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Abstract
Three molecular catalysts based on mononuclear nickel(II) complexes with square planar geometries, [BzPy]2[Ni(mnt)2] 
(1), [BzPy]2[Ni(i-mnt)2] (2), and [BzPy]2[Ni(tdas)2] (3) (BzPy = benzyl pyridinium) are synthesized by the reaction of  
NiCl2∙6H2O, [BzPy]Br, and Na2(mnt)/Na2(i-mnt)/Na2(tdas) (mnt = 1,2-dicyanoethylene-1,2-dithiolate for (1), i-mnt 
= 2,2-dicyanoethylene-1,1-dithiolate for (2), and tdas = 1,2,5-thiadiazole-3,4-dithiolate for (3)), respectively. The 
structures and compositions of these three catalysts are characterized by XRD, elemental analysis, FT-IR, and ESI-
MS. The electrochemical properties and the corresponding catalytic activities of these three catalysts are studied by 
cyclic voltammetry. The controlled-potential electrolysis with gas chromatography analysis confirms the hydrogen 
production with a turnover frequency (TOF) of 116.89, 165.51, and 189.16 moles of H2 per mole of catalyst per hour 
at a potential of − 0.99 V (versus SHE) in acetonitrile solutions containing the catalysts, respectively. In a neutral 
buffer solution, these three molecular catalysts exhibit a TOF of 411.85, 488.76, and 555.06 mol of H2 per mole of 
catalyst per hour at a potential of − 0.49 V (versus SHE), respectively, indicating that Complex 3 constitutes the better 
active catalyst than Complexes 1 and 2. For fundamental understanding, a catalytic HER mechanism is also proposed.

Keywords  Ni(II) dithiolene complexes · Crystal structures · Electrocatalytic · Hydrogen evolution

Introduction

Hydrogen has been considered to be one of the most 
promising energy carriers due to its high energy density, 
environmental-friendly, and renewable and abundant 

production sources [1–3]. In general, there are many 
renewable ways for hydrogen production, such as solar-
driven, electro-driven, and thermal-driven water splitting. 
Electro-driven electrochemical water splitting is envisaged 
to be one of the simplest ways to generate hydrogen with 
high purity and has attracted great interest. In a water elec-
trolysis device, some electrocatalysts have to be applied to 
speed up the oxygen evolution reaction (OER) at the anode 
and the hydrogen evolution reaction (HER) at the cathode. 
Particularly, for HER electrocatalysts, the traditional ones 
are platinum-based materials, which have been regarded as 
the best electrocatalysts for hydrogen evolution. However, 
the high cost and the limited resources of such precious 
materials have limited their large-scale practical applica-
tion. Therefore, developing low-/non-Pt catalysts for water 
electrolysis have been given great efforts in the last several 
decades [4–10]. In the search of such low-cost and effi-
cient electrocatalysts [11, 12], a number of new materials 
such as nickel [13–16], cobalt [17–20], and iron [21–23] 
complexes have been designed and synthesized. In recent 

 *	 Lei Zhang 
	 lei.zhang@nrc.gc.ca

 *	 Chunlin Ni 
	 niclchem@scau.edu.cn

1	 College of Materials and Energy, South China Agricultural 
University, Guangzhou 510642, People’s Republic of China

2	 Energy, Mining and Environment, National Research Council 
of Canada, Vancouver, BC V6T 1W5, Canada

3	 Institute for Sustainable Energy/College of Sciences, 
Shanghai University, 99 Shangda Road, Shanghai 200444, 
China

4	 Department of Chemical and Biological Engineering, 
University of British Columbia, 2360 East Mall, Vancouver, 
BC V6T 1Z3, Canada

/ Published online: 20 January 2022

Electrocatalysis (2022) 13:230–241

1 3

http://orcid.org/0000-0002-1823-2948
http://crossmark.crossref.org/dialog/?doi=10.1007/s12678-022-00708-8&domain=pdf


years, a new class of dithiolene transition metal (nickel and 
copper) complexes with the crystal structures and magnetic 
properties have been explored for electrochemical energy 
applications [24–28]. In particular, the electrocatalytic 
activities of the nickel dithiolene complexes [29] and tetra-
phenylporphin cobalt complexes [30] have also been inves-
tigated in both the acetic acid and neutral buffer solution. 
Due to the special electronic property of dithiolene ligands, 
the electron density of these complexes are delocalized 
in metal-sulfur core, which benefits the electron storage 
[31]. The experiment results have demonstrated that such 
metal-dithiolene-based complexes could be applied as the 
efficient HER electrocatalysts for hydrogen production 
[32–35].

In this paper, three earth-abundant Ni-dithiolene com-
plexes, [BzPy]2[Ni(i-mnt)2](1), [BzPy]2[Ni(mnt)2](2), and 
[BzPy]2[Ni(tdas)2](3), (Bz = benzyl, Py = pyridine, mnt2- 
= maleonitriledithiolate, i-mnt2- = 2,2-dicyanoethylene-
1,1-dithiolate, tdas2- = 1,2,5-thiadiazole-3,4-dithiolate), as 
shown in Fig. 1, have been chosen as the model systems to 
investigate their HER activities and the structure-activity 
relationship. The experiment results show that the dithiolene 
ligands play an important role in the HER activity of the 
complexes. Especially, the complex 3 ([BzPy]2[Ni(tdas)2]) 
can give a turnover number (TON) of 2202.2 at a potential 
of − 1.10 V (versus as Ag/AgCl) in 0.25 M phosphate buffer 
solution and the catalytic HER activity can be kept for at least  
48 h.

Experimental

Materials

Benzyl bromide, pyridine, and NiCl2∙6H2O were pur-
chased from Aldrich and were used without further puri-
fication. Sodium maleonitriledithiolate (Na2mnt), sodium 
2,2-dicyanoethylene-1,1-dithiolate (Na2(i-mnt)), sodium 
1,2,5-thiadiazole-3,4-dithiolate (Na2tdas), and benzyl 
pyridinium bromide [BzPy]Br were synthesized by fol-
lowing the literature procedures [36–39]. Tetrabutylam-
monium perchlorate ([(n-Bu)4N]ClO4) was recrystallized 
from anhydrous ethanol and dried in vacuum oven.

Syntheses of Complexes 1–3

Synthesis of Complex 1  A solution of Na2(mnt) (0.37 g, 
2 mmol) in methanol (15 mL) was added to a stirred 
solution of NiC126H2O (0.24 g, 1 mmol) in methanol 
(15 mL) to form a brown solution, which was filtered 
off and then added to a solution of [BzPy]Br (0.51g, 2 
mmol) in methanol (20 mL). After stirring for 30 min, 
a red precipitate was obtained, which was washed with 
methanol, filtered, and dried in a vacuum. The obtained 
red product was put in MeCN/i-PrOH (v/v = 3:1), and 
the solvent was slowly evaporated in two weeks to obtain 
a red square crystal with a yield of 80%. The obtained red 
crystal was analyzed with X-ray christallography with 
data analysis using the SHELXS program to obtain the 
molecular formula of C32H24N6NiS4 with a structure as 
shown in Fig. 1a.

Complex 2 was synthesized following the steps of the 
preparation of Complex 1 by using Na2(i-mnt) instead of 
Na2(mnt), and the brown sheet crystal was obtained with a 
yield of 82%. The formula of C32H24N6NiS4 with a structure 
shown in Fig. 1b.

Complex 3 was synthesized according to literature 
method [40], and the obtained formula is C28H24N6NiS6 with 
a yield of 79%, and a structure as shown in Fig. 1c.

Crystal Structure Determination and Power X‑ray 
Diffraction

The single crystals of Complexes 1–3 were mounted on 
a Smart APEX CCD area detector, and data was col-
lected using a graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å) by φ-ω scan mode at room tem-
perature. Data were treated using a SAINT software 
program [41]. The structures were solved by a direct 
method using the SHELXS program [42, 43] and refined 
by the full-matrix leastsquares techniques (SHELXL) on 
F2 [44]. The details of the crystallographic data, struc-
ture refinement, and data collection are summarized in 
Table S2, and selected bond lengths and angles are listed 
in Tables S3–S4. PXRD measurement was collected on 
a Rigaku-Ultima IV X-ray diffractometer using Cu Kα 

Fig. 1   Chemical structure of 
the anion: a [Ni(mnt)2]2-(1), 
b [Ni(i-mnt)2]2-(2), and c 
[Ni(tdas)2]2-(3)
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radiation (λ = 1.5406 Å) in the angular range of 2θ = 
5–50° with a step size of 0.02° and a fixed power source 
(40 kV, 40 mA).

Electrochemical Methods

The cyclic voltammograms (CVs) were performed using a 
CHI 660E electrochemical analyzer under argon in a one-
compartment three-electrode cell in which a glassy carbon 
was as the working electrode (Φ = 1mm), a platinum as 
the counter electrode, a Ag/AgNO3 (0.1 M n-Bu4NClO4 
and 0.01 M AgNO3 in MeCN) as the reference electrode for 
organic solution, and a Ag/AgCl (saturated KCl solution) as 
the reference electrode for aqueous solution, respectively. 
The electrolyte was 0.1 M [(n-Bu)4N]ClO4 in 5 mL MeCN 
(HPLC grade) containing 0.5 mM catalyst. The ferrocene/
ferrocenium couple (0.02 μM) was used as an internal stand-
ard. The working electrode was treated by polishing with 
0.05 μm alumina paste and then washed using deionized 
water.

Controlled‑Potential Electrolysis

Bulk electrolysis was carried out in a two-compartment, 
gas-tight, H-type electrolysis cell, and the geometric surface 
area of the working electrode was 0.41 cm2. Homogeneous 
bulk electrolysis was performed the potential at − 0.99 V 
(versus SHE), with an solvent of MeCN (20 mL) contain-
ing Complexes 1–3 (1.0 mM) and [(n-Bu)4N]ClO4 as the 
electrolyte. Heterogeneous bulk electrolysis by holding the 
potential at −0.49 V (versus SHE), with an solvent of 20 
mL phosphate buffer solution (0.1 M KCl, 0.25 M KH2PO4 
for pH 5.0) containing 10 μM Complexes 1–3. The elec-
trolyte was purged with dry gas containing N2/CH4 (v:v 
= 80: 20) for 20 min. Chemical analysis of the headspace 
was performed by a FuLi 9790 Plus gas chromatograph 
equipped with argon as the carrier gas and also the thermal 
conductivity detector.

Result and Discussion

Crystal Structures

The reaction of nickel chloride, sodium dithiolene 
(Na2mnt, Na2i-mnt, or Na2tdas) and benzyl pyridinium 
bromide in methanol at ambient conditions can result in 
three molecular catalysts (Complexes 1–3). The crystals 
of such three complexes can obtained by slow evapora-
tion technique at room temperature in MeCN or MeCN/i-
PrOH, and the obtained products can be characterized 
by elemental analysis (Table S1), FT-IR (Figs. S1, S2 
and S3), ESI-MS (Figs. S4, S5, S6 and S7), and X-ray 
single-crystal diffraction. These complexes can crys-
tallize in the monoclinic space group C2/c (Table S2) 
and consist of two “Ʌ-shaped” [BzPy]+ cations and one 
bis(dithiolene)nickle(II) anion. The complexes show a 
symmetrical structure with the center nickle(II) anion 
and two symmetrical [BzPy]+ cations situated each 
side (Fig. 2a–c). The [Ni(mnt)2]2−, [Ni(i-mnt)2]2−, and 
[Ni(tdas)2]2− moiety exhibits a square-planar configura-
tion in which the Ni(II) ion is coordinated by four sulfur 
atoms from two dithiolene ligands. In the five-membered 
ring NiS4 of Complex 1, the average Ni-S bond length is 
2.171 Å with an average S(1)-Ni-S(2) angle of 92.41(3)°. 
The NiS4 moiety of [Ni(i-mnt)2]2− in Complex 2 is a 
four-membered ring with the corresponding Ni-S bond 
length of 2.204 Å and S(1)-Ni-S(2) angle of 79.03(3)°. 
For Complex 3, the five-membered ring NiS4 of the 
[Ni(tdas)2]2− anion is not completely planar, and two S 
atoms are deviated from the plane with the deviation val-
ues of − 0.015 Å for S(1) and 0.027 Å for S(2), respec-
tively. The average Ni-S bond length is 2.197 Å and the 
average angle of S(1)-Ni-S(2) was 93.20(3)° [40].

PXRD was investigated to confirm the high purity of 
the crystals of Complexes 1–3 for further experiment. As 
shown in Figs. S8, S9 and S10, for Complex 1, the simu-
lated XRD patterns with the diffraction peaks are located 

Fig. 2   Full molecular structure of Complex 1 (a), Complex 2 (b), and Complex 3 (c) shown at the 30% probability level, and H atoms are omit-
ted for clarity
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at 9.4°, 9.9°, 11.6°, 13.8°, 15.9°, 17.3°, 18.9°, 19.7°, 
20.5°, and 23.6° can be attributed to the (1 1 0), (2 0 −1),  
(0 0 2), (1 1 −2), (1 1 2), (0 0 3), (2 2 0), (0 0 2), (2 2 −2), 
and (2 2 −3) crystal planes, respectively, which are corre-
sponding to the experimental XRD patterns. For Complex 
2, the simulated XRD patterns with the diffraction peaks 
are located at 9.4°, 9.7°, 11.8°, 16.1°, 17.5°, 18.7°, 19.9°, 
20.3°, 23.9°, and 26.6° were ascribed to the (2 0 −2), (2 0 
2), (1 1 −2), (3 1 −3), (2 0 −4), (5 1 3), (4 2 −2), (6 2 0), 
and (4 0 −6) crystal planes, respectively, which are corre-
sponding to the experimental XRD patterns. For Complex 
3, the simulated XRD patterns with the diffraction peaks 
are located at 9.0°, 9.8°, 13.8°, 15.5°, 16.3°, 18.2°, 21.9°, 
25.9°, 27.6, and 28.0° were ascribed to the (2 0 0), (0 0 2), 

(1 1 −1), (1 1 −2), (2 0 2), (1 1 2), (1 1 −4), (1 1 −5), (2 
2 −2), and (0 2 2) crystal planes, respectively, which are 
corresponding to the experimental XRD patterns. There-
fore, the experimental XRD patterns for Complexes 1–3  
are consistent with the simulated XRD patterns on the  
basis of the single-crystal structure, confirming the high 
purity of the as prepared complexes.

Cyclic Voltammetry Studies

The electrochemical behavior of the three Ni(ΙΙ) com-
plexes and the corresponding cations were examined 
by cyclic voltammetry in MeCN with [(n-Bu)4N]ClO4 
as the supporting electrolyte (Fig.  3a–d). The cyclic 

Fig. 3   Cyclic voltammograms of a cation [BzPy]+, b Complex 1, c 
Complex 2, and d Complex 3 (0.5 mM) in 5 mL MeCN with 0.1M 
n-Bu4NClO4. Conditions: glass-carbon working electrode (ϕ = 

1mm); Pt wire counter electrode; Ag/AgNO3 pseudoreference elec-
trode; ferrocene as the internal standard, scan rate 0.1 V s−1, Fc inter-
nal standard (*)
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voltammograms (CVs) of [BzPy]+ cation reveals a reduc-
tion wave at − 0.95 V (N+/0) and a oxidation wave at 0.002 
V (N0/+) vs SHE; Complex 1 shows a two-electron revers-
ible reduction waves at 0.49 V (ΔEp = 66 mV) and −1.42 
V (ΔEp = 58 mV); Complex 2 only exhibits a one-electron 
reversible reduction wave at −1.40 V (ΔEp = 60 mV), 
and Complex 3 displays a one-electron reversible reduc-
tion wave at −0.41 V (ΔEp = 69 mV) and an irreversible 
reduction wave at −1.75 V (ΔEp = 118 mV) (Table 1). 
The first reduction wave could be assigned to the NiΙΙ/
NiΙ process and the second one could be NiΙ/Ni0 process. 
Furthermore, as observed in Fig. 4a–f, the plots of peak 
current (ip) of the three complexes versus the square root 
of scan rate show the linear correlations, indicating that 
the diffusion-controlled process with the electrochemically 
active species freely diffusing in the solution and possible 
usage as the electrocatalysts of these three complexes for 
hydrogen evolution.

Furthermore, we have explored the catalytic behavior 
of the three complexes in phosphate buffer solution (pH 
5.0). As shown in Figs. S11, S12 and S13, the electrode  
without catalyst in the solution can only give a weak current 
at − 1.10 V, but with the addition of the catalyst, the peak 
current is increased obviously. In particular, the Complex 
3 can give the highest catalytic current (20.39 μA) in the 
same conditions.

Effect of Acid Concentrations on Redox Potentials

In order to investigate the impact of proton on the catalytic 
HER activity by the three complexes, we examined the 
change of CVs with increasing the concentration of acetic 
acid (AcOH, pKa = 22.3 in MeCN) [45, 46]. As shown in 
Fig. 5a–c, the HER currents catalyzed by the three com-
plexes are increased fast when the concentration of acetic 
acid is increased from 0 up to 0.17 M. The maximum peak  
current (icat) can be used to calculate the catalytic rate con-
stant (kobs) [47–49] and to value the electro-catalytic activ-
ity according to Eq. 1 [24, 26] where icat is the catalytic  
current, ip is the peak current without adding AcOH, n is 
the number of electrons in the reaction, R is the ideal gas 
constant, T is the temperature, F is the Faraday’s constant, 
and v is the scan rate.

At the highest acid concentration (0.17 M), values of icat/
ip for Complexes 1, 2, and 3 are 134.9, 132.9 and 520.1 
calculated from Eq. 1, which are coincided with the acid-
independent turnover frequencies of 3529.3 s−1, 3425.6 s−1, 
and 52476.0 s−1 with an overpotential of 388.1 mV, 344.1 
mV, and 520.1 mV, respectively (Tables S5, S6 and S7). In 
addition, it can be found that the icat/ip values of the three 
complexes are increased linearly with increasing the con-
centration of AcOH (Fig. 6). Even at high acid concentra-
tions, the values of icat/ip vs [AcOH] are still linearly changed 
with AcOH concentration, showing that the three complex 
catalysts can keep stable electrocatalytic activity in higher 
concentration of acid [14]. In particular, the turnover fre-
quencies of Complex 3 is 15 times larger than those of Com-
plexes 1 and 2, indicating the ligand of tdas2− possesses an 
excellent electron storage ability [31].

Normally, the overpotential (η) can reflect the activity 
of electro-catalyst; low η value and high TOF (the turnover 
frequency) can result in better electrocatalytic activity [5, 
50], the details calculation of η and TOF were displayed 
in supplementary information (Fig. S18). The η values 
of the three complex catalysts are decreased distinctly  
with increasing the concentration of AcOH (Tables S5, S6  
and S7), indicating that the catalysts have high proton-
reduction abilities toward hydrogen even in weak acid 
conditions.

Electrocatalytic Hydrogen Production in Acetonitrile 
and Water

To further validate the catalytic activity of the as-prepared 
complex materials, electrocatalytic hydrogen production 
was estimated by bulk electrolysis. Processes of hydro-
gen production in homogeneous bulk electrolysis for three 
complex catalysts in MeCN are shown in Fig. 7a, b. It can 
be seen that during 4 h of bulk electrolysis, when 15.6, 
17.3, and 20.8 Coulomb chargers are passed through the 
working electrode in three electrolyte solutions containing 
three different catalysts 167.2, 195.3, and 236.0 μmol of 
hydrogen can be produced, respectively. The correspond-
ing TON values are 794.8, 1125.4, and 1286.3, and the 
TOF values are 198.6, 281.4, and 321.6 h−1 (Table S8), 
respectively. However, only 121.4 µmol of hydrogen can 
be formed in bulk electrolysis without a catalyst at 4 h of 
reaction time.

The processes of hydrogen production in heterogeneous 
bulk electrolysis for complex catalyst-containing three phos-
phate buffer solutions are shown in Fig. 8a, b. After 4 h of  

(1)icat

ip
=

n

0.446

√

RTkobs

F�

Table 1   Peak data and reduction potential

Epc1 is the first reduction peak, Epc2 is the second reduction peak

Complex Epc1 (V vs Fc+/Fc) ΔEp Epc2 (V vs Fc+/Fc) ΔEp

1 −0.12/−0.05 66 −2.03/−1.97 58
2 - - −2.01/−1.94 60
3 −0.20/−0.13 69 −2.36/−2.24 118
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Fig. 4   Cyclic voltammograms of 0.5 mM Complex 1 (a), Complex 2 
(b), and Complex 3 (c) with variable scan rates and plots of ip vs scan 
rate for the second peak current of Complex 1 (d), Complex 2 (e), 

and complex 3 (f). Conditions: 0.10 M n-Bu4NClO4/CH3CN, glass-
carbon working electrode (ϕ = 1 mm); Pt wire counter electrode; Ag/
AgNO3 pseudoreference electrode; Fc internal standard (*)
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bulk electrolysis, 41.5, 52.1, and 60.3 Coulomb of charges 
are passed, and approximate amounts of 589.2, 699.3, and 
794.1 μmol of hydrogen are formed, corresponding to TONs 
of 1647.4, 1955.1, and 2220.2 and TOFs of 411.9, 488.8, and 
555.1 h−1 (Table 2), respectively. While at the same condition 
without catalyst only 3.1 μmol of hydrogen can be obtained.

No matter in homogeneous bulk electrolysis and hetero-
geneous bulk electrolysis, among three complex catalysts for 
HER, Complex 3 is the best one for hydrogen production, con-
firming that the ligand of tdas2- has the positive free energy  
for HER [16].

In addition, to further explore the activity and stabi-
lization of three complex catalysts, 48 h of electrolysis 
were performed in three phosphate solutions. To maintain 
the liquid level in two-compartment electrolysis cell, the 
amount of produced hydrogen at the first hour and the last 
hour during electrolysis were measured (Fig. S14). The 
results show that 395.3, 409.1, and 466.0 Coulomb of 
chargers are passed for Complex 1, Complex 2, and Com-
plex 3 containing electrolytes, respectively. After 48 h of 
electrolysis, the catalysts still keep a commendable hydro-
gen production activity, showing that the complex catalysts 
can maintain a certain stability under a long electrocataly-
sis and can perform a good hydrogen-evolving reaction.

Effect of Proton on the Redox Potentials

In order to study the effect of proton on three complex cata-
lysts, the change of the UV-vis spectra in MeCN with increas-
ing the concentration of acetic acid were investigated, as shown 
in Figs. S15, S16 and S17. It can be seen that when AcOH 
concentration is added from 0 up to 50 L (0.17 M), no obvi-
ous change of UV-vis spectra of the three Ni(II) complexes, 
showing that there is no protonation appearance on the com-
plexes under the condition. It can also be seen from the CVs 
of three complexes in the solution with various concentrations 
of AcOH, the first reduction Wave 1 and Wave 3 keep the 
same, the values of Ecat/2 from the second reduction wave of 
the three complexes positively shift quickly with increasing 
AcOH concentration, suggesting that it might be the proton-
coupled electron transfer steps, in which the electrochemical 
reduction coupled with the proton adoption appears. The phos-
phate buffer solution with various pH (5.0–7.0) values were 
also used in bulk electro-catalysis. As shown in Fig. 9a–d, the 
amounts of hydrogen are measured at different pH values. At 
pH = 5, 6, and 7, the values are 588.1, 485.3, and 298.2 μmol 
for Complex 1; 699.5, 586.6, and 485.5 μmol for Complex 2; 
and 794.8, 545.3, and 422.5 μmol for Complex 3. These results 
indicate that the amount of H2 is decreased with increasing pH 
value. Therefore, the proton concentration can strongly impact 
the HER through directly affect the reaction rate.

Mechanism of the Electrocatalytic H2 Evolution

Based on literature precedents [13, 51, 52] and our results, the 
proposed catalytic cycle for hydrogen generation from aque-
ous solution mediated by three complex catalysts is shown in 

Fig. 5   Cyclic voltammograms of 0.5 mM Complex 1 (a), Complex 2 
(b), and Complex 3 (c) in 0.10 M n-Bu4NClO4/MeCN with increas-
ing AcOH concentration. Conditions: glass-carbon working electrode 
(ϕ = 1mm); Pt wire counter electrode; Ag/AgNO3 pseudoreference 
electrode; ferrocene as the internal standard, scan rate 0.1 V s−1
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Fig. 6   Plots of icat/ip vs concen-
tration of AcOH for Complex 
1, Complex 2 (a) and Complex 
3 (b) in 0.10 M n-Bu4NClO4/
MeCN with a scan rate of 0.1 
V s−1

Fig. 7   a The amounts of hydro-
gen evolution for 4 h of bulk 
electrolysis at − 0.99V (versus 
SHE) in an MeCN solution 
containing n-Bu4NClO4 (0.1 
M), acetic acid (0.2 M), Com-
plex 1, Complex 2, Complex 3 
(0.05 mM), or without catalyst. 
Conditions: glass-carbon work-
ing electrode (geometric surface 
area = 0.31 cm2); Pt wire 
counter electrode; Ag/AgNO3 
pseudoreference electrode. b 
Time courses of the charge 
buildup for the bulk electrolysis

Fig. 8   a The amounts of 
hydrogen evolution for 4 h  
of bulk electrolysis at −0.49  
V (versus SHE) in an phos-
phate buffer solution (pH 5.0)  
contaning Complex 1, Complex 
2, Complex 3 (0.05 mM), or 
without catalyst. Conditions: 
glass-carbon working electrode 
(geometric surface area = 0.31 
cm2); Pt wire counter electrode; 
Ag/AgCl pseudoreference 
electrode. b Time courses of 
the charge buildup for the bulk 
electrolysis
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Fig. 10. The H2 evolution process might be occurred based 
on proton-coupled electron transfer. For Complexes 1 and 
3, [L2NiII]2− is firstly reduced by two electrons to [L2Ni0]4−, 
and then one proton is involved to form the intermediate 
[L2NiI-H]3−, which would further react with a proton to 
form hydrogen. For Complex 2, at first, [L2NiII]2− is con-
verted to [L2NiI]3− by a one-electron reducing step, and then 
[L2NiI]3− accepts one proton to generate the intermediate 
[L2NiII-H]2−, and at the final stage, hydrogen is produced by 
obtaining a proton.

Table 2   Electrocatalytic H2 production with Complexes 1, 2, and 3 in 
phosphate buffer solution

a The TON ((moles H2)/(moles catalyst)) in 4-h electrolysis
b The TOF was the average of TON for 4 h

Complex H2(mol) TONa TOFb h−1 FE (%)

1 589.2 1647.4 411.9 91
2 699.3 1955.1 488.8 92
3 794.1 2220.2 555.1 92

Fig. 9   a The amounts of hydrogen evolution for 4 h of bulk elec-
trolysis at −0.49 V (versus SHE) in an phosphate buffer solution 
containing Complex 1, Complex 2, Complex 3 (0.05 mM), or with-
out catalyst. Bulk electrolysis of various pH (5.0–7.0) in phosphate 

buffer solution with Complex 1 (b), Complex 2 (c), or Complex 3 (d). 
Conditions: glass-carbon working electrode (geometric surface area = 
0.31 cm2); Pt wire counter electrode; Ag/AgCl pseudoreference elec-
trode
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Conclusions

In conclusion, three earth-abundant Ni-dithiolene com-
plexes are synthesized and studied for catalysts of hydrogen 
evolution reaction (HER) for hydrogen production. These 
three complex catalysts possess good electro-catalytic activ-
ity and long-term electrocatalytic stability in acetonitrile 
and phosphate buffer solutions. The present work reveals 
that the dithiolene ligands play a vital role in catalytic HER 
and provides important an insight into new design and syn-
thesis of high efficient metal molecular electrocatalysts for 
hydrogen production.
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