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Three cobalt complexes bearing tunable, redox-active bipyridyl N-heterocyclic carbene
(NHC)-based ligands have been studied for electrocatalytic hydrogen evolution from aqueous solu-
tions. The effect of structural modifications to the ligand framework is investigated across the cata-
lyst series, which includes a non-macrocyclic derivative (1-Co) and 16-(2-Co) and 15-(3-Co) mem-
bered macrocycles. A structure-activity relationship is demonstrated, in which the macrocyclic
complexes have greater activity compared to their non-macrocyclic counterpart with the most rigid
catalyst, supported by the 15-membered macrocycle, performing best overall. Indeed, 3-Co catalyz-
es Hz evolution from aqueous pH 4 acetate buffer with a Faradaic efficiency of 97% at a low over-
potential of 330 mV. Mechanistic studies are consistent with formation of a cobalt-hydride species
that is subsequently protonated to evolve H: via a heterolytic pathway.

© 2022, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

Energy consumption is a major driver of economic activity
and has been linked with quality of life metrics [1]. However,
global energy demand is predominantly met by burning fossil
fuels, which is accompanied by greenhouse gas emissions and
harmful environmental consequences [2]. Our reliance on these
nonrenewable energy sources, i.e. coal, oil, and natural gas, can
be reduced or potentially eliminated by developing clean ener-
gy fuel alternatives such as hydrogen. Indeed, solar energy or
renewable electricity has been used to drive water splitting in
artificial photosynthetic systems and electrolyzers [2-4]. In
these devices, water oxidation at the anode is coupled to water
(or proton) reduction at the cathode where hydrogen is
evolved. The only byproduct of such a process is oxygen evolu-
tion at the anode.

* Corresponding author. E-mail: jwjurss@olemiss.edu
t Contributed equally to this work.

Transition metal complexes have attracted significant atten-
tion as catalysts for the hydrogen evolution reaction (HER)
because they are amenable to rational design, highly tunable,
and conducive to mechanistic studies [5-16]. A number of
Earth-abundant first-row transition metals have been em-
ployed for proton reduction in recent years, among which, co-
balt-based catalysts have provided notable examples [17-47].
Cobalt catalysts bearing redox-active bipyridine- or pyra-
zine-based ligands have shown high activity and stability in
water, but with relatively large overpotentials [26-37].
Tetraazamacrocycles, such as porphyrins, corroles, and
diimine-dioxime frameworks, supporting cobalt have also been
developed as competent catalysts for HER [34,35,38-46].
However, some diimine-dioxime based catalysts have been
shown to possess low stability in acidic aqueous solutions lim-
iting their practical implementation in large-scale water split-
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ting technologies [45,48]. Related to the work presented here,
Sakai and co-workers reported a cobalt complex bearing a
macrocycle of alternating pyridyl and N-heterocyclic carbene
(NHC) donors for photochemical hydrogen production in wa-
ter, albeit with limited turnover numbers and a modest 65%
conversion efficiency when driven with a chemical reductant
[47].

Despite significant progress, existing HER catalysts are often
restricted to organic solvents or water-organic mixtures due to
poor solubility of the precatalyst and/or high overpotentials.
Moreover, predictive design principles are often missing that
would facilitate the rational development of more efficient cat-
alysts. We recently reported a series of cobalt catalysts
(Scheme 1) supported by highly tunable tetradentate ligands
comprised of a redox-active 2,2’-bipyridyl moiety and elec-
tron-rich NHC donors [49,50], which were investigated for
carbon dioxide reduction in both acetonitrile/2% H20 and
aqueous solutions [49]. Although catalytic activity toward pro-
ton reduction was suppressed in the presence of CO2, electro-
chemical measurements indicated that the complexes may also
be competent catalysts for proton reduction to Hz [49]. Herein,
we report the electrocatalytic activity of three Co complexes
(Scheme 1) for the hydrogen evolution reaction in buffered
aqueous solutions and in acetonitrile using dichloroacetic acid
as the proton source.

2. Experimental

2.1. Materials

Anhydrous acetonitrile was distilled over CaH: and stored
over 4 A molecular sieves before use. Water was purified by a
Barnstead NANOpure Diamond water purification system.
Buffer stock solutions were prepared by neutralizing 2.0 mol
L-1 phosphoric acid and acetic acid solutions, respectively, with
potassium hydroxide to the desired pH. All other chemicals
used were ACS or reagent grade.

2.2. Electrochemical measurements

Electrochemistry was performed with a CH Instruments
600E Series potentiostat. Ohmic drop was compensated using
the positive feedback compensation implemented by the sys-
tem. Cyclic voltammetry was conducted in a three-electrode
cell with a glassy carbon disk working electrode (3 mm dia.), a
Ag/AgCl (3 mol L-1 NaCl) reference electrode for aqueous solu-
tions or a silver wire quasi-reference electrode for CH3CN solu-
tions, and a platinum wire counter electrode. Nonaqueous cy-
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Scheme 1. Cobalt(Il) catalysts (1-Co, 2-Co, and 3-Co) supported by
tunable redox-active bipyridyl-NHC ligands.

clic voltammograms were referenced to the ferroceni-
um/ferrocene (Fc*/9) redox couple by adding ferrocene, as an
internal standard, at the end of experiments. All cyclic voltam-
magrams were carried out under nitrogen atmosphere.

Controlled potential electrolyses were performed in a sealed
two-chamber H-cell where the first chamber housed the
Ag/AgCl reference electrode and a mercury pool electrode
which was connected to the potentiostat via a glass-embedded
platinum wire from the bottom. The other chamber held a
high-surface area platinum mesh counter electrode. The two
chambers were separated by a fine-porosity glass frit. For the
working electrode chamber, the total volume is 263 mL, which
includes 175 mL headspace, 80 mL solution, and 8 mL mercury.
The diameter of the mercury pool is 4 cm. Solutions were
purged with nitrogen gas for 30 min before electrolysis. Gas
chromatography (Agilent 7890B Chromatograph and an Ag-
ilent PorapakQ (6’ long, 1/8” 0.D.) column) was used to quan-
tify the evolved hydrogen at different time points during elec-
trolysis. The amount of hydrogen was calculated by integrating
the hydrogen peak and using a calibration curve which was
generated from known standards purchased from BuyCal-
Gas.com. Faradaic efficiencies were determined from the ex-
perimental amount of hydrogen generated during 2 h con-
trolled potential electrolyses divided by the theoretical amount
of hydrogen expected based on accumulated charge x 100.

3. Results

The cobalt complexes were prepared as previously reported
from the corresponding bipyridyl bis(imidazolium) salts [49].
Briefly, silver-NHC compounds were obtained by reacting the
ligand precursors with excess Agz0, which were subsequently
transmetalated with CoClz and reacted with triflic acid to afford
the cobalt(II) complexes as water-soluble triflate salts. With the
cobalt complexes in hand, electrocatalytic proton reduction
was investigated by cyclic voltammetry in aqueous acetate
buffer (pH = 4) under Nz using a glassy carbon disk electrode.
Substantial catalytic waves are observed with solutions
containing the cobalt complexes, whereas reductive current in
catalyst-free solutions or with added CoClz (0.5 mmol L-1) is
miniscule in comparison (Fig. 1(a)). For 1-Co, the catalytic re-
sponse assigned to proton reduction appears at approximately
—0.59 V vs. NHE. (The onset potential is reported where icat = 10
HA on glassy carbon electrode.) CVs of 2-Co and 3-Co exhibit
similar catalytic features, but with more negative onset poten-
tials at around —0.65 and -0.61 V vs. NHE, respectively. We note
that the rise in catalytic current is more shallow for 1-Co com-
pared to the macrocyclic systems. Further, the 15-membered
macrocycle 3-Co exhibits a lower overpotential and greater
activity relative to the less rigid, 16-membered macrocycle
2-Co. On this basis, the apparent overpotentials for hydrogen
generation are less than 400 mV and significantly lower than
that of most molecular HER catalysts in aqueous solutions,
which often have overpotentials in excess of half a volt beyond
the standard potential for proton reduction to Hz (Table S1).

Cyclic voltammograms (CVs) of 1-Co, 2-Co, and 3-Co show
similar catalytic behavior and nearly equivalent onset poten-
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Fig. 1. (a) CVs of 0.5 mmol L-! 1-Co, 2-Co, and 3-Co in aqueous 0.5 mol L-! acetate buffer (pH = 4) under Nz (v = 100 mV s-1, glassy carbon disk). (b)
CVs of 5 umol L-t 1-Co, 2-Co, and 3-Co in aqueous 1.0 mol L-! pH 4 acetate buffer under N2 (v = 100 mV s-1, Hg pool (4 cm dia). (c) CVs under same
conditions as graph (a), but immediately following a 60 s electrolysis at —0.8 V vs. NHE. (d) CVs under same conditions as graph (b), but immediately
following a 60 s electrolysis at ca. 0.6 V vs. NHE. CVs of electrode background and 0.5 mmol L-1 CoCl, under the same conditions are shown as gray

and dashed gray curves, respectively.

tials when changing the working electrode from glassy carbon
to mercury (Fig. 1(b)). The onset potentials (reported at icat =
0.3 mA on Hg pool electrode) at -0.48, -0.50, and -0.48 V vs.
NHE for 1-Co, 2-Co, and 3-Co, respectively, are positively
shifted with respect to CVs obtained with a glassy carbon elec-
trode. The electrode-dependent shift of 130 (+ 20) mV in onset
potentials is presumably due to differences in cata-
lyst-electrode interactions between the two electrode surfaces.
Indeed, Kubiak, Batista, and showed that
non-covalent London dispersion forces enhance electrocatalyt-

coworkers

ic CO2 reduction by nickel cyclam adsorbed to mercury elec-
trodes [51]. This dispersive interaction caused flattening of the
cyclam ligand which facilitates CO release from the catalyst
[51].

Evidence of catalyst adsorption on both the glassy carbon
and mercury electrodes was obtained by collecting CVs of each
complex immediately after 60 s electrolyses at applied poten-
tials corresponding to catalysis as shown in Figs. 1(c) and 1(d),
respectively. The catalytic waves of 1-Co, 2-Co, and 3-Co were
altered in comparing CVs before and after short-term electroly-
sis (Figs. S4-S6) with more significant changes observed on the
mercury electrode relative to glassy carbon, consistent with the
large (> 100 mV) positive shift in catalysis with Hg and a
stronger catalyst-electrode interaction. Onset potentials for CVs
following the 60 s electrolysis at a glassy carbon disk electrode
(Fig. 1(d)) are -0.66, -0.64, and -0.58 V, and with a Hg pool
electrode (Fig. 1(d)), -0.55, -0.53, and -0.47 V vs. NHE for 1-Co,
2-Co, and 3-Co, respectively. The relative ranking of catalysts
on the basis of overpotential is clearly delineated after the
electrolytic treatment, where catalysis occurs at progressively

more positive voltages from 1-Co to 3-Co.

Relatively weak, reversible catalyst adsorption to the Hg
electrode surface is apparent from the data in Figs. S4-S6
where stirring after the 60 s electrolyses reverts the cur-
rent-potential profile back to its initial state, or nearly so. Plots
of the catalytic current as a function of catalyst concentration
show a linear dependence that reaches a plateau at concentra-
tions of 1-Co, 2-Co, and 3-Co exceeding 10, 6, and 6 pmol L-1,
respectively (Figs. S7-S9). The limiting current obtained at
concentrations beyond these values presumably reflects satu-
ration conditions that correspond to monolayer surface cover-
age of the Hg surface.

To study the catalytic efficiency and stability of each cata-
lyst, controlled potential electrolyses (CPEs) were performed in
aqueous 1.0 mol L-1 acetate buffer (pH 4) using an airtight
two-compartment H-type electrochemical cell with a mercury
pool working electrode. Gas chromatographic analysis of the
headspace was used to quantify evolved hydrogen and deter-
mine Faradaic efficiencies. Despite the relatively low catalytic
overpotentials and minor background current measured in CVs
with a glassy carbon disk electrode, attempts at using a high
surface area glassy carbon rod for CPE experiments were un-
successful due to increasing background current instability
versus time.

An applied potential of -0.57 V vs. NHE was administered to
each catalyst in order to compare catalytic activity across the
series. Controlled potential electrolysis with 1-Co in 1.0 mol L-1
pH 4 acetate buffer showed catalytic current relative to back-
ground current in the absence of catalyst (Fig. 2(a)), consistent
with its catalytic current response in CVs at -0.57 V vs. NHE.
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Fig. 2. (a) Charge vs. time plots from CPEs with 5 pmol L-! 1-Co, 2-Co, and 3-Co in 1.0 mol L-! pH 4 acetate buffer under N, applied potential (Eappt) =
-0.57 V vs. NHE, Hg pool (4 cm dia). Electrolyses of bare electrode and 0.5 mmol L-! CoCl; under the same conditions are shown as gray and dashed
gray curves, respectively. (b) Controlled potential electrolyses with (red) and without (gray) 5 pmol L-! 3-Co at Eapp = -0.57 V vs. NHE (same condi-
tions, different CPE run than in Fig. 2(a)). The maximum theoretical Hz production is plotted (line) from accumulated charge. Blue squares are quanti-

fied H: at different times points.

Likewise, charge-time profiles from CPEs with 2-Co and 3-Co
demonstrate that the macrocyclic derivatives are also highly
active under the same conditions (Fig. 2(a)). Indeed, the accu-
mulated charge of 37.7 C for 3-Co is more than those of 1-Co
and 2-Co. Electrochemical data of the cobalt series is summa-
rized in Table 1.

Nearly quantitative Faradaic efficiencies for evolved H:
were measured for all three catalysts (Table 1, Fig. 2(b)). The
highest rate of Hz evolution was observed with 3-Co, which
reaches a turnover number (TON) of 472 after 2 h with no dis-
cernable loss of activity and a turnover frequency (TOF) of 236
h-1 at -0.57 V vs. NHE. Indeed, the low overpotential (330 mV)
and high catalytic activity of 3-Co place it among the best mo-
lecular catalysts known for Hz evolution from water [6,8,9,12].
Tabulated data for representative earth-abundant homogene-
ous catalysts for aqueous proton reduction are provided in
Table S1 for comparison.

The durability of 2-Co and 3-Co for electrocatalytic hydro-
gen generation was investigated by long-term controlled po-
tential electrolyses. Steady current is passed over the course of
20 h as shown in Fig. S10, which suggests that both macrocyclic
catalysts are highly stable under these conditions. Further-
more, CVs of 2-Co and 3-Co are essentially unchanged in wave
shape and catalytic current before and after electrolysis (Fig.
S11). A rinse test was performed on the used mercury pool
electrode which showed no catalytic behavior (above back-
ground current) in fresh solutions without catalyst, suggesting
that the molecular complexes do not generate a heterogeneous
film or become irreversibly adsorbed to the electrode surface
following electrolysis (Fig. S12). In addition, mercury can form
an amalgam with cobalt which would be expected to poison the

Table 1

surface of a nanoparticulate catalyst if present [52]. These re-
sults and the high Faradaic efficiencies indicate that 2-Co and
3-Co are robust molecular catalysts for Hz evolution under
these conditions.

Additional studies were conducted with 3-Co, the best cata-
lyst from the series, to gain insight into the mechanism for
proton reduction to Hz. Electroanalytical Eq. (1) was applied to
determine the relationship between catalytic current (icat) and
the concentrations of catalyst and substrate [53-55].

lcat = Near FA[cat]y Dk g, [S] 1)

In this expression, icat is the limiting catalytic current, ncat is
the electron stoichiometry of the catalytic reaction (2 for H+
reduction to Hz2), F is Faraday’s constant, A is the area of the
electrode surface, [cat] is the concentration of catalyst, D is the
catalyst diffusion coefficient, kcat is the catalytic rate constant,
and [S] is the concentration of proton source. The dependence
on catalyst concentration was probed by varying the concen-
tration of 3-Co in a series of CVs in pH = 4 acetate buffer using a
glassy carbon disk electrode. Plots of catalytic current as a
function of catalyst concentration give a linear dependence that
begins to plateau at concentrations exceeding 200 pmol L-1
(Fig. S13). A linear dependence is also obtained when switching
the working electrode to mercury (Fig. S14). These results es-
tablish that the catalytic rate is first order in catalyst concentra-
tion and not dependent on the electrode material.

Next, cyclic voltammetry was performed in 0.5 mol L-t buff-
ered aqueous solutions to vary the pH from 2 to 8 using phos-
phate or acetate buffer. As shown in Fig. 3, the catalytic wave
with 3-Co shifts linearly to more positive potentials with de-
creasing pH values. The slope obtained in a plot of potential (at
1 mA of current) versus pH is ~60 mV pH-1, indicative of a

Experimental results for 1-Co, 2-Co, and 3-Co from cyclic voltammetry and 2-h controlled potential electrolyses (Eappi = -0.57 V vs. NHE) in 1.0 mol L-!

pH 4 acetate buffer under Nz at a Hg pool electrode (4 cm dia).

Catalyst Ecac? (V) Ecat® (V) Charge (C) FE (%) TON ¢ TOF (h-1)
1-Co -0.66 -0.55 234 100 295 147
2-Co -0.64 -0.53 28.4 97 358 179
3-Co -0.58 -0.47 37.7 97 472 236

aOnset potentials from CVs (Fig. 1(c)) at icar = 10 pA (glassy carbon disk). » Onset potentials from CVs (Fig. 1(d)) at ica: = 0.3 mA (Hg pool). <TON values

determined from the 2 h electrolyses shown in Fig. 2(a).
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Fig. 3. (a) CVs of 5 pmol L-! 3-Co in 1.0 mol L-! buffered aqueous solutions at different pH under Nz at v= 100 mV s-1, Hg pool electrode. (b) Plot of the

catalytic potential at icae = 1 mA (black) as a function of pH.

proton-coupled reduction involving 1e- and 1H* [56].

The catalytic activity of 3-Co was also investigated in
nonaqueous conditions with dichloroacetic acid as the proton
source, which has a pKa of 13.2 in acetonitrile and an appropri-
ate reduction potential (E°na = -0.92 V vs. Fc*/0)57 relative to the
first reduction of 3-Co at E1/2 = -1.31 V (Fig. S15). Cyclic volt-
ammetry with 3-Co was initially conducted in the absence of
substrate in anhydrous acetonitrile (CH3CN) containing 0.1 mol
L-1 BusNPFs as the supporting electrolyte. In contrast to the
surface adsorption observed in aqueous solutions, CVs at dif-
ferent scan rates in acetonitrile show that the cathodic peak
currents (ip) vary linearly with v1/2 (Fig. S15), consistent with a
diffusion-controlled redox process. We note that analogous
scan rate dependent CVs demonstrate that 1-Co and 2-Co are
also freely diffusing under these conditions (Figs. S16 and S17).

The addition of dichloroacetic acid to 3-Co triggers a large
catalytic wave around -1.3 V vs. Fc*/0 as shown in Fig. 4(a). To
determine the reaction order with respect to the proton source,
CVs with 3-Co were obtained in which the concentration of
dichloroacetic acid was varied incrementally. A plot of catalytic
current (icat) as a function of acid concentration reveals a linear
dependence at initial concentrations that begins to plateau at
~30 mmol L-1 dichloroacetic acid, indicative of saturation con-
ditions (Fig. 4(b)). CVs with various concentrations of 3-Co
were also conducted in CH3CN/0.1 mol L-! BusNPFs solutions
containing 50 mmol L-1 dichloroacetic acid, revealing a linear
dependence on catalytic current as a function of catalyst con-

(a) 200
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20 mmol L
—— 25 mmol L'
100 30 mmol L~

—~ 1504

Current (A

50+

-06 0.9 12 15
Potential (V vs. NHE)

centration. From these experiments and applying Eq. (1), the
linear relationships observed in plots of icat versus [3-Co] and
icar versus dichloroacetic acid concentration (up to ~30 mmol
L-1) demonstrate that catalysis is first order in catalyst and
second order in acid ([S]) where y = 2 in the expression.

The observed rate constant for 3-Co-catalyzed proton re-
duction was also evaluated by cyclic voltammetry from
CH3CN/0.1 mol L-1 BuNPFs solutions containing dichloroacetic
acid using Eq. (2) [19].

ic_at: Neat RTk g [HT]? 2
0.4463 Fv (2)

b

Here, i, is the reduction peak current in the absence of acid,
R is the ideal gas constant, T is the temperature, ket is the ob-
served rate constant for the catalytic reaction, and v is the scan
rate. Plotting the ratio icat/7, versus [acid] displays linear be-
havior as a function of scan rate (Fig. S18) [19]. The slopes ob-
tained from Fig. S18 were plotted versus the inverse square
root of the scan rate (v-1/2), which produces a slope of 0.744
(Fig. S19) that corresponds to a catalytic rate constant of ~1 L
mol-! s-1 and a calculated TOF of 36 mol Hz/(mol 3-Co x h)
with 100 mmol L-1 dichloroacetic acid.

Likewise, we sought to compare the activity of the macrocy-
clic catalysts 2-Co and 3-Co under these conditions, CVs of 2-Co
were performed in the presence of dichloroacetic acid. Howev-
er, the catalytic activity overlaps with the background proton
reduction of the glassy carbon electrode itself (Fig. S20), pre-
venting a direct comparison of the two catalysts and clearly
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Fig. 4. (a) CVs of 1 mmol L-! 3-Co in anhydrous CH3CN/0.1 mol L-! BusNPFs solution with various concentrations of dichloroacetic acid (glassy carbon

disk, v=100 mV s1). (b) Plot of catalytic current vs. acid concentration.
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demonstrating the superiority of 3-Co.
4. Discussion

There are no observable reductive features prior to the cat-
alytic wave associated with each cobalt catalyst in aqueous
solution. Previous electronic structure calculations of the re-
duced cobalt complexes indicate that the first reduction, coin-
cident with the catalytic activity observed here, is localized on
the bipyridine moiety of the ligand framework for all three
catalysts [49]. By virtue of its coordination, the bipyridine do-
nor is strongly coupled to the metal center and the cobalt metal
center is expected to react with a proton to form a co-
balt(III)-hydride assuming catalysis is triggered by the 1le- re-
duced species. In general, metal-hydride species are key inter-
mediates in catalytic cycles for the hydrogen evolution reaction
involving transition metal-based catalysts [5-16].

Interestingly, CO2 reduction with this series is initiated at
the second reduction of these catalysts in acetonitrile solutions
(0.1 mol L-1 BusNPF¢) containing 2% H20 [49]. While the cata-
lysts are highly selective for CO2-to-CO conversion, small
amounts of Hz are produced under these conditions with no
current enhancement observed at the first reduction. In addi-
tion, computed free energy profiles for protonation of the neu-
tral 2e- reduced catalysts by a (Hz20)s cluster to form
Co(ID)-hydride intermediates revealed activation energies (AG#)
of 26.0, 23.4, and 22.7 kcal mol-! for 1-Co, 2-Co, and 3-Co, re-
spectively [49]. The calculations suggest that the cobalt center
becomes more nucleophilic across the series as the second
reduction favors a metal-localized process. An explanation for
the difference in reactivity observed at the first reduction ver-
sus the second reduction (which occurs at -2.03 V vs. Fc+/0 for
3-Co) [49] in acetonitrile is that the strongest acid present in
COz-saturated CH3sCN/2% H20 solutions is expected to be car-
bonic acid (pKa = 17.03 in CHsCN) [58], which is a weaker pro-
ton donor than dichloroacetic acid.

From the experimental results reported here, the
rate-limiting step for 3-Co is first order in catalyst and second
order in proton source (as measured in nonaqueous condi-
tions). In aqueous solutions, catalysis is pH-dependent and
varies with a slope consistent with a 1e-/1H* process. Given the
second-order dependence on acid, the metal-hydride interme-
diate is presumably reduced and reacts with a second proton to
liberate Hz and resume the catalytic cycle. Assuming a con-
sistent mechanism in both CH3CN and aqueous solutions, we
hypothesize that the second step is a rate-limiting pro-
ton-coupled reduction, which is responsible for the observed
pH dependence.

5. Conclusions

We have investigated a series of molecular cobalt electro-
catalysts comprised of a redox-active bipyridine moiety and
NHC donors that are active for HER in acidic acetate-buffered
aqueous solutions. The results show that small changes to the
tetradentate framework have a significant impact on reactivity
and overpotential. Faradaic efficiencies for hydrogen evolution
are nearly quantitative across the series and a dramatic differ-
ence in overpotentials is found in comparing non-macrocyclic
complex 1-Co to its macrocyclic counterparts 2-Co and 3-Co.
The most rigid 15-membered macrocycle supporting 3-Co af-
fords the best catalyst, which evolves hydrogen from aqueous
protons with a TOF of 236 h-1 at a low overpotential of 330 mV.
Mechanistic studies suggest that catalysis proceeds through a
cobalt-hydride intermediate that is subsequently protonated to
release Ha.
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imidazolium ligand precursors, electrochemical results, tabu-
lated data of selected Earth-abundant molecular electrocata-
lysts for hydrogen evolution in aqueous solutions.

Notes
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