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The pursuit of catalysts to promote effective water oxidization to produce oxygen has become a
research subject of high priority for water splitting. Here, first-principles calculations are employed
to study the water-splitting oxygen evolution reaction (OER) on ~1.5 nm diameter Au;z@NijooPso
core-shell nanoclusters. Water splitting to produce oxygen proceeds in four intermediate reaction steps
(OH*, O*, OOH* and O,). Adsorption configurations and adsorption energies for the species involved in
OER on both Au;z@Nii20Pso cluster and NijpPs(001) supported by Au are presented. In addition, thermo-
dynamic free energy diagrams and kinetic potential energy changes are systematically discussed. We
show that the third intermediate reaction (O* reacting with H,O to produce OOH?*) of the four elementary
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steps is the reaction-determining step, which accords with previous results. Also, the catalytic performance of
OER for Au;z@NipoPsg is better than that for Nij,Ps(001) supported by Au in terms of reactive overpotential
(0.74 vs. 1.58 V) and kinetic energy barrier (2.18 vs. 3.17 eV). The optimal kinetic pathway for OER is further
explored carefully for the Au;z@NijxoPso cluster. The low thermodynamic overpotential and kinetic energy

DOI: 10.1039/c8cp00784e

Published on 07 May 2018. Downloaded by University of South Florida on 10/7/2018 2:09:41 PM.

rsc.li/pccp

1. Introduction

In the present era of increasingly exhausting fossil fuels and the
associated environmental concerns, the pursuit of clean and
non-polluting alternatives as energy carriers has become a
research subject of high priority."”> Hydrogen is regarded as
an ideal candidate.>* Water electrolysis to produce hydrogen is
an important component of several developing clean energy
technologies.>® Electrochemical water splitting is composed of
two half-reactions: hydrogen evolution reaction (HER) on the
cathode, and oxygen evolution reaction (OER) on the anode.
Water dissociation requires an applied voltage of at least 1.23 V
to provide the thermodynamic driving force, and a substantially
higher voltage is generally required because of the practical
overpotentials associated with the reaction Kkinetics.” For
instance, commercial alkaline water electrolyzers work typically
at much higher voltages, from 1.8 to 2 V.® Water splitting always
suffers from considerable energy losses.

Compared with HER, the efficiency of electrolytic hydrogen
production is largely limited by OER*'° because the anodic
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barrier make Au;z@Niix0Pso promising for industrial applications as a good OER electrocatalyst candidate.

reaction involves multiple proton-coupled electron transfer
steps, leading to sluggish kinetics with high activation energy
barriers for the O-O bond formation.'*™” As a result, the
development of cost-effective, highly active electrocatalysts for
OER has become the subject of intense research in water
splitting. At present, Ir- and Ru-based compounds have the
highest OER activity,'® but the high cost and scarcity of these
noble metals limit the widespread adoption of water splitting.
It is thus imperative to develop efficient non-noble metal
electrocatalysts.

In order to design highly active catalysts from earth-abundant
transition metals for OER, transition metal oxides, such as
manganese oxide,'*° cobalt oxide*' ?* and nickel oxide,>*** have
been widely investigated as electrode materials, exhibiting excel-
lent electrochemical activity by synthesizing complex oxides with
different structures (e.g. perovskite and spinel)**® and various
morphologies (e.g nanowire and nanoparticle, etc.). The over-
potential of these transition metal oxides, however, is still higher
than that of Ir- and Ru-based catalysts. Consequently, the main
challenge, to date, is to lower the substantial overpotential
of earth-abundant catalysts in order to enhance the energy-
harvesting efficiency.

First-row transition metal phosphide nanoparticles (NPs)
are emerging as a new class of water oxidation catalysts, with
reports of outstanding electrochemical catalytic performance in
nickel phosphides (Ni,P, Niy,P5),> " cobalt phosphides (CoP)****
and complex metal phosphides (CoFeP, and CoMnP).'”*%37
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Nickel phosphides, especially, have been shown to possess
naturally promising high activity, not only in HER but also in
OER. Moreover, the good physical properties of nickel phosphides
are also desirable for electrochemical catalytic electrodes. It is
reported that nickel-rich phosphides are not only good conductors
of both heat and electricity; their hardness and strength are also
comparable to some ceramics.*®

Increasing specific surface area is a favorable way to improve
the efficiency of water splitting, and many efforts have been
devoted to synthesizing a wide variety of nanostructures, such
as NPs, nanowires, hanorods, nanotubes, and nanoplatelets. Core—
shell heterogeneous nanoparticles with tunable composition
and morphology exhibit multiple functionalities in catalysis.
Compared with homogenous NPs, core-shell heterogeneous
NPs have the following advantages. First, catalysts such as
core-shell NPs allow greater tunability in reactivity and more
flexibility in the nanostructure design. Second, core-shell bimetallic
NPs could induce distinct strain effects to tailor catalytic reactivity
and selectivity.

Density functional theory (DFT) investigations have been
successfully applied to reveal the precise catalytic mechanism,
involving adsorption structures, decomposition modes, reaction
pathways, reaction kinetics and thermodynamics. Recently,
Au@Ni,,P5 core-shell single-crystal NPs have been experimentally
shown to exhibit efficient OER catalytic ability and to be the most
effective in water splitting among Au@Ni;,P5 core-shell, Au-Ni;,Ps
oligomer-like and pure Ni;,P5 NPs.>® However, to the best of our
knowledge, the detailed reaction of Au@Ni;,Ps NPs in catalyzing
water to generate oxygen is not convincingly accounted for
at the atomic level. Herein, we modeled and developed the
Au,3@Niq P50 NP catalyst. Periodic DFT was performed to
investigate the adsorption configurations, elementary reaction
processes, potential energy surfaces and energy barrier analysis
to illustrate the important role the Au;3@Ni;,0Pso nanocluster
plays in OER at the anode, highlighting the crucial effect of the
reaction intermediate (OOH*) on the catalytic activity. Our
results indicate that oxygen formation undergoes a distinctly
lower activation energy barrier with the Au;;@Nijs0Ps9 NP
catalyst than with the clean Ni;,P5(001) facet.

2. Computational details and methods

All calculations in the present paper were performed by employing
the Vienna ab initio simulation package (VASP)** based on the
density functional theory (DFT) within the general gradient
approximation parameterized by Perdew, Burke and Ernzerhof
(PBE).* The electron-ion potential was described by the projector
augmented wave (PAW) method*' with 3d4s, 3s3p, and 5d6s for
Ni, P and Au atoms, respectively. The plane wave expansion with
kinetic cutoff of 450 eV [520 eV for the Ni;,P5(001) slab] was used
after careful convergence tests. The vacuum spaces for clusters
were not less than 12 A to avoid any artificial interactions. Energy
convergence was reached when forces on the relaxed atoms were
less than 0.01 eV A~! in all calculations involving Au,;@Ni;,0Ps0
and Ni;,P5(001) supported by bulk Au, except for the transition
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state locations less than 0.05 eV A™' because of the high
computational cost. Only the gamma point was adopted to
sample the Brillouin zone for the nanocluster and adsorbed
molecule, but the 3 x 3 x 1 Monkhorst-Pack grid was adopted
for Ni;,P5(001) supported by bulk Au. Smearing of 0.2 eV [0.1 eV
for Ni;,P5(001)] for the orbital occupancy was applied to achieve
accurate electronic convergence in calculations involving the
Au,3@Ni;,0Pso nanocluster. The ion positions were allowed to
relax in order to find the minimum energy configuration using
the conjugate gradient algorithm.

Simulated annealing ab initio molecular dynamics (AIMD)
runs were carried out to obtain the ground-state core-shell
structure. The Au;3@Ni; P50 System was initialized at 0 K and
heated to 300 K over 30 ps, then cooled back down to 0 K over
90 ps. Temperature was controlled using the Nose-Hoover
thermostat, and the ionic trajectories were propagated with a
time step of 3 fs. Along the simulated annealing, snapshots
were selected as candidates after every 2000 time steps,
which were then relaxed to the nearest local minimum using
the conjugate gradient algorithm. Finally, the lowest energy
configuration among them was selected as the most stable
core-shell structure.

For the molecule adsorption process, an empirical van der
Waals (vdW) correction proposed by Grime (DFT+D3),** which
plays an important role in weakly adsorbed systems,**** was
performed to describe interactions between the cluster and
the adsorbates. Furthermore, the climbing image nudged
elastic band (CINEB) method,*” a tool in the VASP code, is
an effective way to locate the minimum energy path from a
designated initial state to a designated final state for the OER.
Thus, we presented an optimized overall reactive path with the
smallest potential barrier on the Au;;@Ni;,0P50 core-shell
structure.

The adsorption energy (E.qs), which measures the strength
of the interaction of the adsorbate with the cluster surface, is
calculated as:

Eads = gas/cluster — Egas - Ecluster: (1)

where Egag/ciuster 1S the total energy of an adsorbate at the
cluster, E,,s is the energy of the free gas-phase species and
Eluster 1S the energy of the cluster. The reaction energy (AE) and
energy barrier (E,) of each step in the cluster were calculated
according to the following formulas:

AE = Egg — Eig (2)
and
E, = Eys — Es, (3)

where, Eis, Ers and Egg are total energies of the initial state (IS),
transition state (TS) and the final state (FS), respectively.

3. Results and discussion

For clarity, this section is arranged as follows. First, the
structure and thermal stability of the Au,;3@Ni;,0P50 hanocluster
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are presented. Then, the adsorption configurations of involved
molecules and intermediates are discussed. Moreover, free energy
diagrams, potential energy surfaces, the energy barrier and the
optimal kinetic pathway are explored and analyzed.

To check the accuracy of our theoretical methods, based
on the DFT combined with the GGA exchange-correlation
functional, we first predicted the lattice constant, cohesive
energy and the bulk modulus of Ni;,P5 and Au at the ground-
state bulk structures, respectively. Our calculated results for the
ground-state structures are summarized in Table 1. Compared
with the PBE, bulk properties of both Ni;,Ps and Au based
on the PBE+D3 are generally in better agreement with experi-
ments. This is because the PBE+D3 includes both two- and
three-dimensional body terms. Specifically, the PBE over-
estimates the lattice constants, while the equilibrium lattice
constants with the PBE+D3 correction are smaller than the PBE
results. Furthermore, the cohesive energy and bulk modulus
computed by the PBE are generally underestimated. The results
computed with the van der Waals correction (D3) are in better
agreement with experiments.

3.1 Structures of Au,3;@Ni; P50 and Ni;,P5(001) supported by
bulk Au

Considering the practical difficulty of exploring the lowest
energy configuration of the Au,3;@Ni;,oPso core-shell due to
the complexity and multiple possibilities in combining the
Au-core and the Nij,Ps-shell cluster by the first-principles
calculations and simulations, AIMD was employed to perform
annealing-based searches for the ground-state structure in
Fig. 1. Gold cluster consisting of 13 atoms was selected as a
core to contribute to the core shell structure with C,y, due to the
first magic number, according to the geometric model, to form
various high symmetries. As seen in Fig. 1(a), the central atom
in the Auyz-core cluster binds to four nearest neighboring
atoms with the bond length of 2.767 A, and a plane is formed
by the five atoms, exhibiting four-fold symmetry. Each atom
next to the central atom is bound to its nearest neighboring two
atoms with the bond length of 2.849 A and an angle of about
120°. Cage cylinder-like (Ni;,Ps);0-cluster was constructed as a
shell based on bulk Ni;,Ps to act as the initial configuration.
Stable core-shell simulated annealing nanocluster with ~1.5 nm
diameter tends to have amorphous structure, possibly attributed to
multiplicity and tough tunability of the core-shell heterostructure
as well as the complexity of Ni;,Ps. Considering the temperature
environment in practical application, AIMD runs at 400 K were

Table1 Bulk properties, including lattice constants (a, ¢), cohesive energy
(Ex) and bulk modulus (B) for both tetragonal Ni;,Ps and cubic Au,
calculated using PBE and PBE+D3, compared with experiments (Exp.)

Niy,Ps Au

PBE PBE+D3 Expt."* PBE PBE+D3 Exp."”

a 8.634 8.55 8.645 4172 4.117  4.079
c(A) 5.078 4.993  5.069 — — —

Ey, (eV per atom) 4.93 5.44 — 2.99 3.62 3.81

B (GPa) 101.3 153.8  — 133.5 156.5  163-175
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carried out to investigate thermodynamic stability using the
Nose-Hoover thermostat in the canonical NVT ensemble.
The trajectories were detected within the whole range of 6 ps
simulation with step of 2 fs. The Fig. 1(b) presents the fluctuations
in temperature and potential energy as a function of the simulation
time. After 6 ps, structural destruction of the Au;3@Ni;,0Pso core-
shell phase did not occur, except for some thermal fluctuations. The
changes of bond length are small with respect to the temperature
variation. It is thus reasonable to infer the thermal stability of the
core-shell structure.

3.2 Adsorption configurations

Stable and metastable structures of species involved in OER for
the Au,;@Ni;,0Ps0 are presented in Fig. 2 and 3, respectively.
For comparison, we also studied flat and clean surfaces of
Ni;,P5(001) due to its more stable facet compared to other
facets.*® Adsorption energy and structural parameters of adsorption
configurations are listed in Table 2 for the nanocluster and in
Table 3 for the Ni,,P5(001) supported by bulk Au. As shown in Fig. 2,
the most stable adsorption configuration of H,O was at the top site
of one convex Ni atom on the Au;;@Ni;,oP5o NP surface, with
the O-Ni bond length obtained with D3 being 2.023 A and the
adsorption energy of —0.831 eV. The straight line made by
the oxygen atom of water molecule bonded to one nickel atom
is almost perpendicular to the plane formed by the water
molecule, which is in accord with the evidence® that O atom
binds preferentially near the top site of the transition metal
atoms, and the plane formed by the water molecule is nearly
parallel to the surface. For isolated gas-phase water molecule,
optimized O-H bond length and HOH angle are 0.972 A and
104.5°, respectively, in excellent agreement with experimental®”
values (O-H bond lengths of 0.96 A and HOH angle of 104.5°)
obtained by spectroscopic techniques. O-H bond length of
0.975 A and HOH angle of 106.6° were found for the water
molecule adsorbed on the cluster. This indicates that the molecular
structure of H,O is slightly perturbed upon adsorption, which is
crucial for the OER on the cluster.

The strongest adsorption among all possible modes for
adsorbed OH is due to the oxygen atom in the OH radical
located at the Ni-Ni bridge site, whose binding energy is
—3.803 eV, with the O-Ni bond lengths of 1.907 A and 1.943 A,
respectively. Compared with the free radical (0.988 A), the bond
length of OH adsorbed on the cluster (0.975 A) is reduced by
0.013 A, indicating that the new O-Ni bond has weakened the
OH bond strength.

The most energetically favorable configuration among all
possible modes of atomic oxygen binding is the oxygen at the
convex Ni-P bridge site, with O-Ni binding length of 1.918 A
and O-P binding length of 1.577 A. The corresponding optimized
binding energy is —5.814 eV, which seems to indicate a stronger
interaction somewhat between atomic oxygen and atomic nickel
and phosphorus, which is unfavorable for the subsequent atomic
oxygen reaction with adjacent molecular water to produce OOH.

H atom shows the highest preference for the Ni three-fold
hollow site, with an adsorption of —2.990 eV. The H-Ni bond
length ranges from 1.677 A to 1.781 A. The metastable structures
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Fig. 1 (a) Optimized Au;3@Nij2oPso core—shell nanostructure with ~1.5 nm diameter; (b) the fluctuations of potential energy (PE) and temperature (7) as
a function of AIMD simulation time at 400 K, as well as the comparison of the core—shell structural stability between 0 K and 400 K; (c) optimized
Ni1>Ps(001) supported by bulk Au. Pink balls denote P atoms; dark blue, Ni atoms; and yellow, Au atoms.

have similar binding energy, varying between —2.194 eV and
—2.222 eV in spite of various adsorption configurations, such as
top Ni mode, top P mode, and Ni-P bridge mode.

OOH prefers to bind to the cluster surface via the O°
bridge(Ni,?) mode with the adsorption energy of —2.121 eV,
in which each atom of O-O fragment sits at different Ni top
sites. The adsorbed OOH has the O-O bond length of 1.553 A,
the O-H bond length is 0.983 A, and the O-Ni bond length
varies from 1.806 A to 1.992 A. The O-H bond length stretches
by 0.008 A compared with adsorbed OH in the O bridge(Ni,?)
configuration, indicating that breaking the O-H bond in the
adsorbed OOH radical is more feasible. However, that makes it
easy the for the O-O bond to be ripped by Ni atoms in the
hollow site compared with the O top(Ni,) mode.

0, prefers the three-fold hollow site with the 0> hollow(Ni,?)
mode, at the adsorption energy of —1.943 eV. The O-O bond is
1.490 A long, and the O-Ni bond changes in the 1.88-2.04 A

14548 | Phys. Chem. Chem. Phys., 2018, 20, 14545-14556

range. Both O atoms are bonded to the surface, favoring
parallel configuration. In this configuration, the O, molecule
binds to Ni atoms as much as possible, indicating the pre-
ference of the O atom to associate with Ni atoms on the cluster
surface. Such strong adsorption configuration makes it difficult
for O, to get rid of the bond from the catalyst to become a free
molecule.

3.3 Evaluation of thermochemical potential and energy
diagrams

Calculation of electrochemical barriers in aqueous environ-
ments using DFT is still quite difficult compared to thermal
behavior in gas phase systems.>® However, due to the fact that
the energetics of the transition states and intermediates scale
with one another, thermodynamic descriptors can be useful in
predicting and explaining trends in catalytic activity.”> We
consider four elementary steps for OER, with each consisting

This journal is © the Owner Societies 2018
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H H hollow(Ni?)

OOH O’ bridge(Ni)

0: O hollow(Ni’)

Fig. 2 Top view and side view (inset) of stable adsorption configurations with D3 correction involved in OER on the Au;z@Nii20Pso nanocluster surface.
Blue, pink, red and white balls denote Ni, P, O and H atoms, respectively. Top, bridge and hollow represent the adsorption site; the AXsite (M?) descriptor
denotes X atom A(s) in adsorbed species directly interacting with the Z surface atom M(s) on the core—shell cluster, and the subscripts letters v and p
indicate the surface convex M atom and planar atom of the core—shell cluster, respectively.

of a single proton-electron transfer step reaction written as the
following sequential equations.>”

Step 1:
AG) . T
HQO(I) +x — OH*"+H /e (4)
Step 2:
OH* 22, 0" 1 H fe- (5)
Step 3:
0" + H,0() 22 OOH" + H' Je™ (6)
Step 4:
« AGy -
OOH" — O2(g) +*x+H /e (7)

Here, the asterisk denotes adsorbed surface sites, such
as bridge (Ni-Ni) site, bridge (Ni-Ni) site, top (Ni or P) site,
and hollow (Ni-Ni-Ni) site, etc. The free energy change
(AG;-4) of each elementary step is described by the following
expressions:*?

AGl = AGOH* — AGHZO —eU+ kalIl A+
AGZ = AGo* — AGOH* —eU+ kaln A+
AG3 = AGOOH* — AGO% —eU+ kaln. A+ (10

AG, = AGo, — AGoon+ — €U + kpT'ln ayy, (11

This journal is © the Owner Societies 2018

where ay+ represents the activity of the protons, and U represents
the applied potential. Theoretical overpotential is independent of
the pH or the potential values, as the free energy obtained by using
eqn (8)~(11) vary in the same way with pH and U, indicating that the
potential-determining step remains the same. The effect of liquid
water was implicitly taken into account, as we used liquid water as a
reference. Therefore, the expressions (AG,-,) for the free energy at
standard conditions (pH = 0, T = 298.15 K and U = 0: AGY_,) were
simplified by the following equations (AG_,):

AGY = AGo+ (12)
AG) = AGox — AGoy (13)
AGY = AGoomr — AGor (14)
AG} = AGo, — AGoom- (15)

Here, AG)_, is AG,_, at U=0 (pH = 0 and T = 298.15 K). The free
energy of each adsorbate is solved using the computational standard
hydrogen electrode (SHE), allowing the replacement of a proton and
an electron with half a hydrogen molecule at U = 0 V vs. SHE by
referencing liquid water and hydrogen gas at standard conditions:

1 .
AGow: = EQIT — P — ERIT 4 BRI 4 Gon. (16)
AGo: = EBFT — EDFT _ PFT  pDFT 4 G (17)

AGoon: = Egoly. — EP'T —2ERY + ERTT + Goon: (18)

Phys. Chem. Chem. Phys., 2018, 20, 14545-14556 | 14549
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-

OOH O top(Ni,) 0: O’ bridge(Ni -P,) 0: O’ top(Ni,)

Fig. 3 Top view and side view (inset) of the metastable adsorption configurations with D3 correction involved in the OER on the Au;3@Nij2oPso NP surface.

for which EP'T, EQyi!, EGIT and EGGY,. are the ground state i ration energy and entropy of the adsorbate at 298.15 K.
energy of the clean surface and the surfaces with OH*, O*,  Thijg correction was calculated using the harmonic approxi-
and OOH* adsorbed, respectively. E&FJ and EI?ZFT are the mation for every adsorbate and surface studied, with typical
calculated energy of H,O and H, molecules, respectively, values of 0.35, 0.05, and 0.40 for OH*, O*, and OOH¥,
in the gas phase. Here, G, includes contributions from respectively.’®
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http://dx.doi.org/10.1039/c8cp00784e

Published on 07 May 2018. Downloaded by University of South Floridaon 10/7/2018 2:09:41 PM.

PCCP

View Article Online

Paper

Table 2 Adsorption configurations, adsorption energy and structural parameters for species involved in OER on the Au13@Nii20Pso NPs surface. Meaning

of configuration descriptors are the same as in Fig. 2

Configuration PBE PBE+D3
Species AXSite(M\%/p) Eags, €V dom-nisps A do-oms A Eags, €V dom-nisps A do-oms A
H,0 O top(Ni,) —0.769 2.027 0.974, 0.974 —0.831 2.023 0.975, 0.975
O, o? hOHOW(NiV3] —1.783 1.88-2.047 1.489 —1.943 1.88-2.04 1.49

02 bridge(Ni,-P,) —1.522 1.819, 1.656 1.511 —~1.63 1.818, 1.655 1.512

o? top(Niy) —1.164 1.843, 1.869 1.371 —-1.221 1.869, 1.842 1.372
OOH o? bridge(Nivz) —1.935 1.807, 1.991 1.556, 0.982 —-2.121 1.806, 1.992 1.553, 0.983

O top(Ni,) —1.924 1.79 1.458, 0.981 —1.972 1.794 1.464, 0.981
OH (6] bridge(Nivz) —3.665 1.911, 1.942 0.975 —3.803 1.907, 1.943 0.975

O top(Niy) —3.349 1.786 0.974 —3.392 1.784 0.974

O top(P,) —3.236 1.662 0.978 —3.308 1.662 0.978

O bridge(Ni,-P,) —3.150 2.16, 1.753 0.979 —3.241 2.160, 1.748 0.979
o) O bridge(Ni,-P,) —5.771 1.918, 1.577 — —5.814 1.918, 1.577 —

(6] hOllOW(Niv3) —5.457 1.826-1.945 — —5.519 1.825-1.951 —

O bridge(Ni,?) —5.313 1.775, 1.762 — —5.392 1.774, 1.76 —

O top(P,) —5.146 1.514 — —5.174 1.514 —

O top(Ni,) —4.061 1.641 — —4.084 1.641 —
H H hOllOW(NiV3) —2.929 1.679-1.774 — —-2.99 1.677-1.781 —

H top(P,) —2.206 1.435 — —2.198 1.434 —

H bridge(Ni,-P,) —2.198 1.754, 1.55 — —2.222 1.749, 1.548 —

H top(Ni,) —2.194 1.498 — —2.194 1.496 —

Table 3 Most stable configurations, adsorption energy and structural parameters for species involved in OER on the Nij»P5(001) supported by bulk Au

Configuration PBE PBE+D3
Species A¥site(M) Eaas, €V doj-nip A do-opsm, A Eaasy €V doym-nips A do-om, A
H,0 O tOp(Ni) —0.581 2.199 0.976, 0.983 —0.802 2.186 0.978, 0.984
0, 0? bridge(Ni-P) ~1.404 1.939, 1.640 1.48 ~1.671 1.937-1.639 1.478
OOH (0] tOp(Ni) —1.199 1.886 1.436, 0.982 —1.394 1.88 1.432, 0.986
OH O tOp(P) —3.606 1.639 0.977 —3.749 1.637 0.977
o O top(P) ~5.87 1.499 — ~5.996 1.499 —
H O top(P) —2.593 1.421 — —2.636 1.42 —

In order to avoid the calculation of the O, bond energy,
which is hard to obtain accurately with DFT, we instead
substituted the experimental formation energy of H,O when
calculating the final step:

2H, + 0, — 2H,0, AG® = —4.92 eV (19)

Therefore,

AGo g = 4.92 eV (20)

A very important method has been proven to be feasible,
where the catalytic performance is estimated by the magnitude
of the potential-determining step for the OER. More precisely, it
is the calculation of theoretical overpotential, which is the over-
potential required to make all four elementary steps exergonic.
Thus, the theoretical overpotential is given as:>?

n = max(AGY,AGS,AGS,AGY)/e — 1.23, (21)

where e is the fundamental unit of charge.

In order to evaluate the theoretical potential thermochemically
for all four proton-electron transfer steps on the surfaces of the
Au;3@NijnePso and the Nij,P5(001) supported by bulk Au, free
energy diagrams were obtained as the first start towards an overall
perspective of the reaction path. The free energy diagram for the
ideal (i.e. virtually nonexistent) Au;3@Ni;poPs0 and Nij,P5(001)

This journal is © the Owner Societies 2018

catalysts supported by bulk Au are shown in Fig. 4. The ideal
catalyst can promote the oxidation of water just above the
equilibrium potential in Fig. 4(a). This requires all four proton-
electron transfer steps to have the same magnitude (1.23 eV) of
reaction free energy at zero potential, which is equal to all the
reaction free energy increments being zero at the equilibrium
potential of 1.23 V. The nonexistent catalyst that completes this
requirement is thermochemically ideal.® However, real catalysts
do not approach this perfect performance. The calculated free
energy diagrams at standard conditions of OER on the surfaces of
the Au;3@Ni;y0Ps0 nanocluster and Ni;,P5(001) supported by
bulk Au are shown in Fig. 4(b) and (c). It is natural to see that
all four elementary steps are uphill at U = 0 V. At standard
equilibrium potential (U = 1.23 V), reaction step 1 (AG3) and
step 4 (AGY) go downhill, but others (AGS and AGY) still go uphill
for Au;3@Ni;,0Ps, while for the Ni;,P5(001) catalysts supported by
bulk Au, reactions step 1 (AGY), step 2 (AG3) and step 4 (AG3) go
downbhill, but step 3 (AG3) remains uphill. The largest free energy
shift occurred in step 3 (AG3) for both catalysts. Free energy
changes (AG;_,) of all four elementary reaction steps at standard
conditions are summarized in Table 4. We concluded that step 3
(AG3) is the potential-determining step for both catalysts because of
the largest free energy increment among all four elementary steps.
As shown in Table 4, the theoretical overpotential calculated
(corresponding to AG3) was 0.74 V for the Auy;@Niy,0Ps, catalyst,
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Fig. 4 Free energy diagrams for the OER at zero potential (U = 0 V), equilibrium potential for oxygen evolution (U = 1.23 V), and the potential at which all
four elementary steps go just downhill at standard conditions. (a) The ideal catalyst; (b) the Au;3@Ni;20Psq catalyst; (c) the NijpP5(001) catalysts supported

by bulk Au.

Table 4 Standard free energy change (AG;_4) of each proton—electron
transfer step at standard conditions (U = 0, pH = 0 and T = 298.15 K) for
OER on both Au;3@Nii20Pso nanocluster and Ni;,Ps(001) supported by
bulk Au, respectively. Unit of energy is eV

System AGY AG) AGS AG?
Au;3;@Nig0Ps0 0.979 1.641 1.97 0.33
Niy,P5(001)/bulk Au 1.196 0.61 2.806 0.309

which is actually 0.836 V smaller than that of the Ni;,P5(001)
catalysts supported by bulk Au, indicating that the catalytic
performance of Au,3@Ni;»Psy is far superior to that of Ni;,P5(001).

3.5 Reaction potential energy surfaces

The thermodynamic discussion presented in the previous section
neglected the barriers between the intermediates. In order to
comprehensively understand the OER process on the anode in
the electrolyzer, detailed potential energy changes along all four
consecutive elementary steps are presented in Fig. 5 for both the
bumpy Au;3@Ni;0Ps, cluster and clean Ni;,P5(001) supported by
bulk Au. As shown in Fig. 5, at first, gas water molecules
interacted with the bumpy cluster surface and flat Ni;,P5(001)
surface, with the adsorption energy of —0.831 eV and —0.802 eV,
respectively. Strong adsorption strength on the catalytic surface for
molecular H,O is an important prerequisite for the water-splitting
catalytic reaction. For the cluster catalyst, the reactive energy
barrier of TS1 is 0.821 eV, 0.1 eV smaller compared to the two
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Fig. 5 Potential energy changes of the four consecutive elementary reaction
steps for OER on the surfaces of both bumpy Au;z@NiixoPso nanocluster (blue
bar) and clean NijxPs(001) supported by bulk Au (black bar), respectively. The
energy reference corresponds to the stable H,O molecule, core—shell cluster,
or clean NipPs(001) slab. The asterisk denotes adsorbed surface sites. Step 1
denotes reaction eqgn (4), step 2 egn (5), step 3 egn (6), and step 4 egn (7).

free H,O molecules; for the Ni;,P5(001) supported by bulk Au, the
reactive energy barrier of TS1 is 1.346 eV, 0.544 eV larger compared
to the two free H,O molecules (step 1 in Fig. 5), suggesting that
H,0* would rather experience a desorption away from the catalyst
surface than decompose into radicals OH* and H*, which is
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Table 5 Reaction energy (AE;_4) and energy barrier (E;1—a4) Of all four elementary steps for OER on both Auiz@Nii20Pso nanocluster and clean

Ni;2Ps(001) supported by bulk Au. Unit of energy is eV

Step 1 Step 2 Step 3 Step 4
System AE, E,y AE, E,p AE; E,; AE, Eq\y
Auy3@Nijz0Ps0 0.719 0.821 1.547 1.96 2.001 2.18 0.478 0.996
Ni;,P5(001)/bulk Au 111 1.346 0.442 0.897 2.856 3.168 0.466 0.853

unfavorable for subsequent water-splitting reaction. Analogously,
the barrier of O,* hydrogenation (reverse reaction of Step 4 in
Fig. 5) for cluster is 0.68 eV (0.804 eV for Ni;,P5(001); see Table 5)
lower than the absolute adsorption energy of O, in the O® top(Ni,)
configuration, which means that the adsorbed O, prefers to
hydrogenate than desorb.

For step 1, reactively, the splitting reaction of H,O* into OH*
and H* adsorbates is more competitive on the Au;3@Ni;,0Ps0
nanocluster surface than on Ni;,P5(001) surface according to
the energy barrier of 0.821 eV vs. 1.346 eV. The elementary
reactive step consumes the energy of 0.719 eV for Au;3@Ni; P50
[1.11 eV for Ni;,P5(001)]. Energy barrier (E,;) is less by 0.525 eV
for Au,3@Ni; P50 than Ni;,P5(001), see Table 5.

The previous reaction step is taken as the initial state in
step 2. For the final state in step 2, O* adatom is located selectively
at the normal site where radical OH* lies in the former step 1, and
H atom is adsorbed near the top P atom site. Unlike step 1, the
reaction energy and energy barrier for Au,;@Ni; P50 are larger
than for Ni;,P5(001). For the second elementary step reaction on
Au;3@Ni;,0Ps, the energy barrier is 1.96 eV, and the reaction is
endothermic by 1.547 eV, while the energy barrier of 0.897 eV and
reaction energy of 0.442 eV are found for Ni;,P5(001).

For the third elementary reaction (step 3 in Fig. 5), another
H,0 molecule that approaches the catalyst surface moves to an
adsorbed O* atom, and finally the configuration has been
formed as the current initial state, in which H,O preferentially
stays at the top of the adsorbed oxygen atom. For the final state,
we consider that the OH fragment cut from H,O* binds with O*
adatom to form OOH* radical, and new atomic H* is located
nearby at the Ni hollow site. This reaction step is the most
difficult to proceed because of its highest energy barrier and
reaction energy. The reaction step for Au;3@Niq,0Ps0 needs to
overcome the energy barrier of 2.18 eV [3.168 eV for Ni;,P5(001)]
to get over TS3; comparatively, it proceeds more smoothly for
the reaction on the Au;;@Ni;,0P5, core-shell cluster than
Ni;,P5(001) supported by bulk Au.

For the last step 4 in Fig. 5, the two catalysts have similar
performance. It seems to be easier to form O,* by stripping H
from OOH*, whose reaction energy and energy barrier are both
easily overcome with applied potential to form O, molecule and
eventually release off the aqueous solution on the anode side.

The distinct OER performance originates from the differences
in adsorption strengths (in Tables 2 and 3) between species and
surfaces of the two catalysts. Moderate adsorption in all four
consecutive elementary steps is critical for effective OER. In
order to illustrate the catalytic performance as the function of
adsorption strength, the third elementary reaction (step 3
in Fig. 5) was considered as a representative due to the

This journal is © the Owner Societies 2018

reaction-determining step in OER. For the initial state of TS3 on
Ni;,P5(001) supported by bulk Au, we have calculated and con-
cluded that O* failed to form the stable or metastable configuration
with O top(Ni), but preferentially located at the neighboring atomic
P top site with the larger adsorption strength of 5.996 eV (absolute
value of adsorption energy in Table 3). For Au,3@Ni;poPso, the
metastable O top(Ni,) adsorption configuration was obtained at
the smaller binding strength of 4.084 eV (absolute value of adsorp-
tion energy in Table 2). Larger interaction (5.996 eV) for radical O* at
Ni;,P5(001) supported by bulk Au has given rise to an obstacle to
interacting with another free H,O in aqueous solution to the
OOH* radical, while the smaller adsorption strength of 4.084 eV
with O top(Ni,) configuration is favorable for the next reaction
(0* + HyO — OOH* + H¥).

The diversity of adsorption strengths may be mostly attributed
to differences of the respective specific surfaces exposed in
the two model structures. For Au;;@Ni;,0P5, the size effect of
nanoparticles when binding reaction intermediates (especially
for O, OOH species) to active atoms at the surface plays a role in
catalytic activity.>*>> Nanosize-induced contraction increases
with decreasing nanoparticle size. The increase of specific surface
of active atoms and the reduction of the average bond lengths
for exposed facets due to contraction of the core-shell jointly
promote catalytic performance compared to that of Ni;,P5(001)
supported by bulk Au. Besides, compared with the even surface of
Ni;,P5(001), the bumpy core-shell structure allows protruding
active Ni atoms to be exposed to a lower surface coordination
number®®® which strengthens the activity of active atoms.

Moreover, because of structural difference of the amorphous
and bumpy Au;3@Ni;,0Pse core-shell versus the ordered and
even Ni;,P5(001) supported by bulk Au, the Au entity has
different contributions to the two types of catalysts. Plots of
2D charge density difference are presented for both models.

0.002
0.00175
0.0015
0.00125
0.001
0.00075
0.0005
0.00025
0

-0.00025

-0.0005

Fig. 6 Plots of the 2D electron density difference. (a) Aujs@Nii20Pso,
(b) NipoPs(001) supported by bulk Au.
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As shown in Fig. 6, the charge density distribution of the Au;;
core is more diffuse in Au;3;@Ni;0Pso than that of bulk Au
substrate in Ni;,P5(001) supported by bulk Au, which tunes and
appropriately modifies the electronic structure of the exposed
surface of Au;3@Nijp0Ps50 and thus moderates adsorption
strength between adsorbed species and catalysts.
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For all four consecutive proton-electron transfer steps,
we concluded that the third elementary reaction is the rate-
limiting step, and as a whole, the performance of Au;3@Ni;2oPs0
hetero-nanocluster catalyst for OER is far superior than that of
Ni;,P5(001) supported by bulk Au (energy barrier of 2.18 eV vs.
3.168 eV). Therefore, the study of minimum kinetic reaction energy

(OOH* + 3H* )

Fig. 7 Minimum kinetic reaction energy pathway along the four consecutive proton—electron transfer steps on the core-shell cluster surface for OER.
The number above the arrows is the total energy difference between the former and latter configurations; a positive value denotes an uphill process. The

unit of energy is eV.
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pathway of OER on only the Au,;@Ni;,oPs5, catalyst was taken into
account in the following section.

3.4 Kinetic reaction pathway

Potential energy changes along four consecutive proton-electron
transfer steps were described and discussed above for both
Au,3@Niq0Pso cluster and Ni;,P5(001) surfaces supported by
bulk Au. The energy barrier levels between the intermediates
indicate that catalytic OER steps proceed more smoothly on the
bumpy cluster surface than on flat Ni;,P5(001) surface. In order
to carefully clarify the precise OER mechanism, we explore
the minimum kinetic reaction energy pathway on the cluster
surface in this section (Fig. 7). In the first intermediate step
(step 1 in Fig. 7), molecular water is located preferentially at the
convex Ni top site through atomic oxygen with the adsorption
energy of —0.831 eV, for which weak chemisorption might have
occurred. Upon stable adsorption, HOH angle is 106°, stretched by
about 2° compared to free water molecule. This indicates that the
water molecule has been disturbed more or less by the catalyst
presence, which contributes to the catalytic decomposition of water.
The first H,0* molecule split to OH* and H* needs to overcome an
energy barrier of 0.821 eV to form OH*-H* groups. In other words, a
theoretical potential of 0.821 V has to be applied to the electrode to
get H,O* across the kinetic barrier (transition state TS1) to break
down into radical OH* and H* adsorbates. The H species
dissociated from H,O* adsorbed on cluster surface is located
momentarily at the top of its nearest neighboring P atom.

OH* radical remaining on the cluster surface dissociates
further to O* and H* species under applied potential. In the
second intermediate step (step 2 in Fig. 7), the kinetic energy
barrier required for OH* radical to decompose to O* and H*
species is even larger (1.96 eV) compared with step 1. This may
be attributed to the fact that OH* radical from water splitting
binds strongly to the cluster surface with the adsorption energy
of —3.392 eV. Such interaction between OH and the cluster
surface causes the system to be in a relatively stable state. In
step 2, radical H*, dissociated from the OH* species, crosses
over TS2 with the applied theoretical potential of 1.96 V, where
atomic H* rests momentarily at the Ni-Ni bridge site with bond
lengths of 1.656 A and 1.594 A, and finally was located firmly at
the adjoining Ni hollow site. For the final state of step 2, O*
atom binds directly to the Ni atom that interacted previously
with OH, and its binding energy is —4.08 eV.

O* adsorbate, joined with another H,O molecule, continued
to participate in subsequent reactions (step 3 in Fig. 7). Step 3 is
a crucial reaction step due to the start of formation of the O,
molecule. The second water molecule in aqueous solution
moves energetically to the top of atomic O* adsorbed previously
on the cluster surface. By virtue of potential (2.18 V) exerted
on the Au;;@Ni;,0Pso surface, the water molecule has gained
enough active energy from the electrode to overcome a high
energy barrier of 2.18 eV (TS3) to form intermediate OOH*.
In this state, radical H is stripped off of the new H,O molecule
and binds to the nearest P atom with the H top(P,) configuration.
New generated intermediate OOH* radical is located at the
normal site with the O* bridge(Ni,?) configuration. Step 3 is the

This journal is © the Owner Societies 2018
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rate-limiting step, for it experiences the largest kinetic energy
barrier in the entire four-step OER process (0.821 eV for TS1,
1.96 eV for TS2, 2.18 eV for TS3 and 0.996 eV for TS4), which is in
good agreement with the previous analysis.

As for the last reaction step (step 4 in Fig. 7), it proceeds
smoothly and OOH* continues to dehydrogenate sequentially
to generate molecular O,* at the small expense of 0.996 eV
energy barrier. It was understandable that two oxygen atoms of
the OOH* species both bind to the same atomic Ni from the
cluster surface, which weakens the O-H bond strength of
radical OOH*. A new radical H from OOH* species stayed close
at the Ni hollow site. The newly formed molecular O,* adsorbs
at convex Ni top site, which needs 1.198 eV to desorb from the
surface to become a free molecule released in aqueous solution.

4. Conclusions

In summary, the Au;3@Ni;0Ps0 core-shell nanocluster is a
promising catalyst whose structure and precise catalytic mechanism
for OER have been investigated based on periodic DFT with D3
correction. We have developed the amorphous Au;3;@Ni;,,Psq core-
shell nanocluster with ~ 1.5 nm diameter, and its thermal stability
at 300 K is acceptable. As a prerequisite for OER, adsorption
structures, adsorption energies and structural parameters of
species (H,O, OH, H, OH, OOH, O,) involved in OER on both
Auy3@Niy,0Ps cluster and Ni;,P5(001) supported by bulk Au are
summarized and analyzed.

Moreover, free energy diagrams of the four elementary steps
for OER are discussed thermodynamically. The third intermediate
reaction (OOH*) is the potential-determining step. Overpotential of
OER for Au;;@Ni;,0P50 is 0.74 V, which is 0.836 V smaller than
that of Ni;,P5(001) supported by bulk Au. Furthermore, in order to
explore comprehensively the OER process, kinetic potential energy
changes are studied. The third elementary reaction, as the rate-
limiting step, shows the highest reaction energy barrier in all four
proton—electron transfer reaction steps, which is in agreement
with the thermodynamic results. The kinetic energy barrier is
2.18 eV for Au,;@Ni;,oP5, cluster, lower than the 3.168 eV for
Ni;,P5(001) supported by bulk Au. The minimum kinetic reac-
tion pathway of oxygen evolution is further exhibited in detail
for Au;3@Ni;»oPs0.
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