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ABSTRACT: Highly active catalysts from the earth-abundant metals are essential to materialize
the low-cost production of hydrogen through water splitting. Herein, nickel porous networks co-
doped with Cu and Fe prepared by thermal reduction of pre-synthesized Cu, Fe co-doped
Ni(OH)2 nanowires is reported. The sample consists of highly porous network clusters of ~1 um
with a pore size of 10 nm - 100 nm and comprised of nanoparticles of ~80 nm. Among the
various doped compositions, the NiCuo.osFeo.o2s exhibits excellent catalytic activity with a low
overpotential of 60 mV for hydrogen evolution reaction (HER) in 1 M KOH solution and
specific activity of 0.1 mA cm™ at 117 mV overpotential calculated based on the electrochemical
active surface area (ECSA). The density functional theory calculations reveal the shift of d-bands
of nickel to lower values via co-doping of Cu and Fe, resulting in the lowered hydrogen
adsorption energy (AGH = -0.131 eV) which is close to AGu for Pt (-0.09 eV). When
NiCuo.osFe0.025(OH)2 nanowires is used as an oxygen evolution reaction (OER) catalyst and is
coupled with NiCuo.osFeo.02s porous networks for overall water splitting, the NiCuo.osFeo.025 ||
NiCuo.osFeo.025(OH)2 catalyst couple achieves a current density of 10 mA cm™ at 1.491 V similar
to that of Pt/C || RuO2 couple and offers a negligible loss in the performance when operated at 20

mA cm2 for 30 hours.

KEYWORDS: Water splitting, doping, hydrogen evolution reaction, overpotential, tafel slope,

specific activity, density functional theory calculation.

INTRODUCTION
Hydrogen is one of the promising energy carriers which can solve the grave problem of
environmental pollution. The energy from renewable sources such as solar, wind, tidal, etc. can

be used to produce hydrogen from water by electrolysis. However, water electrolysis is energy-



intensive owing to the high overpotential required to overcome the kinetic energy barrier.
Consequently, hydrogen production via electrolysis is more expensive compared to natural gas
reforming. Therefore, design and synthesis of earth-abundant and highly active catalysts are vital

to apply this technique to commercial application.

Electrolysis of water comprises of two half-reactions: the hydrogen evolution reaction (HER) at
the cathode, and the more sluggish oxygen evolution reaction (OER) at the anode. The activity of
the catalysts for these half-reactions is pH-dependent. HER is favorable in acid electrolytes in
contrast to the OER which is more favorable in basic medium. However, to accomplish
compatible integration of the catalysts and for efficient overall water splitting, the coupling of
the HER and OER catalysts in a common electrolyte is essential 1. Lack of stability of catalysts
in acidic medium coupled with sluggish OER Kkinetics causes the acid electrolysis lesser
favorable to alkaline electrolysis®. Therefore, alkaline electrolysis is a better alternative.
Advancements in the past decade have resulted in the synthesis of catalysts other than the noble
metal catalysts demonstrating modest stability and activity in the alkaline medium 3. However,
since alkaline electrolysis is not favorable to HER the activity of the reported catalysts is not
appealing as in the acidic medium. For instance, even the state of the art Pt/C catalyst has two
orders of magnitude lesser activity in the basic medium when compared to its activity in the
acidic medium 4. Many of the active catalysts reported for HER in alkali are constitute expensive
and scarce elements like Pt %, Rh ¢ and Ru 2. Therefore, advancement in the catalyst design,
leading to synthesis of active catalysts from the earth-abundant elements with reduced cost can

significantly boost the progress in hydrogen production via electrolysis.

In view of this, the fundamental understanding of the reaction mechanism is crucial. HER is a

two-electron process which involves adsorption of hydrogen on the catalyst surface. The Gibbs



energy of hydrogen adsorption determines the catalytic activity of the surface which in the case
of HER should be near to zero for superior activity ’. The adsorption energy is solely dependent
on the electronic structure of the surface which can be engineered to promote reaction pathways
with lower energy barriers by doping of suitable elements 8. Doping of more than one element
has been demonstrated to be effective in tuning the adsorption energies of catalysts for HER 8,
Furthermore, the efficiency of the catalyst depends on both the quantity of the active sites and
the efficiency of the single active site °. Therefore, the choice of dopants and the concentration of

the dopants will play a decisive role in designing a bifunctional catalyst.

In this context, Ni is one of the suitable metals among the earth-abundant elements to be a host
for doping owing to its energy of hydrogen adsorption (AG = -0.28 eV) ° on (111) plane. By
doping elements with positive hydrogen adsorption energies, the AGn for nickel could be tuned
to be near zero which is ideal for hydrogen evolution catalyst. Further, computational studies by
Greeley et al. suggest the plausible boost in the HER performance of nickel by doping of atoms
with positive adsorption energies such as copper, silver, and bismuth 7. Also, NiFe based
catalysts have been reported to exhibit high activity towards hydrogen evolution 1. Inspired by
these findings, we chose earth-abundant copper and iron as dopants to tune the catalytic activity
of nickel. Cu, Fe co-doped Ni(OH)2 nanowires were synthesized by the hydrothermal process in
the first step followed by thermal reduction in hydrogen gas to form Cu, Fe co-doped nickel
porous networks. The sample consists of highly porous clusters of ~ 1 um with pore size of 10
nm - 100 nm and comprises nanoparticles of about 80 nm. The doping concentration of Cu and
Fe were varied to optimize HER activity. The NiCuo.osFeo.025 porous networks (hereafter referred
as NiCuo.osFeo.02s PNW) with 2.5% doping of Fe and 5% of Cu showed the best performance by

achieving a current density of 10 mA cm?2at 60 mV for HER with a Tafel slope of 60.8 mV dec™



in 1 M KOH solution and exhibited high specific activity of 0.1 mA cm?gcsa) at 117 mV
overpotential. The density functional theory calculations reveal the shift of d-bands of nickel to
lower energy levels resulting in the lowered hydrogen adsorption energy (AGH = -0.131 eV)
which is close to AGH for Pt (-0.09 eV), achieved via co-doping of Fe and Cu into Ni lattice, thus
promoting enhanced hydrogen evolution. Thus, enhancement of HER activity of Nickel via co-
doping of Cu and Fe is demonstrated by experiments and theoretical calculations. When operated
at 10 mA cm for 20 hours the catalyst displayed negligible loss in the performance revealing
excellent stability. Further, the precursor NiCuo.osFeo.025(OH)2 nanowires exhibit reasonable
oxygen evolution reaction (OER) activity with overpotential of 270 mV at 10 mA cm. When
NiCuo.osFeo0.025(OH)2 is used as an OER catalyst and coupled with NiCuo.osFeo.02s PNW for
overall water splitting the NiCuo.osFeo.025 || NiCuo.osFeo.025(OH)2 cell reaches current density of 10
mA cm? at 1.491 V outperforming Pt/C || RuO2 couple and offers modest stability when
operated at 20 mA cm for 30 hours. This work demonstrates synthesis of active electrocatalysts

for water splitting from earth-abundant elements by multi-element doping.

EXPERIMENTAL SECTION

Chemicals. Nickel (I1) sulphate hexahydrate (NiSO4.6H20, Sigma Aldrich), Copper (I1) sulphate
pentahydrate (CuSO4.5H20, Sigma Aldrich), iron (lll) nitrate nonahydrate (Fe(NOz3)3.9H20),
Urea (NH2CONHz, Sigma Aldrich), Pt/C 20% wt. (Fuel cell research) and Nafion (5% solution,
Sigma Aldrich) were used without further treatment.

Synthesis of Cu, Fe co-doped Ni(OH)2 nanowires. Cu, Fe co-doped Ni(OH)2 nanowires were
synthesized by typical hydrothermal method. 2 mmol of NiSO4.6H20 was dissolved in 30 ml DI

water. Later CuSO4.5H20 and Fe(NOs)3.9H20 were added corresponding to the doping



concentration of Cu and Fe. To the above solution 10 mmol of urea was added and dissolved
under magnetic stirring for 15 minutes. The solution was transferred to a 45 ml stainless-steel
Teflon-lined autoclave and heated in an electric oven at 120 °C for 12 hours. After the oven
cooled down to room temperature the samples were washed with distilled water and ethanol 3

times and dried in oven at 60 °C for 12 hours.

Synthesis of Cu, Fe co-doped Ni PNW. Cu, Fe co-doped Ni(OH)2 nanowires powder was
transferred to an alumina boat and annealed in a tube furnace with hydrogen gas. The thermal

reduction of hydroxides was done at 400 °C for 2 hours with a ramping rate of 3 °C per minute.

Sample Characterization. The phase of the synthesized samples was determined using
Shimadzu XRD-6000 with Cu-K, radiation (A = 1.5406 A) operated at 40 kV and 30 mA. The
synthesized samples were dispersed in ethanol and was drop-cast on a glass slide and used for
the measurement. JEOL field emission scanning electron microscope (JSM-7600F, JEOL Ltd.
Tokyo, Japan) was used to image the nanostructures formed during the synthesis and for energy-
dispersive X-ray spectroscopy (EDX) analysis. High-resolution imaging, elemental mapping,
EDX analysis, and high angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) were performed by TEM (JEOL JEM 2100, 200 kV). The surface composition
of the samples was studied by X-ray photoelectron spectroscopy from Theta Probe electron
spectrometer. The composition of the sample was estimated using Inductive coupled plasma -
optical emission spectrometer (PerkinElmer Optima 8000) in which average of three

measurements was considered for estimation of concentration of each element.



Electrochemical measurements. The electrochemical measurements were done using Solartron
analytical equipment (Model1470E). For the powder samples, 5 mg of powder was dispersed in
950 ul of isopropanol (IPA) and 50 ul of Nafion solution and ultra-sonicated for 1 hour. 5-40 pl
of this uniform dispersed slurry was drop cast on a glassy carbon electrode (GCE-3mm) and
allowed to dry. The tests for HER performance were conducted using a typical 3 electrode
system with Hg/HgO as the reference electrode and Pt mesh as the counter electrode for OER,
carbon electrode as counter electrode for HER, and 1 M KOH as the electrolyte. The HER
performance was measured by linear sweep voltammetry (LSV) from -0.7 V to -1.7 V vs
Hg/HgO at 2 mV per second, and OER performance was measured from 0 V to 1 V vs the
reference electrode at 1 mV per second. The measured potential was converted to potential vs.
reversible hydrogen electrode (RHE) by using the relation EvsrHe = EvsHgHgo + 0.098 + 0.059*
pH. The durability tests were carried out by chronopotentiometry test by applying a constant
current density of 20 mA cm for 30 hours and measuring the voltage during the process for
overall water splitting and applying constant current density of 10 mA c¢cm for 20 hours for
HER. For XRD and SEM characterization of post-stability test samples, the catalyst slurry was
coated on carbon cloth and chronopotentiometry test was repeated as described above. To
estimate the electrochemical active surface area (ECSA) of the samples, cyclic voltammetry
(CV) scans were performed between 0.674 V to 0.774 V vs. reference hydrogen electrode at
various scan rates from 2 mV/s to 12 mV/s (Supporting Information Figure S5a-b). The
difference between the current densities at 0.724 V during the forward and reverse scan (janodic —
Jeathodic) Was plotted against the scan rate. The slope of the plot equals twice the double layer
capacitance (Supporting Information Figure S5¢) Ca. The roughness factor was calculated by

dividing the Ca by the specific capacitance (40 uF cm™) which was later used for ECSA



normalization 2. EIS measurements were done in Autolab PGSTAT302 (Eco Chemie,
Netherlands) potentiostat by varying the frequency from 100 kHz to 0.1 Hz with an amplitude of
10 mV. The solution resistance Rs was estimated from the x-intercept of the plot of -Z” vs Z’ in

the high-frequency range which was later used for the iR correction.

Computational methods.
All the calculations were adopted by density functional theory (DFT) methods and implemented
in the Vienna Ab initio Simulation Package (VASP)® code. The electron-ion interaction was
described by using projector augmented wave (PAW) method'*. And the exchange-correlation
was calculated by the generalized gradient approximation (GGA) functional as parametrized by
Perdew-Burke-Ernzerhof (PBE), while a 400 eV cutoff energy for plane-wave basis set was used
for valence electrons calculation. Self-consistent field (SCF) calculations were performed with
the force convergence criterion and energy of 0.02 eV A7 and10® eV, respectively. The
Brillouin zone was sampled by using a 6x6x1 Monkhorst-Pack k-point mesh in the structure
optimization. Moreover, to avoid the interactions between two adjacent periodic structures along
the direction perpendicular, a vacuum thickness was selected to be 20 A. In all cases, spin-
polarized considerations were taken into account.

The Gibbs free energy (AGH) of hydrogen atoms adsorption on metal-doped Ni (111) surfaces
was calculated by:

AG, =AE,, + AE,; —TAS, Q)

the AEzre and ASwH are difference in zero-point energy and entropy between the gas phase and
adsorbed state, respectively. AEnn is the chemisorption energy of the nth H atoms, which was

given by:
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where Em+nn and Em+(n-1)H are the total energy of metal-doped Ni (111) surfaces with n' and (n-
1) H atoms adsorption. And Enz is the total energy of molecule hydrogen in the gas phase. The
calculated frequencies of Hz gas are 4345 cm 1,58 cm™, and 42 cm™, which agrees well with
previous studies *°. While the AZPE is calculated to be 0.04 eV for H atom adsorption on Ni

(111) surfaces, which do not differ notably with the adsorption sites and the doping of different
metal atoms. The hydrogen adsorption entropy can be written as AS, = %5112, in which Shzis the

entropy of hydrogen molecule in the gas phase at temperature of 300 K under a pressure of 1 bar

'8 In conclusion, the value of AEzpe-TASH is equal to 0.245 eV.

RESULTS AND DISCUSSION

Characterization of Cu, Fe co-doped Ni porous nanoclusters.

The hydrothermal process was used to synthesize Cu, Fe doped Ni(OH)2 nanowires. In a typical
synthesis, nickel (11) sulfate, copper (Il) sulfate and iron (I11) nitrate were dissolved in DI water
along with urea. The molar ratio of Ni: Cu: Fe was varied to study the effect of doping
concentration on catalytic performance. The solution was hydrothermally treated at 120 °C for 12
hours. The synthesized hydroxide nanowires were annealed in hydrogen furnace at 400 °C to

transform to porous networks (see Experimental Section for details).

To study the effect of doping of Cu and Fe separately on activity for HER, a series of samples
were synthesized with varying doping compositions. Firstly, the Cu doping concentration was
varied from 1% to 10% to find the optimum doping concentration. Later, the Cu doping

concentration was fixed at 5% and Fe doping concentration was varied from 1% to 5%. X-ray
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diffraction measurements were carried to investigate the phase and crystallinity of the
synthesized powder. The diffraction peaks of all the samples as shown in Figure la and
Supporting Information Figure Sla-b, located at 44.48°, 51.83° and 76.35° are assigned to (111),
(200) and (220) planes of nickel (PDF no. #040032941). Identical peaks in all the samples reveal
the homogeneous distribution of dopant atoms (Cu and Fe) in the nickel lattice. The inductive
couple plasma-atomic emission spectroscopy studies on the NiCuo.osFeoo2s PNW sample
confirms the formation of alloy with composition very close to the expected composition from
synthesis as shown in Supporting Information Table S1. X-ray photoelectron spectroscopy (XPS)
studies were carried out to investigate the surface chemical composition and the chemical states
of the constituent elements for the NiCuo.osFeoo2s PNW. XPS survey spectrum (Supporting
Information Figure S2) reveals characteristic peaks corresponding to Ni, Cu, Fe, and oxygen.
The core-level XPS spectra of Ni 2p, Cu 2p, and Fe 2p are shown in Figure 1b-d. For Ni 2p
spectrum two distinct sets of peaks can be observed corresponding to distinct oxidation states of
nickel. The peaks at 852.6 eV and 870.3 eV correspond to Ni (0) oxidation state 1”. The Ni 2pas
peak at 855.7 eV along with Ni 2p1/2 peak at 873.3 eV with spin-orbit splitting energy of 17.6 eV
and characteristic satellite peaks at 861.2 eV and 879.8 eV indicate Ni?* oxidation state '8
Similarly, peaks at 932.7 eV and 952.3 eV in the Cu 2p spectrum correspond to Cu (0) oxidation
state. The smaller peaks at 934.6 eV and 954.5 eV along with satellite peaks at 941.3 eV and
944.3 eV indicate the existence of Cu?* °. Furthermore, Fe 2p spectrum reveals small peak at
706.8 eV corresponding to Fe (0) state 7 and larger peaks at 711.6 eV and 724.3 eV confirm the
presence of oxidized Fe species. Thus, the surface composition of the catalyst reveals the partial
oxidation of the metallic surface and confirms the presence of all the three metals Ni, Fe, and Cu

on the catalyst surface.
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The morphology of the synthesized samples was studied using Field emission scanning electron
microscopy (FESEM). The FESEM images of Cu, Fe co-doped Ni(OH)2 reveals the formation of
thin nanowires as depicted in Supporting Information Figure S4. After the reduction in the tube
furnace with hydrogen flow, the nanowires are transformed to highly porous network clusters of
~ 1 um comprising numerous nanoparticles of ~ 80 nm as shown in Figure 2a-b and Supporting
Information Figure S3a-b. The transmission electron microscope (TEM) images shown in Figure
2¢ and Supporting Information Figure S3c illustrate the porous network morphology with
abundant pores throughout the structure with the dimensions between 10 nm and 100 nm. The
porous network morphology is suitable for catalytic activity owing to high surface area and

enhanced diffusion of electrolyte for better charge transfer and greater exposure of active sites.
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Figure 1. (a) XRD spectrum of NiCuoosFeoo2s PNW, High resolution XPS spectrum of
NiCuo.osFeo0.02s PNW in (b) Ni 2p region, (c) Cu 2p region and (d) Fe 2p region.

The high-resolution transmission electron microscope (HRTEM) image (Figure 2d) for the
NiCuo.osFeo.02s PNW reveal interplanar spacing of 0.203 nm corresponding to the exposed (111)
plane of nickel (PDF no. #040032941). Further, the selected area electron diffraction pattern
(SAED) reveals polycrystalline nature of the material with multiple bright spots and rings

corresponding to (111), (200) and (220) planes of Ni (Supporting Information Figure S2b).
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Figure 2. Field emission scanning electron microscopy images of (a-b) NiCuo.osFeo.02s PNW, (c)
transmission electron microscopy image, (d) HRTEM image and (¢) HAADF-STEM image and
(f-h) corresponding STEM-EDX elemental mapping images of NiCuo.osFeo.025s PNW.

The high angle annular dark-field (HAADF) image and corresponding scanning transmission
electron microscope energy dispersive X-ray spectroscopy (STEM-EDX) elemental mapping
images as shown in Figure 2e-h confirm the homogeneous distribution of Ni, Fe and Cu atoms

throughout the nanocluster.

Optimization of the doping composition and catalytic activity of NiCuo.osFeo.02s PNW.
To investigate the effect of Cu doping concentration on the performance of catalyst for hydrogen
evolution reaction (HER), four different samples were synthesized with Cu doping

concentrations of 1%, 2%, 5%, and 10%. The catalytic performance was measured in 1 M KOH
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solution in a typical three-electrode cell with Hg/HgO as the reference electrode and graphite
counter electrode and catalyst loaded glassy carbon electrode as the working electrode. To
minimize the capacitive current during the tests, a low scan rate of 2 mVs* was used. . To
investigate the effect of mass loading on the catalytic performance the variation of overpotential
at 10 mA cmwas measured. All the overpotentials reported here are with respect to reference
hydrogen electrode. Supporting Information Figure S5 illustrates the variation of overpotential
for HER with mass loading for Ni PNW, NiCuo.osFeo.02s PNW, and Pt/C catalysts. Based on the
results the mass loading corresponding to the saturation region in the plot was used for further
studies viz. 1.8 mg cm™ for Cu, Fe co-doped Ni PNW, 2.4 mg cm™ for Ni PNW, and 0.4 mg cm’

2 for Pt/C catalyst.

Supporting Information Figure S6a depicts the linear sweep voltammetry (LSV) curves for HER
with iR correction. The catalysts with 1% (NiCuo.o1) and 2% (NiCuo.02) Cu doping concentrations
reach current density of 10 mA cm at overpotentials of 90 mV and 86 mV, respectively,
exhibiting enhanced activity compared to the pristine nickel PNW which has high overpotential
of 123 mV and Tafel slope of 137.45 mV dec™* (Figure 3a-b). On further increasing the doping to
5% (NiCuo.05), active HER catalyst is obtained with a low overpotential of 74 mV and Tafel
slope of 61.8 mV dec™ (Figure 3a-b). However, further increasing the doping concentration to
10% (NiCuo.1) does not improve the HER activity, as seen from the increased overpotential of 87
mV at 10 mA cm? (Supporting Information Figure S6a). The results indicate a positive
improvement in the HER performance with Cu doping concentration up to 5% (Supporting
Information Figure S6b). Further, to investigate the effect of Fe doping on the catalytic activity
Cu doping concentration was fixed at 5%, while the Fe doping concentration was varied from

1% to 5%. The HER LSV curves depicted in Supporting Information Figure S6c reveal that
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NiCuo.osFeo.01 (1% Fe doping) and NiCuo.osFeoozs (2.5% Fe doping) catalysts show excellent
HER activity with low overpotentials of 70 mV and 60 mV at 10 mA cm?2, respectively.
However, on the further increase of Fe doping concentration, the HER performance is slightly
reduced indicating no positive improvement, as revealed from the higher overpotential of 84 mV
for NiCuo.osFeo.os PNW. Thus, among the Cu, Fe co-doped PNW, NiCuo.osFeo.02s PNW exhibits
the best HER activity with a low overpotential of 60 mV@10 mA cm?and Tafel slope of 60.8
mV dec* outperforming both pristine Ni PNW and Cu-doped PNW (Figure 3a-b). The activity of
the NiCuo.osFeo.02s PNW is slightly inferior to that of Pt/C (20% wt. loading) catalyst, which
reaches 10 mA cm2at a low overpotential of 30 mV and Tafel slope of 32 mV dec™®. A modest
Tafel slope of 60.6 mV dec? indicates the Volmer reaction as the rate-determining step (Ecat +
H20 - EcatHags + OH). The electron impedance spectroscopy (EIS) plots (Figure 3c) also reveal
large charge transfer resistance for Ni PNW, which in contrast is significantly lower in the doped
samples. This further indicates the enhanced charge transfer kinetics achieved through doping.
The NiCuo.osFeo.02s PNW reaches high current density of 100 mA cm at a low overpotential of
130 mV surpassing the activity of the noble metal Pt/C (20% wt.) catalyst revealing good mass
transfer kinetics at higher potentials. The activity of NiCuo.osFeo.02s PNW is impressive when
compared to recently reported earth-abundant catalysts as observed from Supporting Information
Table S4. Furthermore, NiCuoosFeoo2s PNW exhibits negligible loss in performance when
operated at a constant current density of 10 mA cm for 20 hours (Figure 3d) revealing excellent
stability of the catalyst. The FESEM image (Supporting Information Figure S10) of the catalyst
after the chronopotentiometry test reveals that the porous network morphology is preserved even
after long term electrocatalysis. Further, the phase of the catalyst as observed from the XRD

pattern (Supporting Information Figure S9) after the chronopotentiometry test remained same as
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Pt/C catalysts in 1 M KOH solution and their corresponding (b) Tafel slopes, (c) EIS plots at -1

V vs Hg/HgO, (d) Chronopotentiometry test at constant current density of 10 mA cm for 20

hours.

To get further insight into the origin of activity the catalyst, the specific activity of the pristine Ni

PNW and NiCuo.osFeo.02s PNW were estimated by computing the normalized current density with

respect to the electrochemical active surface area (ECSA) of the catalysts. The ECSA was

estimated from the cyclic voltammetry (see Experimental section for details). The plot of ECSA

normalized current vs overpotential is illustrated in Supporting Information Figure S8. The
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NiCuoosFeoo2s PNW shows high specific activity of 0.1 mA cm?gcsa) at a very low
overpotential of 117 mV whereas the Ni PNW requires overpotential of 220 mV to reach the
same activity. Interestingly, the double-layer capacitance (Ca) of 23.55 mF cm? for
NiCuo.osFeo.02s PNW is only slightly larger than Car of 20.35 mF cm for Ni PNW (Supporting
Information Figure S7c) revealing a minimal increase in the electrochemical active surface area
by doping. Thus, we can conclude that the improvement in the catalytic activity of the doped
NiCuo.osFeo.02s PNW is primarily due to enhanced intrinsic activity of the active sites achieved

via co-doping of Cu and Fe.

Density functional theory calculation.
To investigate the intrinsic properties and determine the active sites of pristine Ni nanosheets and

after metal doping, the density functional theory (DFT) calculation was conducted first. Ni
belongs to face-centered-cubic (fcc) structures, which contains four Ni atoms in one bulk unit
cell as shown in Supporting Information Figure S11a. The lattice constants are a=b=c=3.51 A
with the initial band length dnini are 2.48 A, the result are in a good agreement with
experimental data and other theoretical works 2. In this study, the Ni (111)-surface was selected
to investigate HER performance. Because it has been demonstrated highest stability among the
low-index surfaces of most fcc metals in previous DFT studies 2*. The top view and side view of
optimized Ni-(111) nanosheet with a thickness of ~12 A are shown in Figure 11b-c, respectively.
To determine the catalytic active sites on Ni-(111) nanosheet, different adsorption sites on the
surface were considered, in which the most energetically preferable adsorption sites will be
selected to describe the HER reactions. Owing to its surface geometry symmetry, there are three
possible adsorption sites: top of Ni (S1), the Ni fcc hollow sites (S2), and Ni hcp hollow sites
(S3). The favorable adsorption sites for H adsorbates are determined by the adsorption energy

AE. The calculated AE of the fcc hollow sites (-0.50 eV) and hcp hollow sites (-0.49 eV) are
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negative than top Ni sites (0.08 eV) as listed in Supporting Information Table S2, proving that
the hollow sites (including fcc and hcp hollows) are more thermodynamically preferred for
hydrogen adsorption. Additionally, the sites on the bridge between two top Ni atoms are also
considered but are found to quickly physically adsorb to the top of Ni sites (S1). This results are
agree with previous DFT studies 2.
According to thermodynamics, the Gibbs free energy (AGr) for hydrogen adsorption could be a
general criterion for HER activity evaluating. For one ideal catalyst, its AGn should be close to
zero. The HER free energy diagram for pristine Ni are illustrated in Figure 4a and also listed in
Supporting Information Table S3. The AGn are -0.258 eV for pristine Ni (111) nanosheets,
which is not meet the advanced HER catalysts requirement. As we all know, alloying plays an
important role in the enhancement of HER performance, Therefore, the Fe-, Cu- and Cu, Fe-
doped Ni alloy are also evaluated. As shown in Supporting Information Figure S12, when single
metal atoms M (M= Fe or Cu) replace the surface Ni atoms, three types of Ni atoms were
examined: top of Ni (S1), Ni fcc sites (S2) and Ni hcp sites (S3). For Cu, Fe co-doped Ni alloy,
five possible configurations are considered. The results show that all the single metal atoms
prefer to replace the top Ni atoms for their lower total energy and Cu, Fe atoms prefer to replace
two top Ni atoms for co-doped Ni alloy formation. The forming energy (E) is calculated by:

E¢ =EnviNi-Epristine-Ni THENi-NEy 3)
where the Eyini and Eyigineni are the total energy of M-doped Ni alloy and pristine Ni

nanosheets, respectively; while Ey; and E\; are the energy of individual Ni and M atoms in their
stable solid phases; and n means the number of substituted Ni atoms. The calculated formation
energies are -0.59 eV, -0.29 eV and -0.84 eV for Fe-, Cu- and Cu, Fe- doped Ni alloy,

respectively. The negative values of the forming energy indicate the alloys are energetically
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favorable. Cu, Fe co-doped Ni alloy has the lowest forming energy thus demonstrating easier
alloy formation.

The HER free energy diagrams for all Ni alloy are illustrated in Figure 4a and listed in
Supporting Information Table S3. Due to the change of symmetry of surface geometry, the AGH
for six active sites are calculated: top of the doping metal atoms (S1), Ni fcc sites (S2), Ni hcp
sites (S3), the top Ni near the doping metal atoms (S4), the amphiposition top Ni atoms (S5 and
S6). Similar to pristine Ni nanosheets, the H atoms thermodynamically preferred to adsorb on S2
sites for its lower AGwn. The values of AGH increases from -0.258 eV for H adsorbed on pristine
Ni nanosheets to -0.208 eV and -0.190 eV for Fe- and Cu- Ni alloy, respectively. The calculated
AGH values become closer to the optimum value (0 eV) with the doping of Fe and Cu, which
indicates doping of metal atoms can greatly assists the HER performance. Remarkably, the AGH
for Cu, Fe co-doped Ni alloy is -0.131 eV, which shows excellent electrocatalytic performance
thus better than pristine Ni and other single metal-doped alloy. The result also shows that the
doped metal enhances the HER performance of the adjacent regions and not affect the remoter

regions, as the AGw for S5 and S6 sites remain ~0.32 eV.
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Figure 4. The free energy diagram for H atoms adsorbed on (a) pristine, (b) Fe-, (c) Cu-, (d) Cu,
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Figure 5. The Projected 3d-orbital density of states of Ni atoms (S2 sites) for (a) pristine, (b) Cu-,
(c) Fe-, (d) Cu, Fe- doped Ni nanosheets. The red dotted lines correspond to €s. Spin-polarization
was considered as the yellow lines represent the €d for spin on while the green lines show the €d
for spin down. (e-f) The relationship between d-band center and Gibbs free energy (AGH) for

both spin on and spin down.

According to the d-band theory %, the binding of adsorbates with metals can be determined by

the antibonding state occupancy which formed between the valence state of adsorbates and d
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state of transition metal. Thus, the d-band center can be used to indicate the reactivity of metal
catalysts from their electronic properties, and the closer the d-band center to transition metal d
state’s Fermi energy level, the higher metal reactivity 2*. In this study, for H atoms adsorbed on
the Ni nanosheet (111) surface, the Ni atoms 3d orbital directly participates in the binding with H
atoms. The d-band center of pristine and doped Ni nanosheets can be calculated from their

projected density of states using the equation (4):

_ e xp(odx
4T R pax

(4)
where, p(x) is the PDOS at the energy of x, which is shown in Figure 5a-d. The integral domain
was set to be -2 eV to 0 eV of Ni 3d-orbital states, representing the closest region near the Fermi

energy. And the bonding energy Ae of H atoms on Ni nanosheets can be given by 25

2

Ag o — (5)

lea—esl
V is the coupling matrix element and which can be assumed as a constant value; g is the
adsorbate states energy level and can be set to 0 eV. Thus, it can be concluded that the initial
bonding energy will increase with the |e; — &.| value decreased.
The calculated €, (denoted as yellow lines for spin-on and green lines for spin down) shifts to
lower energy levels with the doped of Cu-, Fe- and Cu, Fe-, thus demonstrating a weaker binding
of the metal surface with adsorbates. Moreover, a quite clear linear trend of Gibbs free energy
(AGH) with g4 for both spin-on and spin down are shown in Figure 5e-f. It can be also concluded
that: (i) the approximately lines present a decrease trendy as d band center shift to higher energy
level; (ii) the d band center are in the range of -1.19 eV to -1.250 eV for spin-on and -1.138 eV to
-1.268 eV for spin down, respectively. The similar d band center values indicate close AGH

values (-0.208 eV to -0.131 eV). (iii) as the pristine Ni nanosheets show stronger adsorption to H
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atoms (AGH=-0.258 eV), the a little left shift of ¢, for Cu-, Fe- and Cu, Fe-doped Ni alloy will
thus greatly facilitate the simultaneous adsorption of hydrogen, which enhance the HER

performance.

Overall water splitting performance:
It is well known that NiFe based hydroxides are active for oxygen evolution in alkaline medium

% 26 Therefore, we investigated the OER performance of precursor NiCuo.osFeoo25(OH)2
nanowires for the oxygen evolution reaction. The NiCuo.osFeoo2s(OH)2 nanowires exhibited
reasonable oxygen evolution activity, with overpotential of only 270 mV at 10 mA cm™
(Supporting Information Figure S13). Encouraged by this, the overall water splitting cell was
constructed using these two active catalysts. Figure 6a depicts the performance of the
synthesized catalysts in comparison with state-of-the-art Pt/C and RuO: catalysts. The
NiCuo.osFeo.02s || NiCuo.osFeoo2s(OH)2 cell reaches 10 mA cm? at 1.491 V showing activity
similar to that of Pt/C || RuO2 couple. Furthermore, NiCuo.osF€o.025 || NiCuo.osFeo.025(0OH)2 cell
achieves high current density of 100 mA cm at extremely low voltage of 1.528 V while the Pt/C
|| RuO2 couple requires 1.59 V for the same. In comparison with many of the reported
bifunctional catalysts, NiCuo.osFeo.02s || NiCuo.osFeoo25(OH)2 catalyst couple exhibits excellent
overall water splitting performance as seen from the Supporting Information Table S5.
Furthermore, chronopotentiometry test at 20 mA cm™ for 30 hours for NiCuo.osFeoozs ||
NiCuo.osFeo.025(OH)2 cell showed minimal loss in activity (Figure 6b) indicating the modest
stability of the catalysts for overall water splitting. Since, both HER and OER catalyst in our
design contain same elements (Ni, Cu, and Fe) fabrication of electrolyzers can be significantly
simplified 2/, subsequently reducing the production and maintenance cost required for the

commercial application. Thus, through optimized doping of Fe and Cu into Ni, earth-abundant
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catalyst couple NiCuo.osFeo.025 || NiCuo.osFeo.025(OH)2 with a catalyst performance better than the

state of the art (Pt/C || RuOz2) catalyst is achieved.
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Figure 6. (a) Overall water splitting performance of NiCuo.osFeo.025 || NiCuo.osFeo.025(OH)2 cell in
comparison with Pt/C || RuOzcell, (d) Chronopotentiometry test for the overall water splitting by
using NiCuo.osFe0.025 || NiCuo.0sFe0.025(OH)2 cell.

CONCLUSIONS

In conclusion, Cu, Fe co-doped Ni PNW is synthesized which exhibits excellent activity for
hydrogen evolution in 1 M KOH solution. An investigation into the effect of doping
concentration of Cu and Fe reveals that doping concentration of both the elements is critical to
catalyst performance. After investigating various doping compositions, we conclude that the
catalyst with 5% Cu doping and 2.5% Fe doping exhibits the best HER activity. The HER
activity of NiCuo.osFeo.02s PNW is evident from the low overpotential of 60 mV to reach 10 mA
cm current density at a Tafel slope of 60.8 mV dec™! and excellent stability when operated for
20 hours. Further, the NiCuo.osFeo.02s PNW displays high specific activity of 0.1 mA cm?gcsa) at
a low overpotential of 117 mV. The DFT calculations reveal the shift of d-band center to lower
values due to co-doping of Fe and Cu. Consequently, the hydrogen adsorption energy of Ni is
changed from -0.258 eV in the pristine Ni to -0.131 eV for the Cu, Fe co-doped Ni which is very
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close to AGH for Pt (-0.09 eV) 1° leading to optimized hydrogen adsorption suitable for high
catalytic activity. When NiCuo.osFeo.025(OH)2 nanowires is used as OER catalyst and coupled
with NiCuo.osFeo.02s PNW for overall water splitting the cell requires only 1.491 V to reach 10
mA cm2 current density and is stable when operated at 20 mA cm for 30 hours. In conclusion,
this study demonstrates a novel way of catalyst design and synthesis involving more than one
dopant atoms to achieve an optimized electronic structure to promote active hydrogen evolution

for water splitting.
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