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An efficient and cyclic hydrogen evolution reaction
mechanism on [Ni(PH

2N
H
2)2]

2+ catalysts: a
theoretical and multiscale simulation study†

Dhurairajan Senthilnathan,*b Pablo Giunta,a Valentina Vetere,a Ali Kachmar,a

Pascale Maldivib and Alejandro A. Franco‡*a

In this paper we report a theoretical and a multiscale simulation study of the hydrogen evolution reaction

(HER) on the [Ni(PH2N
H
2)2]

2+ catalyst in acidic media (2H+ + 2e� / H2). First, at the DFT calculations level, a

cyclic pathway for the HER is proposed highlighting the shuttling of electrons with protons on the

conformationally flexible catalyst. The theoretical calculation gives a better understanding of the efficient

cyclic pathway of [Ni(PH2N
H
2)2]

2+, and the effect of solvent on the mechanism has been discussed. The

s-donating and p-accepting nature of H2–Ni bond has been identified in the H2 complex. The oxidation

state of the Ni centre and geometrical changes of the catalyst in the reaction coordinate are also

identified. Then a mean-field kinetic model incorporating the calculated DFT data has been developed.

This model allows us to simulate the behaviour of these catalysts in electrochemical conditions

representative of polymer electrolyte membrane water electrolyzers operation. Calculated results

include experimental observables such as polarization curves showing good agreement with available

experimental data. Competitive phenomena between the different electrochemical mechanisms, the

protons and H2 transport, and their relative impact on the overall cell performance are particularly

discussed.
Introduction

The production of molecular hydrogen (H2) is a main step
towards the widespread fuel cell development as an electric
power generator. Thus, the efficient generation, storage, and
oxidative conversion of H2 into electric power via fuel cells have
been the theme of intense studies.1,2 In recent years platinum
based materials have attracted much research attention as
proton reductive catalysts in polymer electrolyte membrane
water electrolyzer (PEMWE) cathodes.3 Some serious challenges
still need to be overcome before the development and com-
mercialisation of these technologies, such as their high catalyst
cost and durability.4
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In biology, various iron hydrogenase are known to be involved
in reductive generation and oxidative uptake of molecular
hydrogen.5 Fe-only hydrogenase,6 Ni–Fe hydrogenase7 and Fe–Fe
hydrogenase8 are well-known examples of enzymes catalyzing the
hydrogen oxidation reaction (HOR) and the hydrogen evolution
reaction (HER). Ni–Fe hydrogenase has been demonstrated to
produce molecular hydrogen efficiently and this has received
substantial attention in recent years.9–12 The bimetallic active site
and outer-coordination sphere of this enzyme is believed to
control the efficient formation or cleavage of the H–H bond.13

Numerous functional model complexes have been identied
and reported experimentally to mimic the HER functionality of
Ni–Fe hydrogenases.14,15 Le Goff et al., have reported a new type
of model nickel bisdiphosphine ([Ni(P2

HN2
H)2]

2+) to mimic the
HER function of Ni–Fe hydrogenase enzyme.16 This system
exhibits electrochemical activity towards the production of
molecular hydrogen from protons and electrons (2H+ + 2e� /

H2). The general reversible cycle mechanism of H2 production
for the Ni(P2

HN2
H)2]

2+ catalyst is presented in Fig. 1.
In a previous publication, we have studied the H2 production

mechanism from the proton reduction the [Ni(P2
HN2

H)2]
2+

catalyst, concluding that the [H2–Ni(P2
HN2

H)2]
2+ complex is

formed via a symmetrical dissociation of N–H bond from
molecule A.17 One year later, more insight has been gained by
Dupuis et al., who have reported that such symmetric TS was
RSC Adv., 2014, 4, 5177–5187 | 5177



Fig. 1 Schematic representation of reversible hydrogen evolution
reaction of Ni(P2HN2H)2]

2+.
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not related to the reaction mechanism. They concluded that the
H2 oxidation or proton reduction with the [Ni(P2

HN2
H)2]

2+

family of electrocatalysts proceeds through a heterolytic
cleavage of N–H bond of A molecule and formation of [H2–

Ni(P2
HN2

H)2]
2+ complex and a metal hydride proton species that

can evolve further into diproton species.18

In this context, two issues are addressed in this paper. Firstly
a complete cyclic pathway for molecular HER of [Ni(P2

HN2
H)2]

2+

catalyst is proposed and studied in more details using DFT. In
particular the electronic structure and solvent effects along the
HER are investigated. Secondly, in order to validate the
proposed mechanism of HER and the electrochemical behav-
iour of [Ni(P2

HN2
H)2]

2+ in acidic media, a mean-eld kinetic
model, following the multiscale approach previously developed
by Franco19 and others20–22 has been developed using DFT-
calculated thermodynamic parameters and experimentally
tted parameters. The multiscale simulation results are nally
compared with the experimental data.
Computational details

All structures were optimized at the density functional theory
(DFT) level with the PBE23,24 density functional and a mixed
basis set which wasmade up of the Stuttgart Dresden relativistic
ECP basis set (SDD)25 for Ni and the 6-31G** basis set for all
non-metal atoms. The transition states, intermediates and
products are calculated at B3LYP/SDD level using Gaussian 0326

and stationary points have been characterized by computing
vibrational frequencies. Transition states have been further
conrmed by harmonic frequency analysis and by IRC and
observation of single imaginary frequency. NBO analysis has
been carried out for selected transition states geometries at the
same level of theory.27–30 Solvent effects (water and acetonitrile,
chosen because they are experimentally considered) were
modelled using the polarized-continuum-model31–33 (PCM), on
the B3LYP/SDD optimized structures. Ni2+ (3d8) complexes were
always considered as low spin species as expected in square
planar symmetry.
5178 | RSC Adv., 2014, 4, 5177–5187
Results and discussion
Cyclic reaction pathways and energetics of catalytic H2

evolution mechanism of [Ni(P2
HN2

H)2]
2+

The cyclic pathway for reversible H2 evolution of
[Ni(P2

HN2
H)2]

2+ complex is presented in Scheme 1. The corre-
sponding calculated relative free energy prole is shown in
Fig. 2. All cartesian coordinates of optimized geometries of
reactants, transition states, intermediates and products are
given in the ESI.†

Initially the optimized geometry of [Ni(P2
HN2

H)2]
2+ cata-

lyst is square planar with Ni2+ oxidation state. This complex
readily accepts two electrons and two protons from the
solvent and electrode. Unfortunately we cannot have any
estimation of the energy barrier of such a step as it involves
molecules with different numbers of atoms. So that in further
development of the kinetic model, we made the assumption
that the activation barrier is zero and this step is just gov-
erned by the concentration of protons and the interaction
with the electron providing interface of the electrodes. The
protons coupled to electrons transfer to [Ni(P2

HN2
H)2]

2+ from
acid source leads to the diprotonated species (A) and the
optimized geometry of A reveals a tetrahedral coordination
with Ni0 oxidation state. The calculated occupancy (Table 1)
of metal orbitals (4s ¼ 1.50 and 3d ¼ 7.3) is consistent with a
zero oxidation state of nickel (3d84s2 atomic conguration).
This step is not shown in Fig. 2.
First intramolecular proton transfer step (A / B)

The diprotonated A molecule leads to a nickel hydride
intermediate (B) through intramolecular proton transfer
transition state (TSAB) with an activation energy of 9.2 kcal
mol�1 in gas phase. The intramolecular proton transfer
transition state is further conrmed by Intrinsic Reaction
Coordinate (IRC) calculation giving a single imaginary
frequency. The evolution from A to the TSAB of molecule A is
accompanied by a change from a tetrahedral to a distorted
square pyramidal symmetry around Ni and an increase of
the oxidation state of Ni from 0 to 1+. The occupation of
the 4s orbital is decreased from 1.50 to 0.82 during this
step, in agreement with a change in nickel oxidation state
from 0 to 1.
Second intramolecular proton transfer step (B / C)

The nickel hydride (B) undergoes another one intramolecular
proton transfer (TSBC) reaction leading to the H2–

[Ni(P2
HN2

H)2]
2+ complex (C) with an activation energy of 16.1

kcal mol�1 in gas phase. The formation of H2 complex (C)
through TSBC is the rate determining step due to the
requirement of higher activation energy. The electron occu-
pancy of 4s and 3d orbitals (resp. 0.10 and 7.4) of Ni in C
complex is lower than the occupancy of 4s orbital (0.82) in B
molecule and corroborates the change of nickel oxidation
state from 1+ to 2+.
This journal is © The Royal Society of Chemistry 2014



Table 1 The occupancy of 3d and 4s orbital of A, B and C species

Reactive species

Occupancy

3d 4s

A 7.3 1.50
B 7.3 0.82
C 7.4 0.10

Fig. 2 Relative free energy profiles for HER of Ni(P2
HN2

H)2]
2+ computed at B3LYP/SDD level in gas phase, and using a PCM model for solvation

using H2O (red colour dotted line) and CH3CN (green colour dotted line).
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Hydrogen evolution step (C / D)

The H2 complex (C) undergoes H2 evolution reaction through
symmetrical breaking of h2

Ni–H2
bond (TSCD) and gives a square

planar geometry with Ni2+ oxidation state D molecule as
product. The required activation energy for breaking the h2

Ni–H2

coordination bond to Ni has been calculated as 14.5 kcal mol�1

in gas phase. In addition, a rotational transition state (TSCC) is
also observed from H2–[Ni(P2

HN2
H)2]

2+ complex at 13.4 kcal
mol�1 in gas phase. But the IRC calculation of the TSCC leads to
the same structure as reactant C with the same energy and this
step has not been included in the relative free energy prole for
clarity purpose.
Whether the catalyst is involved in the cyclic pathway or
interacts with the solvent?

Aer the formation of molecule D, two types of reaction have
been considered here (Scheme 1). One is the interaction of D
molecule with acetonitrile16 solvent leading to the solvated
product (E). Experimentally, the solvent is acetonitrile and we
have chosen the same as ligand in our computation. The
molecule D may interact with acetonitrile solvent through
TSDE to give an acetonitrile bonded product (E) which is
thermodynamically favoured. The interaction of solvent
This journal is © The Royal Society of Chemistry 2014
molecule requires very high activation energy (16.2
kcal mol�1). Secondly, by a new 2e� and 2H+ transfer, the
molecule D leads to the kinetically more favourable initial
product (A).
Bulk solvents effect on activation energies of HER

In order to check the inuence of solvent on the reaction
pathway, the polarizable continuum model has been applied to
the calculations of the free energies of the reaction pathway.
Two solvents have been considered, water and acetonitrile, and
the calculated solvation free energies are given in the prole in
Fig. 2. The reaction prole shows increases in activation and
free energies of respectively the transition states and interme-
diates with respect to the gas phase. This solvent destabilization
was expected due to the screening of electrostatic interaction in
a medium with a high dielectric constant. The destabilization
effect of H2O is slightly higher compared to CH3CN towards the
reaction process. We can conclude that the effect of solvent is an
upward shi of all energies, but does not alter the reaction
pathway and geometries.
Changes of geometry and oxidation states by intra molecular
electrons migration

The central Ni atom undergoes several geometry and charge
changes along the reaction coordinates. In order to correlate
the geometrical changes and variation of Ni charge, the
NBO analysis and d-orbitals occupation and energy estimation
have been done for all transition states and intermediate
species.

Firstly we have examined the relation between Ni0/2+

oxidation state and optimized geometries for Ni2+ and Ni0

respectively in the species [Ni(P2
HN2

H)2]
2+ (D) and

[Ni0(P2
HN2

HH)2]
2+(A), the latter representing the diprotonated
RSC Adv., 2014, 4, 5177–5187 | 5179



Scheme 1 Schematic representation of various steps involving reversible hydrogen evolution reaction of Ni(P2
HN2

H)2]
2+.
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complex. The optimization proles of both cases are given in
ESI (S1†). As expected, the Ni2+ state of nickel
([Ni(P2

HN2
H)2]

2+) always prefers a tetrahedral geometry while
Ni0 ([Ni(P2

HN2
HH)2]

2+) always prefers a square planar geom-
etry. This strong correlation between the coordination
geometry and oxidation state is thus a very good tool in the
determination of the oxidation state of nickel atom in the
intermediate species.

The energy splittings of Ni 3d orbitals in each step of the
reaction have been computed and presented in Fig. 3. The
optimized geometry of A gives the following energy levels of
metal d-orbitals: dxy (�10.3 eV) z dyz (�10.5 eV) z dzx
(�10.5 eV) > dx2–y2 (�11.8 eV) z dz2 (�11.7 eV), in agreement
with a tetrahedral symmetry around nickel.

In the TSAB transition state, the energy splitting of d orbitals
is dz2 (�9.5 eV) > dxy (�10.5 eV) z dx2–y2 (�10.5 eV) > dxz
(�11.2 eV) z dyz (�11.3 eV) consistent with the trigonal bipyr-
amidal geometry. The high lying metal orbital is dz2 due to the
presence of ligands on z axis in the movement of A to TSAB. In
5180 | RSC Adv., 2014, 4, 5177–5187
order to quantify the oxidation state changes of Ni, the NBO
analysis has been carried out on the TSAB optimized geometry.
The charge transfer probability of d(Nidxz) / s* (N–H) inter-
action is 56.6 kcal mol�1 in TSAB. The transfer of electrons from
bonding level d(Nidxz) to anti bonding s* (N–H) level decreases
the N–H bond order and increases the oxidation state of Ni from
0 to 1+. The occupancy of dxz orbital in TSAB is comparatively
lower than that of dxz orbital in A.

Then during the change from TSAB to the nickel hydride B
molecule, the high-lying dz2 orbital is stabilized and the low-
lying dx2–y2 orbital is destabilized. The 3d orbital splitting of
nickel in B is dx2–y2 (�9.8 eV) > dz2 (�10.1 eV) > dxy (�11.0 eV)
> dxz (�12.7 eV) z dyz (�12.6 eV) in agreement with the
square pyramidal geometry. The NBO analysis shows that the
occupation of dx2–y2 orbital is less than two. This observation
conrms the change of Ni oxidation state from 0 to 1+ during
the TSAB and this result exactly matches recently
reported electrochemical studies on similar Ni model
complexes.34
This journal is © The Royal Society of Chemistry 2014



Fig. 3 The energy variation profile of metal orbitals along with geometrical changes in the reaction coordinates.

Fig. 4 Pictorial views of p-acceptor (1) and s-donor electron transfer
of H2–Ni(P2

HN2
H)2]

2+ complex.
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In order to form the H2–[Ni(P2
HN2

H)2] C complex, the
molecule B undergoes another intramolecular proton move-
ment through the transition state (TSBC), by transfer of
electron density from dxz orbital to s* of N–H bond. The
energy level splitting pattern of d-orbital of nickel in TSBC is
dx2–y2 (�11.0 eV) > dz2 (�11.5 eV) > dxy (�12.8 eV) > dxz (�13.1
eV) z dyz (�13.2 eV), consistent with the square pyramidal
geometry. The transferred proton from nitrogen is simulta-
neously connected with H atom and Ni atom (Scheme 1)
described aer and nally TSBC leads to the (h2-H2)-
[Ni(P2

HN2
H)2]

2+ (C) complex. The second order perturbation
energy calculated for d(Nidxz2) / s*(N–H) interaction in
TSBC, is 34.4 kcal mol�1. Moreover, the occupancy of dz2 of
nickel in TSBC is comparatively lower than the occupancy of
dz2 orbital in B molecule. These observations clearly
indicate that two electrons are transferred from Ni atom to
two s*(N–H) orbitals for each intramolecular transition
states (TSAB & TSBC) and these two electrons are “consumed”
for H–H bond formation. The product of TSBC transition state
is the H2–[Ni(P2

HN2
H)2]

2+ (C) complex with the H2 molecule
connected to Ni atom by an h2-H2 coordination fashion. This
h2-H2 coordination mode yields a distorted square pyramidal
geometry. The calculated oxidation state changes of nickel
during this intramolecular electron transfer in the transition
state nicely agrees with recent report of a similar model
complex.34

The energy level splitting pattern of 3d orbitals of nickel in
C is dz2 (�11.4 eV) > dx2�y2 (�11.8 eV) > dxy (�12.7 eV) > dxz

(�13.4 eV) z dyz (�13.5 eV) consistent with a distorted square
pyramidal geometry. A 3 center-2 electron bonding scheme is
observed in this (h2-H2)-[Ni(P2

HN2
H)2]

2+ complex (Fig. 4). It is
stabilized by some charge transfers that have been revealed by
the NBO analysis. A s-donation from H–H bonding orbital
electron density to dz2 orbital of nickel is observed, as well as p
This journal is © The Royal Society of Chemistry 2014
back-donation from dxz (Ni) to s*(H–H). The optimized
geometry of (h2-H2)-[Ni(P2

HN2
H)2]

2+ shows a 0.8 Å length for
H–H bond and this observation nicely agrees with experi-
mental report for true H2–M complex.35 The perturbation
energy of s donating s(H–H) / dz2 (Ni) interaction is 23.9 kcal
mol�1 and p back bonding dxz (Ni) / s*(H–H) interaction
energy is 20.5 kcal mol�1. The perturbation energy of s

donor interaction is relatively higher compared to p back
bonding.

The highly distorted square pyramidal geometry of (h2-H2)–
[Ni(P2

HN2
H)2]

2+ complex undergoes H2 evolution through TSCD.
The splitting of d-orbitals energies in TSCD is very similar to the
d-orbital splitting of C, but the individual energy levels increase
in the TSCD. The splitting pattern of orbital energy level in TSCD
is dz2 (�9.1 eV) > dx2–y2 (�10.5 eV) > dxy (�11.7 eV) > dxz
(�12.9 eV) z dyz (�12.8 eV) consistently with the square pyra-
midal geometry.

In the generation of the H2 species bonded in h2 fashion to
Ni (step C to D), it is interesting to investigate the structural
parameters associated to H2, in the complexes involved in
this process. The Ni–H bond distance (1.93 Å) in
RSC Adv., 2014, 4, 5177–5187 | 5181



Fig. 5 Schematic representation of developed fuel cell model and
nanoscale representation of electrical double layer including bio-
inspired nanomaterial coated compact layer.
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(h2-H2)-[Ni(P2
HN2

H)2]
2+ is relatively lower compared to the Ni–H

bond distance (2.10 Å) of the TSCD species. Conversely, the H–H
distance (0.79 Å) of h2-H2–[Ni(P2

HN2
H)2]

2+ is relatively higher
compared to H–H distance (0.77 Å) of TSCD. These observations
clearly point out the elongation of Ni–H bonds and shortening
of H–H bond during the moving of C to TSCD, that will lead
further to the release of the H2 molecule.

The H2 evolution step (TSCD) in the pathway of HER leads to
the square planar D molecule with Ni2+ oxidation state. The 2+
oxidation state of nickel is conrmed by occupancy estimation
(4s ¼ 0.10 and 3d ¼ 7.3) of 4s orbital in D molecule by NBO
analysis. The d-orbital splitting pattern of D molecule is dx2–y2
(�9.4 eV) > dxy (�10.3 eV) > dxy (�11.7 eV) > dxz (�12.2 eV)z dyz
(�12.3 eV) and this arrangement is consistent with the square
planar geometry of molecule D. The geometrical features of
TSCC, TSDE and E species in the pathway all correspond to
square pyramidal geometry with the same d-orbital splitting
pattern.

To summarize this section, the NBO and individual
d-orbitals energy level estimation offer nice insights into the
geometrical and oxidation state changes of the [Ni(P2

HN2
H)2]

2+

catalyst along with reaction coordinates. The initial oxidation
state 2+ of nickel is converted to 0 by accepting two electrons
and two protons in the initial step. The TSAB and TSBC result in a
1+ oxidation state of nickel by the transfer of two electrons from
high-lying d-orbital to s*(N–H) orbital of deprotonating
nitrogen (Scheme 1). The s-donation and p-back donation of
H2–Ni bond has been identied in the H2 complex. These
analyses give some clues on the origin of the formation of the
H2 bond. Our calculated pathway is consistent with part of
Dupuis et al., report18 unravelling the inuences of geometrical,
electronic and solvent effects and nally it completes the cyclic
mechanism.
Mean eld kinetic model

The multiscale simulation approach developed by Franco et al.
allows describing the detailed physicochemical processes at
multiple scales in electrochemical devices for energy conversion
and storage, such as PEMFC, electrolyzers and batteries.19,36–39

Such a model is a multiscale one in the sense that it is made of a
set of interconnected sub-models describing the phenomena
occurring at different scales. The model results from the
coupling of different geometrical scales: e.g. reactants and
charge 1-D mesoscale description across the membrane-elec-
trodes assembly (MEA) and the interfacial nanoscale mecha-
nisms at the vicinity of the electrochemically active materials
including both elementary kinetics (with ab initio calculated
activation barriers) and electrochemical double layer effects.
The description of the mechanisms in this approach remains
macroscopic in the sense that it is based on irreversible ther-
modynamic concepts as they are extensively used in chemical
engineering: use of conservation laws coupled to closure
equations (ux expressions, chemical rate models, and ther-
modynamic models). The model is implemented in a Matlab/
Simulink environment coupled with numerical modules pro-
grammed in C language.37
5182 | RSC Adv., 2014, 4, 5177–5187
In this paper we have adapted this model for describing the
HER on the [Ni(P2

HN2
H)2]

2+ catalysts supported onMulti-Walled
Carbon Nanotubes (MWCNTs).
Global model structure

The real PEMWE cathode is represented as being constituted by
three coupled spatial scales (Fig. 5): one describing the elec-
trochemical double layer behaviour under non equilibrium
(nanoscale), one describing the transport of H2 and protons
across the electrolyte lm at the vicinity of the catalyst (micro-
scale) and one describing the overall electrode (macroscale).
The electrochemical double layer model is further divided in
two layers: the compact and the diffuse layers.36 The bio-
inspired catalyst material is assumed to be linked in turn to the
MWCNTs supported on an Indium Tin Oxide (ITO) substrate.16

The constructed numerical code allows the analysis of the
stationary and dynamic behaviour of the different state vari-
ables (for example, CH+(t), s(t), etc.), the electrode electronic
potentials, j(t) in response to a current demand, I(t), at a given
temperature, T, and pressure Pcathode.
Microscale model

The microscale model describes H2 transport across the elec-
trolyte lm thickness. The H2 product is assumed to diffuse
mainly perpendicularly to the catalytic layer. The electrons are
This journal is © The Royal Society of Chemistry 2014



Fig. 6 Schematic representation of nanoscale model for electro-
chemical cathode in electrode of fuel cell.
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transported to the catalyst molecules from the external elec-
trical circuit.

The ux for the electrically neutral species H2 is assumed to
be given by a Fick's law of diffusion and the mass balance
leads to

vCH2

vt
¼ �V~JH2

¼ �V ð �DH2
VCH2

Þ ¼ DH2
V2CH2

(1)

where DH2
is the diffusion coefficient in the electrolyte assumed

to be constant.
Nanoscale model (electrochemical double layer)

The pictorial representation of the electrochemical double layer
has been given in Fig. 6. The catalyst molecules are imagined to
be aligned and an imaginary reaction plane is placed at x ¼ L.
Adsorption of reaction intermediates, water and products
(forming the compact layer) is considered to take place on this
imaginary plane. The detailed description of this model is given
below.
Diffuse layer

The diffuse layer model describes the transport by diffusion and
migration of the reaction species coupled with the electric eld
generated by the resulting charge distribution (Fig. 6). The H2,
H+ and H2O species are considered as punctual. The solvation
and convection by water are not considered here.

In a similar way that in the H2 case, combining the ux
related to the Fick's diffusional force to the electrical force with
the mass balance, the following equations have been derived
representing the H+ transport:

vCHþ

vt
¼ �V~JHþ ¼ �V ð �DHþVCHþ � fDHþCHþVfÞ (2)

where f(x, t) is the electric potential in the electrolyte, which is
calculated from the Poisson's equation.19

The scalar potential f(x ¼ 0, t) equals 0 at x ¼ L, the
boundary conditions for the mass balance equations for the
neutral and charged species are
This journal is © The Royal Society of Chemistry 2014
JH2
¼ (L, t) ¼ (vTAF + vHEY) (3)

(positive because H2 is produced)

JHþðL; tÞ ¼ �2v1 ¼ � JFarðtÞ
F

(4)

(negative because protons are consumed).
The kinetic rates in eqn (4) and (5) are provided below.
Compact layer

Within the elementary kinetic model, the following global
reaction is considered:

[Ni(PH
2N

H
2)2]

2+ + CH3CN + 2e� + 2H+ /

[Ni(PH
2N

H
2)2(CH3CN)]2+ + H2 (5)

The kinetic parameters (associated with each elementary
kinetic step) are assumed to be given by

k ¼ kBT

h
exp

��� DG‡=ðRTÞ�þ f ðhFðtÞÞ
�

(6)

where DG‡ is the activation barrier at room temperature. These
activation barriers are the ones reported in Fig. 2. The kB and h
are the Boltzmann and Planck's constants respectively.

f (hF(t)) is a function of the electrostatic potential jump
between the catalyst surface and the electrolyte, through the
compact layer and accounts for the effect of the interfacial
electric eld on the electrochemical reactions.36

According to the kinetic model, the molecular hydrogen (H2)
generationmechanism is fully depending on the Ni and N active
sites. The coverage balance equation of Ni active sites can be
written as

1 ¼ qNi þ qNi
H þ qNi

H2
þ qNi

CH3CN
þ~qNi

H2O
þ q

~

Ni
H2O

(7)

where qNiH and qNiH2
are the coverage of reaction intermediates,

qNiCH3CN is the coverage by the CH3CN, and~qNi
H2O and q

~

Ni
H2O are the

water coverage following up (pointing out) and down (towards)
orientation to the Ni site.

The coverage balance equation for the N sites in the
catalyst is

1 ¼ qN þ qNH þ qNi
CH3CN

(8)

where qN is the free sites coverage and qNH is the reaction inter-
mediate coverage.

According to the proposed mechanism of HER of
[Ni(P2

HN2
H)2]

2+, the whole reactions have been divided into six
different elementary kinetic steps (refer to Scheme 1) given
below: kinetics expression of initial electron coupled proton-
ation of catalyst.

v1 ¼ k1(q
N)2(aH+)2e�2afn � k�1(q

N
H)

2e2(1�a)fn (9)

kinetics of rst intramolecular proton transfer (A / B)

v2 ¼ k2(q
N
H)

2(qNi) � k�2(q
Ni
H )(qNH)(q

N) (10)

kinetics of second intramolecular proton transfer (B / C)
RSC Adv., 2014, 4, 5177–5187 | 5183



Fig. 7 Evolution of current density as a function of the potential for the
HER by Ni(P2

HN2
H)2]

2+ catalyst. The solid line indicates experimental
value and dotted line indicates the simulated curve.

RSC Advances Paper
v3 ¼ k3
�
qNi
H

��
qNH

�� k�3

�
qNi
H2

��
qN

�
(11)

kinetics of rotational transition state (C / C)

v4 ¼ k4

�
qNi
H2

�
� k�4

�
qNi
H2

�
(12)

kinetics of H2 evolution step (C / D)

v5 ¼ k6

�
qNi
H2

�
� k�5

�
qNi

�ðCH2
Þ (13)

kinetics of solvent absorption of catalyst (D / E)

v6 ¼ k6
�
qNi

��
aCH3CN

�� k�6

�
qNi
CH3CN

�
(14)

The surface potential hF is dened as the electrostatic
potential difference across the compact layer.36

The coverage of all nickel and nitrogen reaction intermedi-
ates are obtained by solving the following set of equations.

nmaxN

NA

dqNH
dt

¼ 2v1 � v2 � v3

nmaxN

NA

dqN

dt
¼ �2v1 þ v2 þ v3

nmaxNi

NA

dqNi

dt
¼ �v2 þ v5 � v6

nmaxNi

NA

dqNi
H

dt
¼ v2 � v3

nmaxNi

NA

dqNi
H2

dt
¼ v3 � v5

The charge density s(t) has been calculated from the current
density conservation at the catalyst/electrolyte interface
according to:

JðtÞ � JFarðtÞ ¼ � vsðtÞ
vt

(15)

where J(r, t), is the local electronic current density traversing the
catalysts layer. For our bio-inspired molecules, we demon-
strated that the surface potential is given by:

hF ðtÞ ¼ � sd

3CL
�

�
1

2
qNaN

	
nmaxqH2Om sinh

�
X
�
s; qNi

H ; qNH
��

3CL
(16)

where s(t) is the surface electronic charge density and X is a
transcendental function of the coverage fractions in interme-
diate reaction species and the charge density as have been
reported by Franco et al.35–38

In equation (16), the parameter aN is given by:

aN ¼ 2 exp

�
� DGequ

RT

	
(17)
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where DGequ is the water adsorption energy given by:
DGequ ¼ ECatalyst+H2O
� ECatalystfree � EH2O

(18)
Simulation results

Aer deriving all the elementary steps involved in the H2

production mechanism towards the Pt-free catalyst,
the observable properties of current versus electrode
potential have been calculated using the thermodynamical
parameters of each elementary kinetic steps which have
been calculated in DFT. The comparison of simulated and
experimental current density versus potential curves has
been made and the result is presented in Fig. 7. The
simulated current density versus potential change curve is
in reasonable agreement with experimentally observed
data.16

The coverage changes of reaction intermediates have been
calculated as a function of potential variation towards the
HER and presented in Fig. 8–10. The changes of nitrogen
and nickel coverage with respect to potential changes have
been illustrated in Fig. 9 and 10. The coverage of nitrogen
intermediate (qNiH) is decreased along with potential
increase (i.e. when potential becomes more positive) while
coverage of nitrogen free sites (qN) increases as the potential
increases. A very slight variation is observed for the nickel
intermediates coverage telling us that the reactions on the
nitrogen sites are governing the overall electrochemical
activity of the catalysts towards the HER. These two species
are involved in the initial diprotonation step of
[Ni(P2

HN2
H)2]

2+ catalyst and the simulation results reveal that
initial diprotonation step is responsible for electrochemical
HER. This observation is consistent with experimental
knowledge.16

The detail of the inuence of water molecules on the elec-
trochemically accessible area of Ni free site of the electrode
This journal is © The Royal Society of Chemistry 2014



Fig. 9 Changes of coverage of nitrogen and nitrogen intermediate along with variation of potential in the hydrogen evolution reaction of
Ni(P2

HN2
H)2]

2+ catalyst.

Fig. 8 Changes of coverage of reaction intermediates along with variation of potential in the hydrogen evolution reaction of Ni(P2
HN2

H)2]
2+

catalyst.
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during the HER catalysed by [Ni(P2
HN2

H)2]
2+ is presented in

Fig. 10. The coverage change with potential is small but the
proportion of up and down dipoles is controlled by the charge
density of the catalyst.

Conclusions

DFT calculations have been used to investigate the HER cata-
lysed by [Ni(P2

HN2
H)2]

2+. The hydrogen evolution mechanism
of [Ni(P2

HN2
H)2]

2+ catalyst has been considered as involving six
different steps in a cyclic pathway and all the steps are con-
nected through transition states. The geometrical changes of
the catalyst along with reaction pathway have been identied.
This journal is © The Royal Society of Chemistry 2014
The oxidation state of nickel is changed from 2+ to 0 during
the course proton absorption. Furthermore the oxidation state
of nickel atom changed from 0 to 1+ and 1+ to 2+ during the H2

molecule evolution reactions and these changes are nicely
brought out from the NBO analysis. The observed oxidation
state and geometrical changes of catalyst are consistent with
recently reported experimental results. The s-donation and p-
back donation contributions in H2–Ni bond have been iden-
tied in the H2 complex. It gives important information about
the 2e� transfer necessary for the H2 bond.

Understanding of elementary kinetic steps of mechanisms of
electrochemical reactions is crucial for the identication of
those steps that are the major contributors to overpotential
RSC Adv., 2014, 4, 5177–5187 | 5185



Fig. 10 Influence of water on the electrochemically accessible Ni free sites on the electrode surface during hydrogen evolution reaction
catalysed by Ni(P2

HN2
H)2]

2+.
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losses. Furthermore the multiscale simulation approach of
electrochemical power generators, developed by Franco et al.,
has been used here to simulate the features of the HER on these
catalysts, using DFT computed thermodynamical data. The
calculated polarization curve shows reasonable agreement with
available experimental data. These simulations allowed us to
nd the reaction intermediate concentration and the effect of
electrochemically accessible protonating sites. The variations of
nitrogen free site and protonating nitrogen site are linearly
dependant on the variation of potential in the simulated
system. The cyclic mechanistic pathway allows to understand
the efficient hydrogen evolution nature of [Ni(P2

HN2
H)2]

2+

catalyst at the molecular level. Apart from the fundamental
interests in understanding these systems, this modelling
approach would allow also to consider amendment of the
catalyst in order to improve its performance.
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