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ABSTRACT

The electrochemical hydrogen evolution reaction (HER) is considered a sustainable energy
approach to advance fuel-cell technologies, and HER electrocatalysts that resembles the [NiFe]
hydrogenases are highly desired. Herein, we report a bioinspired Ni(II) complex
(NCHS2)Ni(OTf)2, where NCHS2 is 3,7-dithia-1(2,6)-pyridina-5(1,3)-benzenacyclooctaphane,
that is an efficient electrocatalyst for HER with turnover frequencies up to 400,000 s™! in the
presence of low acid concentration, and compares favorably with the other reported Ni HER
electrocatalysts. Importantly, in this complex the rationally designed NCHS2 ligand undergoes C-
H bond activation and the resulting organometallic Ni-aryl complex restricts the formation of a
Ni(0) species, which resembles the role of the cysteine ligands in [NiFe] hydrogenases. In addition,
this electrocatalyst follows a unique HER mechanism via detectable Ni(I)/Ni(Ill) intermediates
that are also proposed for [NiFe] hydrogenases, yet such a mechanism has not been observed to

date in model systems.



Introduction

Fuel cell technologies employing hydrogen (Hz2) are promising in the search for sustainable
and renewable energy resources to replace fossil fuels,!?> however the production of Hz with high
turnover frequencies (TOFs) using earth-abundant molecular catalysts under benign reaction
conditions is still a challenge.*>® In Nature, [NiFe] hydrogenases perform the Hz evolution reaction
(HER) reversibly with TOFs of up to ~1000 s™' in weakly acidic aqueous solutions at very low
overpotential.”!? For these enzymes, the proposed mechanism involves key reactive intermediates,
termed the Ni-L, Ni-C, and Ni-R states, which control the proton and electron transfer steps (Figure
1a).!3-?! These intermediates have been the inspiration for designing electrocatalysts for the HER
or Hz oxidation reactions, yet very few examples of bioinspired Ni catalysts that were successfully

incorporated in practical fuel cells are known.???
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Figure 1. (a) Catalytic HER cycle promoted by [NiFe] hydrogenases. The paramagnetic Ni-L and
Ni-C intermediates are highlighted, and the formation of the Ni-L intermediate is shown with
dotted arrows.'? (b) Selected Ni-based molecular electrocatalysts reported for efficient HER
electrocatalysis: (NP2)2Ni,?* (N2P2)2Ni,?* (NP2-PhBr):Ni,?¢ and (S2P2)Ni-FeCp2.%’



Many molecular Ni-based electrocatalysts carrying proton relay group(s) in the second-
coordination sphere have been investigated.?*?%*-*! For example, [(NP2)2Ni]*" and [(NP:-
PhBr)2Ni]** (Figure 1b) catalyze HER in MeCN with TOF of 100,000 s ! and 800 s!, respectively,
using protonated dimethylformamide, [(DMF)H]" (pKaompu = 6.1)*2 and H20 as proton
sources.?*?® Furthermore, Dempsey and co-workers reported the detailed investigation of the
electrocatalytic HER mechanism using [(N2P2)2Ni]*" (Figure 1b) as the catalyst and anilinium as
the proton source in MeCN (pKa,anilinium = 10.62).2%32 An example of a bimetallic NiFe complex
bearing a S2P2 ligand, (S2P2)Ni-FeCpz (Figure 1b), was reported as a bioinspired synthetic model
that exhibits electrocatalytic HER at an overpotential of only 265 mV in the presence of acetic acid
(AcOH) in THF (pKa, Acon = 22.48), but with a low TOF (1,240 s !).?” Therefore, performing HER
with high TOF using a low concentration of a weak acid is still challenging despite its
thermodynamic simplicity.

Herein, we report a bioinspired Ni'l complex, (NCHS2)Ni(OTf)2 (1(OTf),, Figure 2a),
where NCHS?2 is 3,7-dithia-1(2,6)-pyridina-5(1,3)-benzenacyclooctaphane. Excitingly, complex 1
catalyzes HER with TOF up to 400,000 s! at an overpotential of 490 mV in the presence of a low
concentration (<0.043 M) of trifluoroacetic acid (TFA, pKa = 12.65),>%3 with >1 M of added H20
in MeCN. Furthermore, 1 is also an active HER electrocatalyst with a TOF of ~2,000 s in the
presence of a low concentration (<0.05 M) of AcOH in MeCN. A comparative catalytic Tafel plot
was employed to benchmark the kinetic and thermodynamic properties of 1 vs. the previously
reported Ni-based HER electrocatalysts, revealing that 1 compares favorably with the other
reported Ni systems.

Importantly, in complex 1 the rationally designed NCHS2 ligand undergoes C-H bond

activation and the resulting organometallic Ni-aryl complex is proposed to restrict the formation



of a Ni(0) species, which is a novel idea in biomimetic systems and resembles the role of the
cysteine ligands in [NiFe] hydrogenases. In addition, this electrocatalyst follows a unique HER
mechanism via detectable Ni/Ni'll intermediates that are also proposed for [NiFe] hydrogenases,
yet such a mechanism has not been observed to date in model systems. Electron paramagnetic

resonance (EPR) spectroscopy was used to detect and probe such Ni' and Ni'!

species, further
supporting the proposed Ni'/Ni" HER mechanism. Overall, we consider that this new bioinspired,
constrained geometry HER electrocatalyst will set up a new platform for designing and

implementing molecular catalysts that are more biomimetic and can efficiently produce Ha, a key

ingredient in fuel cells.
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Figure 2. (a) and (b) Synthetic schemes for (NCHS2)Ni(OTf): (1(OTf);) and
[(NCS2)Ni(MeCN)2]" (2), respectively. ORTEP representations (50% probability ellipsoids) for
1(0Tf): (c) and [(NCS2)Ni(pu-Br)]2 (d). Selected bond distances (A) and angles (°) for 1(OTf);:
Nil-N1 2.001(6), Ni1-04 2.039(5), Ni1-O1 2.043(4), Ni1-S1 2.391(2), Ni1-S2 2.407(2), Nil—



C1 2.478(8), N1-HI 2.299, N1-H1-C1 89.61, and [(NCS2)Ni(u-Br)]2: Ni-N1 2.042(1), Ni—C1
1.980(1), Ni-S1 2.3759(5), Ni-S2 2.3899(5), Ni-Br1 2.5487(4), Ni-Brla 2.720(4).

Results

Synthesis and characterization. The newly developed NCHS2 ligand was reacted with
(DME)NiBr2 and subsequent addition of 2 equiv AgOTf yielded the desired complex 1(OTf); as
a green solid in 85% yield (Figure 2). Notably, 1(OTf); can also be synthesized in a one-step
procedure by reacting NCHS2 with 1 equiv of Ni(OTf): in MeCN and toluene, respectively,
although a slightly lower yield (60%) was obtained. The X-ray crystallographic data of 1(OTf),
reveals a distorted square pyramidal geometry at the Ni center, with one triflate ligand found in
the axial position, while the other triflate ligand, the N atom, and the two S atoms of NCHS2
occupy the equatorial positions (Figure 2c). Interestingly, a Ni---H-Caryl interaction was observed
for 1, with Nil-C1 and Nil-H1 distances, 2.478 A and 2.299 A, respectively, and a Nil-H1-C1
angle of 89.61°, and these metrical parameters suggest an anagostic interaction between the Ni and
the Cipso—H bond. This is similar to what was observed previously for related Ni-pyridinophane

complexes, in which Cipso—H bond activation was observed upon oxidation.>*

Given the susceptibility of the Cipso—H bond in NCHS2 to be activated during redox
transformations, we have independently synthesized the organometallic complex
[(NCS2)Ni(MeCN)2](OTY), 2(OTH), via a two-step procedure and starting with the NCBrS2 ligand
and Ni(COD): (Figure 2b). The intermediate species was analyzed via single crystal X-ray
crystallography to reveal a dinuclear complex [(NCS2)Ni(p-Br)]2, which is proposed to yield 2
upon halide elimination using AgOTTt (Figure 2d). The distance between the two Ni centers in

[(NCS2)Ni(u-Br)]2 was found to be 3.869 A, with no significant bonding interaction between the



two Ni atoms (Figure 2d). The coordination geometry of both Ni centers is distorted octahedral,
with two S atoms in the axial positions and the NCS2 ligand binding in a x* conformation. The
Ni-N1 and average Ni—S bond distances are 2.042 A and 2.383 A, respectively, while the Ni-C1
distance is significantly shorter than that in 1 (1.980 A vs. 2.478 A), as expected for the presence

of a bonding interaction and similar to related organometallic Ni complexes.*

Electrochemical studies in the absence of an acid. The cyclic voltammogram (CV) of 1 shows
a single cathodic wave at around —1.5 V, assigned to the Ni'/Ni! reduction process, and a
corresponding oxidation wave with similar peak current density at ~0.26 V (Figures 3a and S9).
Furthermore, the CVs of 1 recorded at different scan rates support a purely homogeneous
electrochemical process (Figures 3b and S13),%%37 and the peak potentials for the Ni'"! reduction
(Eun) at different scan rates shifted linearly with a slope of 61 mV per decade (Figure 3c¢),
suggesting a Nernstian electron transfer step (E) for 1 followed by a chemical process (C).>%4
Interestingly, no additional reduction event suggestive of a Ni//Ni’ process was observed down to
-2.75 V, suggesting that the Ni” may not be easily accessible, and we posit that the observed C step

may preclude the formation of a Ni® species (see below).
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Figure 3. CVs recorded for 1 at (a) 0.1 V/s scan rate and (b) different scan rates (0.1 V/s — 1 V/s).
(c) Peak shifts at Ni'"! reductive waves obtained from (b) at different scan rates are plotted versus

the logarithm of scan rates (V/s). E 1?“. uy1 1s the peak potential observed at the Ni'"! cathodic wave

at 0.1 V/s scan rate. The R? value for the linear fit is 0.98. (d) CVs for 1 upon nine repeating CV
sweeps. S1 and S9 indicate the first and ninth CV sweeps, and the black arrow shows the direction

of the peak shift. (¢) CVs for 2 upon four repeating CV sweeps. S1 (blue) and S4 (black) indicate

the first and fourth CV sweeps. Only reductive waves for Ni'"! redox couples are shown for clarity.

All CVs were recorded in N2-saturated 0.1 M TBAPF«/MeCN solution.

Successive CV sweeps recorded for 1 reveal a shift of E;us toward higher potentials
(approximately +0.2 V after the ninth CV cycle, Figures 3d and S10) that indicates a change in the
redox properties of 1 upon repeating the CV sweeps. Given the EC electrochemical mechanism
suggested by the variable scan rate CVs, we propose the following sequence of events: one-
electron reduction of 1 generates the Ni' species 3 (the E step), followed by a chemical (C) step
that could be either an oxidative addition step to form a six-coordinate Ni'"-H species 4, or a
concerted metalation-deprotonation (CMD) process*' to form a square planar Ni' complex 5
(Figure 4), with species 4 and 5 being considered a tautomers of each other. subsequent redox step
coupled with the loss of a proton (or hydride) would generate 2, and thus lead to a different Ni'!

complex after a complete CV cycle.
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Figure 4. Proposed electrochemical events for 1 in MeCN.

Interestingly, the CVs of 2 were recorded independently in MeCN and a reduction wave
with E;un was observed at —1.31 V (first CV sweep, scan S1 in Figure 3¢), which is at least 0.35
V more positive than the E s for 1. Furthermore, repeating the CV sweeps for 2 revealed that
the E;un value moves toward lower potentials with a degradation of the cathodic peak currents
(Figure 3e). Noteworthy, the E ;1 observed for 2 after the fourth CV cycle appeared at —1.64 V
(scan S4 in Figure 3¢), which matches the E;u/1 of the first CV sweep obtained for 1 (scan S1 in
Figure 3d). Therefore, we posit that during the CV scans, the reduction of 2 to 6 is followed by
protonation of the Ni-C aryl bond by adventitious protons to generate 3 and ultimately 1 during

the return oxidative CV scans (Figure 4). Such redox events that involve changes in the



coordination environment of the Ni center could also support the large peak separations observed

in the CVs of both 1 and 2 (Figure 3).

Electron paramagnetic resonance (EPR) studies. Since several intermediates present during
HER electrocatalysis are proposed to be paramagnetic Ni'/Ni'"l species, similar to the Ni-L and Ni-
C states in [NiFe] hydrogenases (Figure la), we then performed EPR studies to probe any
paramagnetic species formed upon the one-electron reduction of 1 or 2. Complex 2 was first
reduced using 1 equiv Co"'Cp2 (Cp = cyclopentadienyl), and the X-band EPR spectrum of resulting
solution at 77 K was simulated using two sets of rhombic g tensors (Sim 1: gx = 2.246, gy =2.202,
gz =2.009, and Sim 2: gx = 2.280, gy = 2.085, g, = 2.068) in a 4:1 ratio, respectively (Figure 5a).
Taken together, we posit that reduction of 1 generates two different paramagnetic species, in which
species 3 could correspond to the Sim I EPR signal that exhibits superhyperfine coupling to 2 N
atoms (4; = 11 G) in the g, direction (Figure 5a), while the other lower intensity Sim 2 signal is
tentatively assigned to either species 4 or 5, by comparing with the EPR spectra of other reported
Ni'll 4243 or Ni'"-H complexes.?!** Interestingly, a similar EPR spectrum, yet comprising the two
sets of g tensors in a 10:1 ratio, was obtained upon treating 2 with 1 equiv Co"Cp2 (Figures 5b and
S36). The larger fraction of the Sim 2 signal upon the reduction of 1 vs. the reduction of 2 could
be due to the presence of the phenyl ipso proton in the NCHS2 ligand, while the reduction of the
(NCS2)Ni' complex 2 would require the presence of adventitious protons, and thus suggesting
that the Sim 2 signal might correspond to a species that contains an extra proton (i.e., species 4 or
5, Figure 4). Thus, the chemical reduction of either 1 and 2 results in the likely formation of 3,
along with another paramagnetic species that is tentatively assigned as either 4 or 5. While more
detailed EPR studies are required to unambiguously identify these paramagnetic species, these

studies clearly show that several Ni' and/or Ni'! intermediates are formed during the reduction of

10



either (NCHS2)Ni" and (NCS2)Ni"! complexes. Further evidence that the NCS2 ligand system can

support a Ni'l center is provided by the oxidation of the (NCS2)Ni" complex 2 with 1 equiv NOPFs

I

to generate detectable Ni'" species that can persist for several minutes at RT, as observed by EPR

(Figure S38).
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Figure 5. Experimental (black) and simulated (red) EPR spectra for (a) 1 and (b) 2 after treating
with 1 equiv. of Co"'Cp2 in MeCN/PrCN (1:3) at 77 K. For both cases, the simulated spectra (red)
employed two sets of parameters, Sim 1 (blue) and Sim 2 (green). The following parameters were
used for the simulations: (a) Sim 1: gx = 2.246 gy = 2.202, gz = 2.008 (42xn = 11 G), Sim 2: gx =
2.280, gz =2.085 (41=12 = 60 G), gy = 2.068 (41=12 = 10 G); (b) Sim 1: gx =2.246 gy =2.202, gx =
2.009 (42n =11 G), Sim 2: gx = 2.305, gy = 2.091 (4 1=12 = 50 G) gz = 2.069 (41=12 = 20 G). The
ratios of Sim 1 to Sim 2 for (a) and (b) are 4:1 and 10:1, respectively.

Electrochemical studies in the presence of an acid. Complex 1 performed electrocatalytic HER
using AcOH in MeCN by exhibiting a current increase at potentials more negative than —2.0 V
(Figure 6d), yet the quasi-plateau currents at higher AcOH concentrations appeared at only 140
mV more positive potential than that of the direct proton reduction by the GC electrode (Figure
S18), and thus a stronger acid, trifluoroacetic acid (TFA), was used in subsequent studies. The
background proton reduction activity in the absence of 1 was first benchmarked at different

concentrations of TFA (0 M to 0.043 M, Figure S5), and two reductive waves were observed at
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potentials more negative than —1.5 V, as expected for a strong acid.>> By contrast, the CVs
collected for 1 using an identical amount of TFA showed catalytic peak currents with an onset
potential more positive than the E';u1 value and the catalytic peak potentials were at least 215 mV
more positive than that of the HER promoted by bare GC electrode in the absence of a catalyst
(Figures 6a and S16). It is important to note that although the onset potentials were similar for 1
and the GC electrode, comparatively higher peak current densities were observed for 1 in the

presence of identical amount of acid (Figure S16).

Furthermore, the CVs of 1 showed a new oxidative wave at around —0.3 V with a peak
current density ~1 mA/cm? in the presence of a small amount of TFA (4.35 mM) while scanning
oxidatively after completing the cathodic scan (Figure 6b). Such peak current densities gradually
diminished as the TFA concentration was increased up to 43.41 mM. Interestingly, both complexes
1 and 2 exhibit similar CVs under the same acid concentration (Table S1), suggesting a common

HER electrocatalytic mechanism, or a rather rapid conversion of 2 into 1 in the presence of acid.
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Figure 6. (a) CVs collected for 1 in the absence (black) and the presence of different
concentrations of TFA (4.35 mM — 43.41 mM), within the electrochemical window of (a) 0 V and
—2.4V, and (b) —0.15 V and —0.85 V. Linear sweep voltammograms for 1 in the absence of acid
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(black), and the presence of (c) 0.043 M TFA and (d) 0.058 M AcOH at different H2O
concentrations (scan rate = 0.1 V/s).

Finally, the addition of H20 is common for HER studies as H2O can improve the proton
supply and thus can enhance the reaction kinetics without compromising the thermodynamic
limitations.?6*? Herein, the addition of H2O at different concentrations (0.8-2 M), revealed plateau
current densities for 1 at potentials lower than —1.5 V in presence of 0.043 M TFA (Figure 6c).
Similar quasi-plateau current densities were also observed in presence of 0.058 M AcOH upon
addition of H2O, but at potentials lower than —2 V (Figure 6d). Overall, these results strongly
suggest that 1 is an efficient electrocatalyst to perform HER at low acid concentration using a

moderate to weak acid in wet MeCN.

Discussion

Based on the electrochemical studies above, we propose that 1 follows an EiCiE2Cz
electrochemical HER mechanism (Figure 7), where the first EiC; steps include the conversion of
1 to 4 or 5, as discussed above (Figure 4). The subsequent Ez step reduces 4 by le™ to generate a
Ni'l-hydride species 6, a common intermediate observed for molecular Ni based HER
electrocatalysts.>>*® Importantly, herein the Ni'-hydride intermediate is likely generated via a
Ni/N" process, which is not common for the other reported Ni HER electrocatalysts (Figure 1b).
Interestingly, the addition of 1 equiv TFA to the EPR sample of the chemically reduced 1 showed
the rapid disappearance of one of the EPR species (Figure S37) that is tentatively assigned to the
degradation of 4 or 5 (sim 2, Figure 5), whereas the other EPR species decayed more slowly, likely
due to the increased stability of 3 in presence of protons. Overall, these results further support the

proposed electrochemical mechanism (Figure 4), in which 1 <can be reduced
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chemically/electrochemically to generate 3, followed by a Nernstian chemical step to yield 4 or 5,
which are sensitive to the presence of protons in the organic solvent. Thus, the intermediates 4 and
5 behave similarly to the Ni center in the [NiFe]hydrogenase during the reduction of protons to

Ho.

Furthermore, protonation of 6 to yield H2 can be anticipated to proceed in two ways, either
via a direct IH" and le™ reduction of 6 using stronger acids (e.g., TFA), or protonation of the
pyridyl N atom of 6 first to form 7 — as indicated by the pre-catalytic wave in the presence of
AcOH (Figure S17),%+ followed by a le™ reduction. Thus, the Hz evolution from 6 would close
the HER catalytic cycle in the cathodic scan to generate 8, which can be further oxidized to 2 in
the returning oxidative scan, as revealed by a small anodic wave at —0.3 V observed in the CV
(Figure 6b). Alternatively, 8 could regenerate 4 at higher acid concentrations, as suggested by the
diminishing peak current densities at the anodic wave at —0.3 V at higher TFA concentrations
(Figure 6b). Overall, it is important to note that 1 follows a very selective ECEC electrochemical
mechanism for HER that likely includes Ni' and Ni'! intermediates, similar to what is observed for
[NiFe] hydrogenases (Figure 1a).*’ In addition, the C-H activation step of the NCHS2 ligand to
generate the (NCS2)Ni!! species 2 in situ seems to be essential to further stabilize the Ni' species

for the HER step, as well as support any generated Ni'!!

species that that are further stabilized by a
Ni-C bond. Importantly, the ESI-MS analysis of the resulting solution from the HER
electrocatalysis performed for 1 in CD3CN and in presence of D20 revealed the formation of the

deuterium-labeled NCDS2 ligand, strongly supporting the activation of the Cipso-H bond of

NCHS2 ligand during the HER electrolysis process (Figures S39-S42).
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Figure 7. Proposed electrochemical HER mechanisms promoted by 1. CMD and OA indicate a
concerted metalation-deprotonation and an oxidative addition process, respectively.

Further kinetic insights into the HER electrocatalysis by 1 were gained through foot-of-
the-wave analysis (FOWA, Figure S31) performed by subtracting the HER catalytic current due
to the bare GC electrode in presence of the acid. For FOWA, it was assumed that 1 follows an
overall electrochemical ECEC mechanism for HER and there is no catalyst degradation or
substrate depletion during the diffusion-controlled electrochemical reactions.***° The slopes
obtained from the linear fit at the lower range of [1+exp(f(E-E12)] ' of such FOWA (where f =
38.94 V7'  E is the applied potential, and Ei2 = E;u/1) provided similar pseudo-first-order rate
constants (kgou 4, Table S2) for 1 at the different H2O concentrations (Figure 6¢). Under these

electrochemical conditions, the average maximum TOF value (TOFmax = kroy4) Was calculated
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as (4.16+0.36) x 10°s™! for 1 and corresponding to an overall second-order rate constant, k; (k;

= kpowa ! [H']) of (9.6740.85) x 106M™! s™! (Table S2).

The overpotential of the HER process, calculated using the Appel and Helm method,*® was
found to be 490 mV at Ecar2 for 1. Under these electrochemical conditions, chronoamperometric
experiments carried out for 1 showed 220 mC of total charge passed over 15 mins of electrolysis
at an applied potential of Ecat2, in which the GC electrode contributed 52 mC of the charge due to
the background acid only reduction (Figure S28). Since the background charge due to the HER
performed by the bare carbon electrode is significant, as expected for a strong acid,*? we have
selected the applied potential for the controlled potential electrolysis to be ~Ecar2, since the
background contribution increased at more negative potentials. Bulk electrolysis was also
performed for 1 at the applied potential of Ecay2 using a carbon cloth electrode (area = 1.5 cm?) in
the presence of 0.043 M TFA + 1.5 M H20 in MeCN, to produce a large amount of Hz in the
headspace of the electrochemical cell. The total charge passed over 1 hour of bulk electrolysis was
49.2 C, corresponding to 0.255 mmoles of estimated Hz (Figure S29). After the bulk electrolysis,
0.239 mmoles of H2 were detected by analyzing the headspace using gas chromatography,
corresponding to a TON of 47.8 and an overall Faradaic efficiency (FE) for H2 formation of 94%.
Notably, this TON was calculated using the total moles of 1 in solution, rather than the actual
concentration of the electroactive catalyst; moreover, catalyst 1 is still active and did not become
inactivated after 1 hour of bulk electrolysis, and thus it is difficult to determine the true TON,
which is expected to be much larger than 48. Although the background charge passed during the
electrocatalytic HER process in the presence of the bare electrode is about 25% vs. the charge
passed in the presence of complex 1, the faradaic efficiency of the background HER process is low

(FE <25%) and does not contribute to more than 5-7% of the total H2 produced (Figure S30).
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To further benchmark 1, we have compared its catalytic Tafel plot to those of the previously
reported molecular Ni'! HER electrocatalysts such as [(NP2)2Ni]>" and [(NP2-PhBr)2Ni]*" in the
presence of [(DMF)H]" in wet MeCN,?*?° or [(N2P2)2Ni]*" in the presence of anilinium (Figure
8).%° Notably, the TOFmax value of ~400,000 s™! obtained for 1 at a low TFA concentration (0.043
M) in wet MeCN is 5-fold and 100-fold larger than for the reported [(NP2)2Ni]** 2* and [(NP:-
PhBr):Ni]>" complexes,?® for which [(DMF)H]" and H20 were used as the proton sources,
respectively. A competitive HER electrocatalyst is [(N2P2)2Ni]*" in MeCN in the presence of >0.6
M of anilinium as the proton source? that shows a 8-fold higher TOFmax than that of 1. However,
considering that [(DMF)H]" and anilinium are stronger acids in MeCN than TFA, it is impressive
the 1 exhibits competitively higher TOFs for the HER process at low TFA concentrations (<0.043
M). The overpotential associated with 1 is similar to that obtained for [(NP2-PhBr):Ni]**, yet it is
290 mV lower than that of [(NP2):Ni]*", which uses a stronger acid, [(DMF)H]'. By contrast,
[(N2P2)2Ni]*" preforms HER in the presence of <0.6 M anilinium at a 350 mV lower overpotential
than that of 1, albeit anilinium is a stronger acid than TFA. Finally, the bio-inspired bimetallic
(S2P2)Ni-FeCp2 complex catalyzes electrochemical HER at a similar overpotential as

[(N2P2)2Ni]*", yet the TOF is significantly lower than that of 1.2
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Figure 8. Comparative catalytic Tafel plots for 1 and reported Ni'l HER electrocatalysts (Figure
1b). Electrochemical conditions for 1 (blue): 0.043 M TFA + 1.5 M H20 in MeCN, [(NP2):Ni]*
(orange) and [(NP2-PhBr):Ni]*" (black): [(DMF)H]" (>0.42 M) + H20 (>1.2 M) in MeCN,?*%6
[(N2P2)2Ni]** (purple): anilinium (<0.6 M) in MeCN,?* and (S2P2)Ni-FeCp: (green): AcOH (0.05
M) in THF.?” The TOFmax for the reported electrocatalysts were taken from their reported values,
and overpotentials were calculated by correcting the standard thermodynamic potential, E 13+ /H, At

the given pKa of the acid used in the non-aqueous electrolyte.

In conclusion, herein we report a novel bioinspired Ni'! complex (NCHS2)Ni(OTf)2,
1(OTH),2, which is an efficient electrocatalyst for HER with turnover frequencies up to 400,000 s~
! in the presence of low acid concentration and at a low overpotential of 490 mV, and compares
favorably with the other reported Ni HER electrocatalysts. Importantly, the other Ni-based
electrocatalysts are proposed to involve Ni%/Ni" intermediates during the HER process, whereas 1
follows a selective HER mechanism involving detectable Ni/Ni'! intermediates and thus more
closely mimics the intermediates observed in [NiFe] hydrogenases. In addition, the C-H activation
step of the NCHS2 ligand to generate the (NCS2)Ni'! species in situ seems to be essential to
promote the Ni' species as the key intermediate for the HER step, as well as support the generated
Ni'l species that are further stabilized by a Ni-C bond. Overall, we consider that 1 can be viewed

as a bioinspired, constrained geometry electrocatalyst that is a good functional model for the Ni
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center in [NiFe] hydrogenases and thus provides a new platform for HER electrocatalysis and

heralds a new generation of bioinspired HER catalysts.

Supporting Information. Experimental details for the synthesis methodologies, spectroscopic
characterization, supporting electrochemical data, and X-ray crystallographic data are available in
the Supplementary Information. Crystallographic data for compounds NCHS2, 1, and
[(NCS2)Ni(pu-Br)]2 are available free of charge from the Cambridge Crystallographic Data Centre

(CCDC) under deposition numbers 2053834, 2053836, and 2053837, respectively.
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Synopsis

A bioinspired, constrained geometry (NCS2)Ni(II) electrocatalyst that can perform the hydrogen
evolution reaction (HER) with very high turnover frequency at a low overpotential in the presence
of low acid concentration is reported, and the proposed HER mechanism involves organometallic

intermediates and Ni(I)/Ni(III) species.

23



