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Abstract

In the face of rising atmospheric carbon dioxide (CO2) emissions from fossil fuel 

combustion, the hydrogen evolution reaction (HER) continues to attract attention as a method for 

generating a carbon-neutral energy source for use in fuel cells. Since some of the best-known 

catalysts use precious metals like platinum, which have low natural abundance and high cost, 

developing efficient Earth abundant transition metal catalysts for HER is an important objective. 

Building off previous work with transition metal catalysts bearing 2,2'-bipyridine-based ligand 

frameworks, this work reports the electrochemical analysis of a molecular nickel(II) complex, 

which can act as an electrocatalyst for the HER with a Faradaic efficiency for H2 of 94 ± 8% and 

turnover frequencies of 103±6 s−1 when pentafluorophenol is used as a proton donor. 

Computational studies of the Ni catalyst suggest that non-covalent interactions between the proton 

donor and ligand heteroatoms are relevant to the mechanism for electrocatalytic HER.
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Introduction

Excessive combustion of fossil fuels has resulted in rising average surface temperatures, 

which has cascading environmental consequences, including melting sea ice, increasingly frequent 

severe weather events, and significant biodiversity loss, all of which threaten human health, safety, 

and security.1 The hydrogen evolution reaction (HER) is an attractive solution for generating 

carbon-neutral energy, since the dihydrogen (H2) product can be used directly in fuel cells.2 

Additionally, HER can be coupled to water oxidation, such that the necessary protons and electrons 

are supplied from water, an abundant and environmentally benign substrate.2, 3

Currently, the best HER electrocatalysts are platinum (Pt)-based, but due to the scarcity 

and high cost of Pt, more efficient Earth abundant HER catalysts are needed.3 Molecular HER 

catalysts inspired by hydrogenases have the potential to meet these needs, as Fe-Fe and Fe-Ni 

hydrogenases are highly active for the HER (turnover frequencies (TOF) = 500-9000 s−1) at or 

near the thermodynamic potential (<100 mV overpotential).4 In recent decades, molecular HER 

catalysts containing Ni,2, 5-7 Fe,8 Co,9-12 and Mo13, 14 active sites have been reported with high 

selectivity and turnover frequency. Notably, DuBois and coworkers developed Ni 

bis(diphosphine) complexes with pendent bases as proton relays that have been able to catalyze 

HER with TOF reaching 106,000 s−1 at an overpotential of 625 mV.5-7 Ni pincer complexes have 

been shown to operate at lower overpotentials (350-370 mV), but with lower TOF of 209 s−1.9 

Similarly, cobaloxime derivatives and Co and Ni diamine-dioxime complexes have been shown to 

be competent HER catalysts at low overpotentials.11, 15 Despite these advances, challenges remain 

in obtaining both low overpotentials and high TOF comparable to hydrogenases, and in generating 

H2 from water splitting rather than acids in nonaqueous solvents.3, 4

In previous work by our group, first-row molecular transition metal catalysts with 2,2’-

bipyridine-based N2O2 ligand frameworks were shown to be effective for electrocatalytic carbon 
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dioxide (CO2) reduction16-19 and O2 reduction.20-24 Based on these studies, we have prepared a less 

sterically hindered ligand framework, 4-tert-butyl-2-2-[6-[6-(5-tert-butyl-2-hydroxy-phenyl)-2-

pyridyl]-2-pyridyl]phenol (p-tbudhbpy(H)2). Inspired by previous successes with Ni for CO2 

reduction25, 26 and HER catalysts,2, 5-7 we prepared the corresponding Ni(II) complex, Ni(p-

tbudhbpy). Here we report the synthesis, characterization and electrochemical analysis of Ni(p-

tbudhbpy), which serves as an electrocatalyst for the HER. In the presence of pentafluorophenol 

(C6F5OH; estimated pKa(DMF) = 9.6, see SI), it can generate H2 with a 94±8% Faradaic efficiency 

over approximately 9 turnovers at an average TOF of 103±6 s−1 and an overpotential of 1.17 V. 

DFT calculations reveal favorable hydrogen bonding interactions between the O atoms of the 

ligand of the Ni catalyst and the C6F5OH substrate, identifying a probable key intermediate for the 

observed electrocatalytic HER.

Experimental Results

The synthetic procedure for p-tbudhbpy(H)2 was similar to a previously reported 

methodology (see Supporting Information (SI)).16, 27 The metalation of the p-tbudhbpy(H)2 ligand 

was carried out by refluxing in ethanol with sodium acetate and nickel(II) chloride hexahydrate to 

generate Ni(p-tbudhbpy) (1) in good yields after work up. The structural assignment of 1 was 

verified by single-crystal X-ray diffraction studies (Figure 1), NMR, UV-vis, ESI-MS (Figures 

S4-S6), and microanalysis. 
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Figure 1. (A) Molecular structure of p-tbudhbpy ligand and (B) Ni(p-tbudhbpy) (1) obtained from 
single-crystal X-ray diffraction studies. Blue = N, red = O, gray = C, green = Ni; thermal ellipsoids 
at 50%, H atoms omitted and occluded MeOH molecule occluded for clarity. CCDC 2155072 and 
2155073.

Cyclic voltammetry (CV) studies of 1 under argon (Ar) saturation show that the complex 

displays a reversible redox features at −1.84 versus Fc+/Fc (Figure 2, blue). Differential pulse 

voltammetry (DPV) indicates that the irreversible feature at Ep = −2.55 V versus Fc+/Fc and the 

reversible one at −2.69 V versus Fc+/Fc correspond to the splitting of a one-electron feature 

(Figure S7). Both are associated with an irreversible oxidation feature at approximately –1.0 V 

Fc+/Fc (Figure 2, red). In the presence of pentafluorophenol (F5C6OH) as a proton donor under Ar 

saturation conditions, an increase in current is observed, suggesting that 1 exibits HER activity 

(Figure 3). Additionally, there is an observed positive potential shift in the first reduction feature 

upon the addition of C6 F5OH, which we propose to be suggestive of an interaction of the added 

proton source with the O atom bound to the metal center. To better probe this interaction, the 

difference in E1/2 with and without C6 F5OH present was used to determine the Keq of C6 F5OH 

binding, which was found to be 695 M–1 (assumes 1:1 adduct; Figure S8).28, 29 
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Figure 2. CVs of Ni(p-tbudhbpy) 1 under Ar saturation at different cut-offs: −2.9 V vs Fc+/Fc 
(black), −2.6 V vs Fc+/Fc (red), −2.0 V vs Fc+/Fc (blue). Conditions: 1.0 mM analyte in 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon rod counter electrode, Ag/AgCl 
pseudoreference electrode; referenced to Fc+/Fc internal standard; 100 mV/s scan rate.

Variable scan rate CVs were taken under Ar saturation and the current density observed at 

the first reduction feature at −1.84 V vs Fc+/Fc was plotted against the square root of the scan rate 

for scan rates between 25 mV/s and 5000 mV/s (Figure S9). In diffusion-controlled and 

homogenous electrochemical processes, the current density should have a linear relationship with 

the square root of the scan rate. While the peak cathodic current for the feature at −1.84 V vs 

Fc+/Fc behaved as a homogeneous species, the corresponding oxidation feature deviated slightly 

from this linear relationship at high scan rates, suggesting that the monoanionic reduction product 

[Ni(p-tbudhbpy)]− could be weakly adsorbing to the electrode.
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Figure 3. CVs of Ni(p-tbudhbpy) under Ar saturation without C6F5OH (black) and with 0.02 M 
C6F5OH (red). Conditions: 1.0 mM analyte in 0.1M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon rod counter electrode, Ag/AgCl pseudoreference electrode; referenced to 
Fc+/Fc internal standard; 100 mV/s scan rate. 

To explore the possibility of 1 adsorbing to the electrode, the current at the oxidation peak 

at Ep = –1.81 V vs. Fc+/Fc is plotted against the scan rate directly. This produced a linear fit of the 

current density at scan rates higher than 500 mV/s (Figure S10), which is consistent with an 

adsorption process. However, at scan rates from 25-500 mV/s, the peak oxidation current density 

at Ep = –1.81 V vs. Fc+/Fc still has a linear relationship to the square root of the scan rate (Figure 

S9, S11). This suggests that at faster scan rates (>500 mV/s), complex 1 may be weakly adsorbing 

to the electrode but remains homogeneous at lower scan rates (25-500 mV/s). 

The same variable scan rate experiments were carried out under catalytic conditions (with 

added C6F5OH). The ratio between the peak current under catalytic conditions, icat, and the peak 

current under faradaic conditions, ip, can be related to the maximum turnover frequency (TOF) at 
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each scan rate.30 Under catalytic conditions, the current density plateaued at scan rates above 500 

mV/s when plotted against the square root of the scan rate at the second reduction feature, Ep = 

−2.33 V vs Fc+/Fc (Figure S12). CV data was plotted at scan rates between 25 mV/s and 1000 

mV/s to identify if there are regions where catalysis is independent of the scan rate. A plot of the 

maximum TOF calculated by icat/ip versus the scan rate becomes linear between scan rates of 200 

and 500 mV/s (Figure S13). TOFmax was then calculated for each scan rate from 200-500 mV/s 

only, to account for the adsorption observed under Faradaic conditions described above (Table 

S1). This resulted in an average TOFmax of 103±6 s−1.

Variable concentration CV studies were performed to determine an electrocatalytic rate 

expression. The logarithm of the current at the second reduction feature, Ep = −2.33 V vs Fc+/Fc, 

was plotted against the logarithm of added C6F5OH for increasing concentrations (Figure S14). 

The resultant correlation between catalytic current density and C6F5OH concentration indicates 

that the electrocatalytic HER is second-order with respect to the C6F5OH substrate. The same was 

done with variable concentration of 1 (Figure S15). In this case, a strong correlation between 1 

and the observed catalytic current density was not observed, suggesting that the dependence of 

catalysis on [Ni] is saturated by 0.33 mM. 

To establish the homogeneous nature of the electrocatalytic process control CVs were 

obtained, which showed that the electrode itself could only reduce C6F5OH at more negative 

potentials when the Ni complex was omitted (Figure S16). Next, rinse test CVs were performed 

to examine the degree to which 1 could be adsorbing to the electrode under Faradaic and catalytic 

conditions at 100 mV/s. CVs in blank solutions without 1 taken immediately after CVs with 1 with 

and without C6F5OH were not significantly different from fresh CVs in identical blank solutions 
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(Figures S17 and S18). This further suggests that any adsorption of 1 to the electrode surface is 

weak at scan rates below 500 mV/s.31

Controlled potential electrolysis studies were then performed to determine the product 

distribution and evaluate catalyst performance for HER. In the presence of 0.05 M C6F5OH, the 

FE for H2 was 94±8% and reached 9.07±0.74 turnovers when the experiment was halted, as 

summarized in Table 1. H2 was quantified using the GC calibration curve shown in Figure S20. 

During CPE at −1.9 V vs Fc+/Fc the bulk electrolysis trace of the current passed over time displays 

an induction period (Figure S21, Table S2). This behavior can be observed when there is a slow 

transformation from a precatalyst to catalyst species, or when a heterogenized catalytic species 

accumulates on the electrode surface.31 The stability of 1 over the course of electrolysis was 

analyzed using UV-vis spectroscopy, which showed minimal spectral changes in the key 

absorbance features between the pre- and post-CPE samples (Figure S22). A rinse test CPE was 

performed to observe possible adsorbed species, generating a small amount H2 at moderate 

Faradaic efficiencies (Figure S23, Table S3). Control CPE experiments with fresh electrodes did 

not produce enough H2 to be quantified, suggesting that the H2 evolution observed in the rinse test 

was due to minor amounts of an electrode-adsorbed species (Figure S24, Table S4). While the 

rinse test showed only a fraction of the H2 produced in the initial bulk electrolysis, it is clear that 

some of the observed catalytic activity can be attributed to an electrode-adsorbed species.

Table 1. Summary of CPE dataa 
Trial Atmosphere [C6F5OH] (M) Eapplied (V) TONH2 FEH2

1 Ar 0.05 −2.2 3.17±0.12 75 ± 3
2 Ar 0.05 −1.9 9.07±0.74 94 ± 8

a Conditions: 1 mM Ni(p-tbudhbpy), 0.1M TBAPF6/DMF supporting electrolyte with 0.5 M Fc as sacrificial oxidant. 
Graphite rod working electrode, graphite rod counter electrode, Ag/AgCl pseudoreference electrode.

Computational Results
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With these mechanistic data in hand, computational studies of 1 were done with the 

Gaussian 16 package at the B3LYP-D3(BJ)/6-311+G(d,p)//B3LYP-D3(BJ)/ 6-31+G(d,p) level of 

theory (see SI for details). At this level of theory, the calculated reduction potential2, 17 of [Ni(p-

tbudhbpy)]0/1− of −1.96 V vs Fc+/Fc is in reasonable agreement with the experimental value of −1.84 

V vs Fc+/Fc. Based on an analysis of charge density and KS orbitals, this reduction can be ascribed 

to a Ni(II)/(I) reduction (Figures S24 and S25). The calculated redox potential for the second 

reduction of the four-coordinate complex [Ni(p-tbudhbpy)]1−/[Ni(p-tbudhbpy)]2− was found to be 

−2.65 V vs Fc+/Fc, which is comparable to the experimental value of Ep = –2.55 V vs Fc+/Fc. 

Evaluation of the electronic structure of this species was consistent with a ligand-based reduction 

centered in the bpy-based fragment of the ligand backbone (Figures S26,S27 and S19).

A survey of possible ground state optimizations of 1 indicated that the lowest energy spin 

state was S=0, as expected for a d8, square planar Ni(II) complex and in agreement with NMR 

spectroscopy. Thermodynamic calculations were performed to determine the Gibbs free energy 

change corresponding to hydrogen-bonding interactions with 1. In the presence of C6F5OH, 

hydrogen bonding interactions with the metal-coordinated oxygen atoms in 1 are predicted to be 

exothermic by 7.2 kcal/mol. Importantly, the calculated reduction potential for the non-covalent 

adduct [Ni(p-tbudhbpy)(C6F5OH)]0/[Ni(p-tbudhbpy)(C6F5OH)]1− shifted to –1.88 V vs Fc+/Fc (more 

positive by 80 mV), mirroring the shift observed experimentally (Figure 3 & Figure S8). 

Conversely, axial DMF coordination to generate [Ni(p-tbudhbpy)(DMF)]0 is calculated to be 

endergonic by 3.2 kcal/mol and requires a transition to the S=1 spin surface. Axial DMF 

coordination to the Ni center is also disfavored when C6F5OH engages in a noncovalent interaction 

with the O atoms of the ligand framework in both the neutral and monoanionic states. In the 

monoanionic state, we were unable to locate a TS for protonation of the Ni center; further, the 
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protonation of the formally Ni(I) to generate a Ni(III)–H species is predicted to be significantly 

endergonic (+21.2 kcal/mol). The protonation of a dissociated a phenolate arm to generate the 

hydrogen-bonded species [Ni(p-tbudhbpy(H))][C6F5O)]1− was found to be 5.3 kcal/mol endergonic, 

suggesting it was not relevant under protic conditions. 

The second reduction of the non-covalent adduct [Ni(p-tbudhbpy)(C6F5OH)]1−/[Ni(p-

tbudhbpy)(C6F5OH)]2– is also predicted to undergo a positive shift to −2.61 V vs Fc+/Fc, replicating 

the shift observed experimentally in Figure 3 (experimentally Ep = −2.27 V with 33 mM C6F5OH, 

positively shifted from Ep = −2.55 V at 100 mV/s). From the dianionic species [Ni(p-

tbudhbpy)(C6F5OH)]2− (S=1), a transition state was located on the potential energy surface (TS 

+14.6 kcal/mol) and the formation of a hydride was very thermodynamically favorable (−31.1 

kcal/mol). Note that for all proton transfers discussed in this paragraph, the given free energies 

include the contribution expected from homoconjugation of the conjugate base with acid present 

in solution (C6F5OH = AH; AH + A– ⇌ [AHA]−). Protonation of the resulting monoanionic 

hydride [Ni(H)(p-tbudhbpy)]− was found to be almost barrierless (TS at +1.2 kcal/mol relative to 

[Ni(H)(p-tbudhbpy)]−) and exergonic overall (−6.2 kcal/mol) to generate a neutral H2 adduct. The 

stepwise release of pentafluorophenolate (as the homoconjugate dimer [(C6F5O)2H)]–; −24.9 

kcal/mol) and H2 (−5.6 kcal/mol) were both thermodynamically favorable, reforming [Ni(p-

tbudhbpy)]0 and completing the catalytic cycle. The overall computed free energy landscape is 

shown in Figure 4.
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Figure 4. Computed free energy landscape for electrocatalytic HER by Ni(p-tbudhbpy) (1 mM) in 
DMF with C6F5OH (50 mM) as the proton donor at −1.9 V vs Fc+/Fc. 

As described above, DPV data (Figure S7) found that the reversible feature with E1/2 = –

2.69 V vs Fc+/Fc is part of a split one-electron redox wave coupled to irreversible one observed 

with Ep = −2.55 V versus Fc+/Fc. This mechanistic proposal is directly supported in variable scan 

rate studies (Figure S9), where the feature at −2.55 V versus Fc+/Fc becomes more reversible and 

shows increased current relative to the feature at –2.69 V, indicative that both waves are related to 

a chemical reaction step (or steps) following one-electron reduction. However, DFT studies 

exploring the possibilities of partial ligand dissociation and solvent coordination did not generate 

satisfactory agreement with experiment and uniformly provided reaction pathways which were 

endergonic with respect to that described in Figure 4. The absence of a definitive splitting of the 

redox wave under catalytic conditions suggests that the hydrogen-bonding interactions help to 

instead kinetically favor the catalytic cycle proposed above. Indeed, the irreversible oxidation 
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wave observed at –1.0 V vs Fc+/Fc is no longer observed when substrate is present (Figure 3), 

suggesting that the reaction that leads to this splitting under Ar saturation conditions is inhibited 

during catalysis.

Discussion 

Experimental results and computational studies allow a possible mechanism for 

electrocatalytic HER by 1 to be proposed. Strong hydrogen-bonding interactions between the 

ligand and the pentafluorophenol proton source generate a non-covalent assembly, [Ni(p-

tbudhbpy)(C6F5OH)]0, shifting the first reduction to more positive potentials. The reduction of the 

resultant monoanionic non-covalent assembly [Ni(p-tbudhbpy)(C6F5OH)]1− is also sensitive to the 

added proton donor and shifts to positive potentials are reflected in the experimental and 

computational data. The dianion [Ni(p-tbudhbpy)(C6F5OH)]2− then undergoes protonation at Ni to 

make a formally Ni(II)–H monoanionic species. Notably, the basicity of the hydride promotes the 

formation of a H•••H non-covalent interaction with C6F5OH, giving rise to [Ni(p-

tbudhbpy)(H)•••(C6F5OH)]1−, from which the barrier to hydride protonation is minimal and forms 

a Ni(II)–H2–phenolate adduct following formal proton transfer. Overall, these data suggest that 

the rate-determining step is the initial protonation and that the resting state of the catalyst is likely 

to be [Ni(p-tbudhbpy)(C6F5OH)]1− during electrolysis at −1.9 V vs Fc+/Fc. Although solvent 

coordination caused a split-wave under Faradaic conditions, compounds which experience 

phenolate dissociation are predicted to be higher in energy than complexes where the ligand 

remains four-coordinate.

In general, theory adequately reproduced experimental observations, however, we noted 

with interest that the difference in calculated and experimental potentials was largest for the one-

electron reduction of the monanionic hydrogen-bonded adduct, [Ni(p-tbudhbpy)(C6F5OH)]1−/2−, 
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under catalytic conditions. Given the predicted favorability of C6F5OH bonding in all reduction 

states discussed above, it is likely that additional proton donor interactions occur with the complex 

in the neutral and reduced states. Although an effective analysis of this type of proton donor 

clustering effect is beyond the scope of the current study, we were able to identify several possible 

adducts of with two equivalents of C6F5OH (Figures S28-S30). Consistent with the proposal that 

additional proton donor interactions could be occurring which impact the potential of the observed 

redox waves, the binding of a second equivalent of C6F5OH to the unoccupied ligand O atom is 

exergonic by −6.3 kcal/mol for [Ni(p-tbudhbpy)(C6F5OH)]0 and by −10.5 kcal/mol for [Ni(p-

tbudhbpy)(C6F5OH)]1−. Finally, additional support is obtained in the predicted [Ni(p-

tbudhbpy)(C6F5OH)2]1−/2− reduction potential of −2.55 V vs Fc+/Fc, which is 60 mV more positive 

than that predicted for the monosolvento species.

Conclusions

Bulk electrolysis and CV studies show that the Ni complex described here has a high FE 

for H2 generation of 94 ± 8% with a modest TOF of 103±6 s−1 at an overpotential of 1.17 V. Rinse 

tests show that some of the active catalyst adsorbs during prolonged electrolysis, but that 

quantitative selectivity for H2 is intrinsic to the homogeneous response. The favorable interactions 

between 1 and C6F5OH that precede H2 formation (positive shifts in the observed reduction 

potential, favorable binding energies assessed by DFT) suggest that the inclusion of pendent relays 

could be a route to further improving the activity and stability of this system in future studies.19, 24 

Thus, these results introduce a new catalyst design motif that can serve as a platform for the 

development of new molecular HER catalysts based on abundant transition metals. 
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