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Hydrogen production with zero carbon emission is considered as an excellent alternative to fossil fuels.
To realize this goal, the design, and development of a new electrocatalyst is much needed. In the present
work, we report electrochemical properties and hydrogen evolution reaction (HER) performance of three
transition metal (M = Fe, Ni, Co) complexes based on 1,10- phenanthroline ligand. As compared to free
acid (Ep = -1.85 V vs Ag/AgCI), electrocatalytic reduction of acetic acid takes place at lower
overpotential (-1.22 to -1.50 V vs Ag/AgCl) in [BusN][BF4]-DMF electrolyte at room temperature.
Based on the data obtained and earlier reports, a possible mechanism of HER has also been delineated.
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1. INTRODUCTION

In the last few decades, the demand for fossil fuels increased tremendously leading rise in
greenhouse gases and environmental deterioration [1]. Besides, the depletion of fossil resources is
accelerating day by day, leading to an increase in their cost and burden on the government. To tackle the
issues, researchers across the globe are working together to find a clean, renewable alternative source to
fossil fuels [2]. Nowadays, the hydrogen economy has gained tremendous interest as it has the potential
to serve as the main source of energy in the future. Hydrogen has many properties that make it suitable
to be an alternative source of energy, it has the highest gravimetric energy density among all chemical
fuels (142 MJ kg™!) [3,4]. Hydrogen is a clean fuel and clean energy carrier without toxic emissions
especially (CO2) and can be used for electricity generation be applied in fuel cells [5]. By 2030, if the
hydrogen production technology receives high support from the government and developed by
researchers, so the use of crude oil and coal will reduce to 40.5% and 36.7%, respectively [6].
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Electrocatalytic hydrogen evolution reaction (HER) is an electrochemical process where redox
reactions occur between electrode and electrolyte interface and H: is generated by reducing proton (H)
[3]. Despite this process of HER is intriguing, a suitable electrocatalyst is required to make this process
feasible and economical. Undoubtedly several electrocatalysts are available, most of them are based on
costly metals such as platinum. In the quest of cheaper, abundant, and alternative, researchers evaluated
catalysts based on first row transition metals such as Fe, Co, and Ni [7, 8]. It is to be noted that the
selection of the ligand is very crucial, as a change in the oxidation state may be accompanied by a change
in the geometry around the metal center [8]. Based on this, a plethora of stable complexes with chelating
bidentate ligands such as 2,2-bipyridine, 1,10-phenanthroline (phen) and their derivatives have been
reported [9]. Especially, Phen-based complexes are particularly interesting due to their high rigidity,
planarity, aromaticity, hydrophobicity, and stability [9-11]. The excellent electronic features of phen
exemplified by their electron deficiency giving rise to a great acceptor which stabilize the metal center
of the complex. Phen-based complexes are used in many applications including binding agent and
cleaving reagent for biomolecules [12,13].

Owing to the potential future of HER and the unique properties of phen, we present herein the
electrochemical properties and hydrogen evolution reaction (HER) performance of three transition metal
(M =Fe, Ni, Co) complexes based on phen ligand (Fig.1). We found that these complexes show excellent
activity under normal conditions. The results of the findings are discussed herein.
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Figure 1. General structure of the complexes (a) [Fe(phen)z]Br2.3H20, (b) [Co(phen)s]Clz and (c)
[Ni(phen)sz]Cl..

2. EXPERIMENTAL DETAILS

The complexes [Fe(phen)s]Br2.3H20, [Co(phen)s]Cls, and [Ni(phen)s]Cl. were synthesized
according to the previously described procedures [14-16]. Acetic acid (CH3COOH) and
Dimethylformamide (DMF) were purchased from Sigma Aldrich. Each complex prepared separately for
the HER experiment. In a typical experiment, 0.03 g of the complexes were added to the electrochemical
cell. This is followed by the addition of 15 mL of DMF and 0.2 M electrolyte tetrabutylammonium
tetrafluoroborate [NBus][BF4]. The solutions were purged with nitrogen gas to remove dissolved
oxygen. A conventional three-electrode system containing a vitreous carbon as working (0.07 cm?), a
platinum wire as auxiliary and Ag/AgCl as a reference electrode was used. Cyclic voltammetry (CV)
experiments were carried out on Autolab PGSTAT 128 potentiostat. 1.0 mL of CH:COOH was dissolved
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in 10 mL of DMF and different concentrations (0.58 mM, 1.16 mM, 1.75 mM, 2.33 mM, 2.91 mM, 3.50
mM, 4.08 mM, 4.66 mM, 5.25 mM, 5.83 mM, 6.41 mM) were added during the experiment.

3. RESULT AND DISCUSSION

3.1 Electrochemical studies of the complexes

The electrochemical response of (0.03 g, 2.8 mM) of [Co(phen)s]Clz, (0.03g, 2.5 mM) of
[Fe(phen)s]Br2.3H20 and (0.03g, 2.9 mM) of [Ni(phen)s]Cl. dissolved in DMF containing 0.2 M
[NBu4][BF4] at different scan rate is shown in Fig. 2.

20 ~+ 30
(@) (b)
10 ~ 20
o 10
0 -
< 97 <
= 2 .10
= .20 4 -
-20
-30 — 100 mV/s
— 100 mVis -30 — 80 mV/s
o gm\\./':s — 60 mV/s
S — somvis -40 - — 40 mVis
e 2N GV — 20 mV/s
'50 T '50 T T T T T T T
-16 -14 -12 10 -08 -06 04 -02 00 -18-16-14 -12-10-08-06 -04 -02 0.0
E/V vs Ag/AgCl E /V vs Ag/AgCI
40 + .
(©)
20 4
0 |
<
= -20
-40
— B0 MV/s
60 mVvis
-60 - 40 mVis
20mVis
-80

18-16-14-12-10-08-06-04-02 00
E/V vs Ag/AgCI

Figure 2: Cyclic voltammetry curve of (a) 2.8 mM of [Co(phen)s]Clz, (b) 2.5 mM of [Fe(phen)s]
Br2.3H20 and (c) 2.9 mM of [Ni(phen)s]Cl2 in 0.2 M [NBu4][BF4] DMF-solution at carbon
electrode with different scan rate under nitrogen.
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From the figure, it is clear that Co(lll) complex undergoes three successive reversible one-
electron reduction at Ep=-0.32 V, -0.88 V and -1.30 V. These three peaks can be assigned to Co(Ill) —
Co(II) — Co(l) — Co(0) couples, respectively. On the other hand, Fe(ll) and Ni(ll) complexes exhibit
two-electron reduction at Ep=-1.30 V & -1.50 V and -1.25 V & -1.48 V, respectively attributed to
M(I1I)— M(II) — M(I) couples. Note that there is an additional peak at -0.33 V in case of Fe(ll) complex,
possibly due to impurity. Besides, the current varies linearly with the square root of the scan rate,
demonstrating non-complicated mass transfer control (Figure 3).
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Figure 3. The relationship between square root of scan rate (v’2) and the peak current (ip) for complexes
(@)[Co(phen)s]Cls, (b)[Fe(phen)s]Br2.3H20 and (c)[Ni(phen)s]Cl2
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3.2. Determination of diffusion coefficient

The peak current, ip, for a reversible couple (at 25 °C) is given by the Randles—Sevcik equation 1:
ip= (2.69 x 10°)n32ACDY?y*2 (1)

where n is the number of electrons, A the electrode area (in cm?), C the concentration (in
mol/cm?3), D the diffusion coefficient (in cm?/s), and v the potential scan rate (in V/s) [17]. The diffusion
coefficient at 20 mV/s scan rate is given in Table 1.

Table 1. Diffusion coefficient of reduced complexes at scan rate 20 mV/s.

Complex ip (A) Diffusion coefficient (cm? /s)
[Co (phen)s]Cls -18.42x10°° A 5.92x10° cm? st
[Fe (phen)s]Br2.3H20 -15.3x10° A 5.33x10°3cm? st
[Ni (phen)s]Cl; -27.4x10° A 1.48x10°cm? s

3.3. Hydrogen evaluation reaction (HER) studies

It is well established that the direct reduction of CH3COOH on vitreous carbon electrode takes
place at Ep = -1.85 V vs Ag/AgCI (Table 2). Fig. 4 depicts the electrocatalytic performance of the
complexes [Co(phen)sz]Cls, [Fe(phen)s]Br2.3H20 and [Ni(phen)s]Cl.. The potential shifting for all
complexes compared to the reduction of CH3COOH is given in Table 2. It is clear that the proton
reduction takes place near the third peak in case of [Co(phen)sz]Cls (Ep = -1.22 V vs Ag/AgCl), while it
takes place near the second peak in case of [Fe(phen)s]Br..3H.0 (E, = -1.50 V vs Ag/AgCl) and
[Ni(phen)s]Cl2 (Ep = -1.48V vs Ag/AgCI). The complex [Co(phen)z]Clz shifted the direct reduction of
acid towards more positive potential (630 mV) as compared to [Fe(phen)s]Br2.3H20 and [Ni(phen)s]Cl.
(350 and 370 eV, respectively).
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Figure 4. Cyclic voltammogram of (a) 2.8 mM of [Co(phen)s]Cls, (b) 2.5 mM of [Fe(phen)s] Br..3H20
and (c) 2.9 mM of [Ni(phen)s]Cl2in 0.2 M [NBus][BF4] DMF-solution at scan rate 100 mv/s and

different concentration of (CHsCOOH).

Table 2. Comparison between the reduction potential of CH3COOH and the potential shifting of each

complex.

Reduction of CH3COOH

Potential E /V

Shift / mV more positive

vs Ag/AgCl
Catalyst free -1.85V -
[Co(phen)s]Cls -1.22V 630
[Fe(phen)s]Br2.3H.0 -1.50 vV 350
[Ni(phen)s]Cl: -1.48V 370
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3.3.2. Calculation of the rate constants (Kcat)

The relationship between ica/io and [CH3COOH] at carbon electrode is given in Fig. 5. The peak
current, icax measured at 100 mVs™? after adding CHsCOOH and i is for the peak current for Co(l)/Co
(0), Fe(l)/Fe (0) and Ni(I)/Ni(0) in the absence of acid at the same scan- rate. As it is clear from the
figure, the current increases until it reach the highest electrocatalytic activities which were observed in
the presence of 3.50 mM, 5.83 mM, and 5.25 mM for [Co(phen)s]Cls, [Fe(phen)s]Br2.3H.0 and
[Ni(phen)s]Cly, respectively.
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Figure 5. The effect of concentrations of acetic acid on ip/io ratio at carbon electrode contain (a) 2.8mM
of [Co(phen)3]Clz, (b) 2.5mM of [Fe(phen)s]Br2.3H20 and (c) 2.9mM of [Ni(phen)s]Cl> in DMF
solvent containing 0.2M[NBu4][BF4].

The rate constants for all complexes were also calculated using equation (2) [18]:

Kobs = 0.1992(FV/RTn?)(ip/i0)? (2

where F is the faraday constant, R is the gas constant, T is the temperature, ip is the peak catalytic
current, io is the peak current in the absence of acetic acid, v is scan rate and n is the number of electrons.
The rate constants (keat, 25 °C) of the catalysis at glassy carbon electrode is shown in Table 3. We found
that as the concentration of acid increases ,the potential shifting decrease until become constant (Fig. 6).
Therefore, it can be concluded that for [Co(phen)s]Cls the potential shifting decrease until become
constant at 2.91mM while in case of [Fe(phen)s]Br2.3H20 the potential shifting is decrease until become
constant at 4.66 mM and for [Ni(phen)s]Cl. the potential shifting is decrease until become constant at
5.25 mM.

Table 3. The rate constant (kobs, 25 °C) for catalysis of the different electrocatalyst complexes.

Complex ip/io Rate constant (Kobs) / s 1
Co(phen)s]Cls 2.90 6.52
[Fe(phen)s]Br2.3H,0 5.31 21.86
[Ni(phen)s]Cl> 2.55 5.04
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Figure 6. The effect increasing of concentrations of acetic acid on potential shifting at carbon electrode
contain (a) 2.8 mM of [Co(phen)s]Cls, (b) 2.5mM of [Fe(phen)s]Br2.3H-0 and (c) 2.9 mM of
[Ni(phen)s]Cl2 in DMF solvent containing 0.2M [NBu4][BFa].

Table 4 compares the reductional potential of various catalysts under different conditions. It is
well known that the shift in potential is the function of ligand, complex, and proton source selected.
Using these parameters potential can be fine-tuned. In this study, we found that compared to earlier
reported Fe and Ni complexes [19-22], our complexes showed larger shift in the potential.

Table 4. Reductional potential of various catalysts under different conditions

Complex Proton The potential of Potential for Potential Condition Ref.
source catalyst-free reduction of acid shifting
direct reduction in the presence of (mV)
(V) a catalyst
[Co(phen)s]Cls CH3COOH -1.85 Ag/AgCl -1.22 V Ag/AgCI 630 Current
[Fe(phen)a]Br2.3Hz | CHsCOOH 185 Ag/AGCT | -1.50 V Ag/AgCI 350 [NBu][BF4] -DMF work
0
[Ni(phen)s]Cl, CH3;COOH -1.85 Ag/AgCI -1.48 V Ag/AgCI 370
Co(TFPP) CH3;COOH -1.81 Ag/AgNO; | -1.45V Ag/AgNO3 360 [NBu4]CIO,~DMF [19]
[Co(PLSC)(SO.) CH3;COOH -1.85 Ag/AgCI -1.58 V Ag/AgCI 270 [NBu4][BF:] -DMF [20]
(H20):]
Mn(TPP)CI EtsNHCI -.1.60 Ag/AgClI -1.2 V Ag/AgClI 400 [NBus][BF4]-ACN [21]
Fe(PFTPP)CI TEA -1.6 Ag/AgClI -1.3V Ag/AgClI 300 [NBu4][BFs]-ACN [22]

CH3;COOH = Acetic acid, DMF = Dimethylformamide, TEA = Triethylamine, ACN = Acetonitrile, (EtsNHCI) = triethylamine
hydrochloride

3.4. Possible mechanism of HER

A typical HER in acidic media usually takes place in three steps. The first step is the VVolmer step
in which electrochemical adsorption of hydrogen and reduction takes place. This is followed by
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Heyrovsky step, i.e., electrochemical desorption. Finally Tafel reaction (chemical desorption) takes
place with the generation of molecular hydrogen. [23] Based on this information and earlier reports, we
propose the the following mechanism of HER reaction (Scheme 1a & b). [3,24] In case of Co(lll),
succecive 3e” reduction of complex formed an active species Co(0) which upon oxidative protonation
formed hydride complex (Scheme 1a). This reacted with another proton to generate Co(ll) intermediate
and molecular hydrogen. From the data obtained, it is clear that HER takes place near the second peak
in case of Fe(ll) and Ni(ll) complexes. In this case too, 2e” reduction led to the formation of active
species M(0) which then undergoes oxidative protonation and protonolysis to release molecular
hydrogen and regenrate the catalyst (Scheme 1b).
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Scheme 1. Possible mechanism of HER by (a) Co(lll) complex and (b) M(Il) (where M = Fe, Ni)

complexes.

4. CONCLUSION

Electrocatalytic HER is an electrochemical process where H> is generated by reducing protons
(H"). The electrocatalytic performance of the complex [Co(phen)s]Cls was observed for the proton
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reduction for [Co (phen)s]Cls at Ep = -1.22 V vs Ag/AgCl while in case of [Fe (phen)sz]Br..3H.0 at Ep =
-1.50 V vs Ag/AgCl and for [Ni(phen)s]Cl> was at Ep=-1.48V vs Ag/AgCI. The complex [Co(phen)s]Cl3
was shifted to more positive potential value (630 mV) than other complexes. In addition, the current is
increases until it reach to the highest electrocatalytic activities in the presence of 3.50 mM, 5.83 mM and
5.25 mM for [Co(phen)s]Cls, [Fe(phen)s]Br2.3H20 and [Ni(phen)s]Cl. , respectively. We also prposed
a possible mechanism for all complexes for hydrogen production.
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