased
linearly with the concentrations of the acid (Fig. 3e) and the catalyst (Fig. 4e), confirming the
molecular nature of this electrocatalytic HER. Moreover, the catalytic currents reached the acid-
independent region with 70 mM TFA (140 equivalents relevant to 1-Cu, Fig. 2e).

Similar electrocatalytic behavior is observed with 1-Zn (Fig. 2f), showing that the first
reduction wave becomes catalytic wave with the addition of TFA. The onset potential of this
catalytic wave is at —1.21 V. Because Zn' ion is considered as redox inactive, this reduction is
ligand centered. We propose that upon 1e reduction, 1-Zn becomes catalytically active for proton
reduction. The resulted hydride species may undergo direct heterolytic protonolysis with TFA to
evolve H; or it may require one more electron reduction to evolve H,. The molecular nature of the
electrocatalytic HER with 1-Zn is confirmed: catalytic currents increase linearly with the
concentrations of both the acid (Fig. 3f) and the catalyst (Fig. 4f). The catalytic currents reached the
acid-independent region with 50 mM TFA (100 equivalents relevant to 1-Zn, Fig. 2f).

We show that all metal porphyrins examined in this work are active for electrocatalytic
HER. Our results clearly demonstrate that the catalytic mechanisms with these metal porphyrins are
different. It is worth noting that we have recently reported the catalytic HER mechanism with 1-Ni
[25,57]. Importantly, in the reported work, we for the first time provided experimental evidence to
support the involvement of bimolecular homolysis between two Ni—hydride molecules to evolve Ha.
Such a bimolecular homolysis has been suggested but has not been experimentally confirmed due to
the high activity of hydride intermediates. Moreover, our previous results from both electrocatalytic
and stopped-flow studies suggest that the oxidative protonation of [1-Ni] is the rate-limiting step.
This leads to kinetic studies of the first-order dependence on the concentration of the catalyst.
Reaction mechanism studies of other metal porphyrin catalysts are the ongoing projects in our

group.

Stabilities and TOF
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With the confirmation of molecular catalysis, the stability of these metal porphyrins for
HER was also evaluated. Controlled potential electrolysis (CPE) of acetonitrile solution containing
0.5 mM catalysts and 0.1 M TFA was performed in a gastight three-compartment electrochemical
cell. As shown in Fig. 5, catalytic currents with all examined metal porphyrins remained stable in
prolonged electrolysis, suggesting their stability by functioning as HER electrocatalysts.
Importantly, during electrocatalysis, a large amount of gas bubbles were chserved on the surface of
the GC working electrode. The evolved Hz was quantitively detected by using gas chromatography,
giving Faradaic efficiency of >97% for H> generation with all these metal porphyrin catalysts (Fig.
6, for details of the H. detection and the Faradaic efficiency calculation, please refer to the
Supporting Information). The turnover number (TON) with respect to the total amount of catalyst in
the solution in 1 h was 21 for 1-Mn, 12 for 1-Fe, 24 for 1-Co, 29 for 1-Ni, 41 for 1-Cu, and 10 for
1-Zn. In addition, the catalyst solutions after electrolysis displayed UV-vis spectra almost identical
to those before electrolysis, and the GC electrodes after electrolysis showed no catalytic currents in
freshly-prepared TFA solutions without catalysts. All these results confirmed the molecular nature
and the stability of these metal porphyrins by functioning as HER electrocatalysts.

As mentioned above, the catalytic mechanisms with these metal porphyrins are not the
same. Consequently, we only made simple and direct comparison of their catalytic efficiency using
the foot-of-the-wave analysis (FOWA) [81-83]. Under pure kinetic conditions, the HER catalytic
activity can be measured to afford “catalytic Tafel plots”, which exhibit TOF as a function of the
HER overpotential (7). Taking —0.77 V as the standard electrode potential for HER using TFA as
the proton source, we derived the Tafel plot from the FOWA and estimated the TOF (Fig. 7). In
general, an efficient catalyst should display high TOF at low overpotentials. Therefore, our results
show that 1-Cu is the most efficient HER catalyst among these metal porphyrins by reaching a high

TOF of 48500 s * at # = 550 mV.
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Conclusions

In conclusion, we reported electrocatalytic HER performance of a series of first-row
transition metal complexes of tetrakis(pentafluorophenyl)porphyrin 1-M (M = Mn, Fe, Co, Ni, Cu,
and Zn). Our results show that all six metal porphyrins are active and stable by functioning as HER
electrocatalysts in acetonitrile with the use of TFA as the proton source. Although their catalytic
mechanisms are different as suggested by electrochemical measurements, we can make a simple
and direct activity comparison of theses metal porphyrins using FOWA. Among these complexes,
1-Cu is the most efficient one by reaching the highest TOF 48500 s * at # = 550 mV. This value
represents the state-of-the-art performance for molecular HER electrocatalysts reported in the
literature. This work for the first time makes a direct comparison of electrocatalytic performance of
the tetrakis(pentafluorophenyl)porphyrin with different metal ions and shows that the central metal

ion plays a critical role in regulating the HER performance.
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EXPERIMENTAL

General materials and methods

Manipulations of air- and moisture-sensitive materials were performed under an
atmosphere of nitrogen gas using the standard Schlenk line technique. All reagents were purchased
from commercial suppliers and were used as received unless otherwise noted. Acetonitrile,
dichloromethane, and chloroform were dried by distillation with calcium hydride. Porphyrin ligand
1 and its corresponding metal complexes were prepared according to the methods reported
previously. Tetrabutylammonium hexafluorophosphate (BusNPFs) was recrystallized from absolute
ethanol. *H NMR spectra were acquired on a Briker spectrometer operating at 400 MHz. Electronic
absorption spectra were measured using a Hitachi U-3310 spectrophotometer. High-resolution mass
spectra (HR-MS) were acquired using a Briker MAXIS. The H> produced during controlled
potential electrolysis was determined by using an SP-6890 gas chromatograph.
Electrochemical studies

All electrochemical experiments were carried out using an electrochemical analyzer (CH
Instruments, model CHI660E) at 20 °C, and the solution was bubbled with N2 gas for at least 30
min before analysis. Cyclic voltammograms (CVs) were acquired in 5 mL of dry acetonitrile
containing 0.5 mM catalyst and 0.1 M BusNPFe with the use of a three-compartment cell,, which
has a 0.07 cm? glassy carbon (GC) electrode as the working electrode, Ag/AgNOs as the reference
electrode (BASi, 10 mM AgNOs, 0.1 M BusNPFg in acetonitrile), and a graphite rod as the
auxiliary electrode. The GC electrode was polished with a-Al>O3 of decreasing size (1.0 um to 50
nm) and washed with distilled water and absolute ethanol. Ferrocene was used as an internal
standard, and all potentials reported in this work are referenced to the ferrocenium/ferrocene

(Fc*/Fc) couple. Addition of TFA (1.0 M solution in acetonitrile) was done using a micro-syringe.
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Fig. 1. (a) Molecular structures of the six metal porphyrins 1-M examined in this work. (b) CVs of
0.5 mM 1 and 1-M in acetonitrile under N2. Conditions: 0.1 M BusNPFs, GC working electrode,

100 mV st scan rate, and 20 <C.
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Fig. 2. CVs of 0.5 mM 1-M in acetonitrile with increasing TFA. Conditions: 0.1 M BusNPFs, GC

working electrode, 100 mV s* scan rate, and 20 <T.
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Fig. 3. The plot of catalytic peak current versus TFA concentration for 0.5 mM 1-M in acetonitrile,

showing a first-order dependence of the catalytic peak current on the concentration of TFA.
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Fig. 4. The plot of catalytic peak current versus the concentration of 1-M in acetonitrile, showing a
first-order dependence of the catalytic peak current on the concentration of metal porphyrin. The

concentration of TFA is at the acid-independent region.
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Fig. 5. Catalytic currents during constant potential electrolysis with 1-M in acetonitrile at —1.50 V.

Conditions: 0.5 mM 1-M, 0.1 M BusNPFs, 100 mM TFA, GC working electrode.
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Fig. 6. Gas chromatography detection of evolved H> during electrolysis with 1-M (black) and the

theoretical amount of H2 produced (red). Electrolysis conditions: 0.5 mM 1-M, 0.1 M BusNPFe,

100 mM TFA, GC working electrode.
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Fig. 7 Catalytic Tafel plots for 1-M. Conditions: 0.5 mM 1-M, 0.1 M BusNPFs, GC working

electrode, TFA concentration at the acid-independent region.





