Research Article

<

& Cite This: ACS Catal. 2018, 8, 5621-5629

pubs.acs.org/acscatalysis

Tuning Electronic Push/Pull of Ni-Based Hydroxides To Enhance
Hydrogen and Oxygen Evolution Reactions for Water Splitting

Qinghe Zhao," Jinlong Yang,T Minggiang Liu, Rui Wang, Guangxing Zhang, Han Wang, Hanting Tang,
Chaokun Liu, Zongwei Mei, Haibiao Chen, and Feng Pan*

School of Advanced Materials, Peking University, Shenzhen Graduate School, Shenzhen 518055, People’s Republic of China

© Supporting Information

ABSTRACT: Enhancing the efficiency of non-noble electro-
catalysts in hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) for water splitting remains a
challenging task. Herein, we report an electronic push/pull
effect of Co and Fe doping on the HER and OER performance
of Ni-based hydroxides as revealed by thorough cyclic
voltammetry and X-ray photoelectron spectroscopy analysis.
A Fe dopant pulls partial electrons from nearby Ni/Co active
sites resulting in a higher electron affinity at the Ni/Co sites to
facilitate OH™ adsorption and charge transfer from the
adsorbed OH™ for OER. In contrast, a Co dopant tends to
push its partial electrons to nearby Ni sites and increase the
number of lattice 0>~ as proton adsorption sites, which lead to
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faster charge transfer for HER. By adjusting the contents of Co/Fe dopants in Ni-based hydroxides, we were able to tune the
electronic configuration of the catalyst and to optimize the OER and HER performance specifically. An optimized catalyst with a
composition of Niy3Co,Fey;0,H, showed excellent OER performance with an overpotential (7) of 239 mV at 10 mA-cm ™2 and
a Tafel slope of 45.4 mV-dec™". The HER performance was optimized with a catalyst composition of NiyoCo,;0,H, and reached

Y

an 77 of 85 mV at 10 mA-cm™ and a Tafel slope of 84.5 mV-dec™". Overall water splitting with NipsCoy,1Feg;0,H, as the anode
and NiyyCo;O,H, as the cathode was demonstrated at a low potential of 1.58 V at 10 mA-cm ™2, Utilizing the electronic push/
pull effect by dopant elements provides a new pathway for the design and optimization of the transition hydroxides as HER and

OER catalysts.

KEYWORDS: Ni-based hydroxide, electrodeposition, electronic push/pullwater splitting

B INTRODUCTION

The electrochemical water splitting to generate hydrogen and
oxygen gases provides a probable pathway to store electricity
from renewable sources, and it involves oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER)."™
However, current commercial electrocatalysts for water splitting
still require a potential of 1.8—2.0 V, which is significantly
greater than the theoretical 1.23 V.'~"*The large overpotential
() is attributed to both the sluggish OER and the facile HER.
To minimize the 7 at both electrodes to improve the efficiency
of overall water splitting, novel electrocatalysts with high
activity are required and related mechanism needs to be
understood. Presently, the outstanding HER and OER catalysts
are mostly based on noble metals, such as Pt, Ru, Ir, and their
alloys or compounds, which are scarce and costly for
application on a large scale.'””"* Transition metal (M = Fe,
Co, Ni, and Mn, etc.) compounds can be the candidate
catalysts for overall water splitting, owing to their earth
abundance, low-cost, and promising catalytic performance.">~"”
Among them, Ni-based hydroxides are stable and have good
electrocatalytic activity toward both OER and HER; thus, the
two electrode reactions can be paired together in an integrated
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electrolytic cell in practical applications.”™** For example, a
water electrolytic cell was assembled using bifunctional (HER/
OER) Fe-doped Ni-based hydroxide electrocatalysts, and it was
able to operate at a cell voltage of 1.7 V at 10 mA-cm™” in an
alkaline medium, showing attractive performance for practical
applications.'**

Multimetallic cation doping was considered to be effective in
tunin§ the electrocatalytic activity at the atomic
level.'>'*!72#733 In general, mixed metal (Fe, Co, Ni)
oxides/hydroxides can exceed corresponding single metal
oxides/hydroxides in OER catalysis, possibly owing to altered
charge distribution between different metal cations and
optimized oxophilicity (e.g, M—OH bond strength), which
are believed to facilitate the initialization of OER."”* A typical
case is that Fe doping can substantially enhance the OER
activity of Ni-based catalysts, but the role of Fe in increasing the
OER activity has not been well understood. Boettcher’s group™*
found that the conductivity of #-Ni(OH), increased by >30-
fold upon coprecipitation with Fe, and the increased activity of
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pB-Ni,_,Fe ,(OH), can be attributed to the partial charge
transfer activation effect of Fe on Ni. Bates et al.”>** revealed
that the anodic shift of the precatalytic redox reaction from
Ni(OH), to NiOOH caused by Fe incorporation was due to
the stabilization effect of Fe doping to Ni*" atoms upon more
anodic electrode potentials. Friebel et al.*'** reported that the
active sites for OER in 7-Ni,_,Fe, OOH were Ni**/* and Fe¥",
rather than single Ni site, by in situ UV—vis monitoring the
solvothermally prepared Ni—Fe(OOH)/C nanoparticles. Con-
esa et al.”' showed that Fe doping may induce partial electron
shift to Ni in mixed Ni—Fe centers, which stabilizes Ni** atoms
and promotes the formation of Fe*. Many studies™ """
indicated that Co and Fe- codoped Ni-based trimetallic catalyst
showed better OER activity than Fe-doped Ni-based bimetallic
catalyst, but there is insufficient understanding on the OER
mechanism of these trimetallic catalysts. Changing Co/Mn or
Co/Fe ratio by changing the Co*"/Co?" ratio and the oxygen
vacancies or unsaturated coordination of hydroxyls on oxides/
hydroxides surface was found to optimize the surface states and
improve OER and HER performance,”®*” but the effect of Co
doping on the water electrolysis performance of Ni-based
catalyst is rarely reported. Thus, optimizing the OER and HER
performance of Co- or/and Fe-doped Ni-based hydroxides to
enhance water-splitting efficiency and understanding the related
mechanism are interesting subjects.

In this work, we investigated the HER and OER performance
of a series of Co- and Fe-doped Ni-based hydroxide catalysts
synthesized by electrodeposition. We demonstrated that the
electronic push/pull effect of Co and Fe doping can be utilized
to enhance the HER and OER performance of the Ni-based
hydroxide catalysts in alkaline media. A systematic study
showed that the Fe dopants can pull partial electrons from the
Ni/Co active sites resulting in increased electron aflinity of the
Ni/Co sites for OER. In contrast, Co dopants tend to push its
partial electrons to the Ni sites and increase the number of
lattice O~ as proton adsorption sites, which lead to faster
charge transfer for HER. Using this approach, we identified an
optimized catalyst for OER with a composition of
Niy3CoyFey;0,H,, which demonstrated a low 7 of 239 mV
at 10 mA-cm™* and a Tafel slope of 45.4 mV-dec™! in 1 M
KOH. Similarly, we identified an optimized catalyst for HER
with a composition of NiyCo;O,H,, which demonstrated a 7
of 85 mV at 10 mA-cm™ and a Tafel slope of 84.5 mV-dec™.
Therefore, the electronic push/pull effect by multimetallic
doping can be utilized as a novel tool to develop mixed
transition hydroxides as effective electrocatalysts for water
splitting.

B RESULTS AND DISCUSSION

Change in the surface morphology of the Ni foam after catalyst
deposition is shown in Figure la. During the electrodeposition
experiment, it was observed that the silvery Ni foam gradually
turned black, indicating the successful deposition of a coating.
SEM images show that the morphologies of the films vary a lot
with the Co and Fe doping contents. The NiO,H, film has a
relatively smooth surface, while the Ni;yCo,;O,H, film exhibits
a coarse and porous morphology with a domain size between
200 and 800 nm (Figure 1b and c). With Fe doping, the
NigoFe,;O,H, film consists of nanospheres with diameters of
smaller than 100 nm, and the Ni;3Coy,Fe,,O,H, film displays
a similar morphology to that of NijzFey;0,H, (Figure 1d and
e). SEM results indicate that Co- and Fe-doped Ni-based
hydroxides exhibit rougher surfaces, which may contribute to
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Figure 1. (a) Ni foam before and after electrodeposition of Ni-based
hydroxides. SEM images of (b) NiO,H,, (c) Nig4Co,,0,H,, (d)
NiggFeq;0,H,, and (e) NigsCoyq Fey;O,H,. (f) EDS spectrum and (g)
XRD spectrum of the NiygCog;Fey;O,H, on Ni foam.

higher electrochemical surface areas compared with NiO,H,.
SEM images of Ni-based hydroxides with different Co and Fe
doping contents are shown in Figure S2—SS, and the different
morphologies may be attributed to the different solubility of
Co(OH),, Ni(OH),, and Fe(OH), in the electrodeposition
solution. EDS analysis of the chemical composition of
Nij3Cog,Fep,O.H, (Figure 1f) shows only Ni and small
content of O as EDS collects signals from a depth of ~1—5 yum
from the surface, suggesting that the catalyst film is very thin.
The BET surface areas of NiOH,, Ni;,Coo,0,H,,
NigoFey;0,H,, and NiggCoy Fey;O,H, were measured as
44.0, 66.3, 51.4, and 54.4 m*g~" (Table S1). The XRD pattern
(Figure 1g) of NiysCop,Feg;0,H, shows only the reflection
from metallic Ni, suggesting that the hydroxide was amorphous.

The electrochemically activated OER curves of NiO,H,
Nig¢Coy;0,H,, NigoFey;0,H,, and NigsCoy Feg;0,H, with
80% iR corrections in Figure 2a show that both Co and Fe
doping can enhance the OER activity of the Ni-based hydroxide
catalysts. Niy3Coy;Fey;O,H, showed the best OER perform-
ance with an 7 of 239 mV at 10 mA-cm™2, while NiO,H,
exhibited the worst OER performance with an 7 of 339 mV at
10 mA-cm ™2 To evaluate the electron transfer resistance at the
catalyst/electrolyte interface, electrical impedance spectroscopy
(EIS) was conducted from 100 MHz to 0.1 Hz operating at
0.55 V vs Ag/AgCl (Figure 2b). EIS results show reduced
charge transfer resistance (R) of hydroxides with Co and Fe
doping (3.61, 1.55, 0.50, and 0.34 Q-cm* for NiO,H,,
Ni9Coo,0,H,, NigoFey,0,H,, and Niy3Coy,Fey,0,H,, re-
spectively), and the lowest R, of Nip3Coy, Fep,0,H, indicates
the fastest charge transfer process. The long-term OER
durability tests of the NijsCoy;Fe,,0,H, hydroxide showed
very little decay in performance over S0 h of continuous
operation as shown in Figure S14. SEM images of the catalyst
(Figure S15) after OER for SO h further proved its structure
stability.

A systematic study on the OER performance of the Ni-based
hydroxide catalysts with different Co and Fe doping contents
was conducted. The detailed LSV curves, Tafel polarization
curves, and fitting curves of the EDLC are illustrated in Figures
S6—S8 and Table S3. The kinetic parameters, including # at 10
and 50 mA-cm™?, the Tafel slope, and the EDLC were plotted
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Figure 2. OER performance of Ni-based hydroxides. (a) LSV curves of NiO,H,, NipyCog,0,H,, NipoFey;0,H,, and NiysCoy,Fe,,0,H, and (b)
corresponding EIS plots at potential of 0.55 V vs Ag/AgCl; contour maps of OER kinetic parameters vs Fe and Co fractions of Ni-based hydroxides.
(¢, d) Overpotentials (77) at 10 and 50 mA cm™; (e) Tafel slope and (f) OER electric double-layer capacitance representing the electrochemically

active surface areas of hydroxides in 1.0 M KOH.

against Co and Fe contents as contour maps for better
visualization of the doping effect (Figure 2c—f). The contour
maps of 77 at 10 and S0 mA cm™ and Tafel slope vs Co and Fe
contents show a certain degree of consistency. Although at a
low content Co doping (<10%) can enhance the OER
performance, excess doping by Co may deteriorate the OER
performance, while Fe doping can obviously enhance the OER
performance. For example, Nij,Coy;0,H, shows the worst
OER performance with the highest 7 (357 mV at 10 mA cm™
and 402 mV at S0 mA-cm™>) and the highest Tafel slope (75.5
mV-dec™!), while Nij sFe,0,H, shows excellent OER perform-
ance with 7 (266 mV at 10 mA-cm™ and 300 mV at 50 mA-
cm™?) and Tafel slope (46.4 mV-dec™'). Among all
compositions, NiysCoqFeq;O,H, showed the lowest 7 (239
mV at 10 mA-cm™2 and 288 mV at 50 mA-cm™2) and the lowest
Tafel slope (45.4 mV-dec™"), which is among the best transition
metal hydroxide/oxide catalysts for OER recently reported
(Table S3). Besides, we also found that the codoping of Fe and
Co in Ni-based hydroxide tends to enhance the OER
performance as the Fe/Co ratio >1, while it deteriorates the
OER activity if the Fe/Co ratio <1. For example,
NigsCop,Fe,;O,H, exhibited the best OER performance,
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while NipsCog3Feq,0,H, showed poor OER performance
with a high 77 (303 mV at 10 mA-cm™) and a high Tafel slope
(61.0 mV-dec™"). The contour map of EDLC vs Co and Fe
contents (Figure 2f) is notably different from those of 7 and
Tafel slope, suggesting that the EDLC is not directly related to
the OER performance in our test. Considering the value of
Tafel slopes was in a range from 45.3 to 83.3 mV-dec™', the
charge transfer process from the adsorbed OH™ to the metal
active sites is likely the rate-determining step during OER,***’
which can be supported by the different contour map of EDLC
from those of # and Tafel slope.

A systematic HER study was also conducted using a three-
electrode system in 1 M KOH at room temperature. All
specimens were electrochemically activated using CV curves
before the test to reach a stable state, and 80% iR correction
was conducted for the measured HER curves (Figure 3a). It can
be observed that NijgCo,;O,H, displayed the highest HER
performance with the lowest 77 of 85 mV at 10 mA-cm ™2, while
Nig3Coy;Fey;0,H, showed the worst HER performance with a
77 of 205 mV at 10 mA-cm ™2 EIS measurements (Figure 3b)
were conducted at HER # of 0.1 V to evaluate the electron
transfer resistance at the catalyst/electrolyte interface.
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and (f) electric double layer capacitance (EDLC) of the Ni-based hydroxides vs Co and Fe fractions.

Ni(Co,0,H, exhibited the lowest R, (3.19 Q-cm®), while
N10.8C00_1Fe0_10 showed an R, of 41.84 Q-cm’ as the
highest (Table SS). The HER curves illustrate that Co doping
obviously enhances the HER performance, while Fe doping
deteriorates the HER performance of our Ni-based hydroxide
catalysts in alkaline media. Our Nij¢Coy;O,H, catalyst is one of
the best transition metal oxide/hydroxide catalysts for HER in
alkaline media recently reported (Table S6). Besides, the result
of long-term HER durability test is shown in Figure S12. The
values of NigyCog;O,H, for HER were 89 and 163 mV at
current densities of 10 and 50 mA-cm™?, respectively; such
current densities can be maintained, with little decay, over 50 h
of continuous operation, suggesting the high durability of
Nig9Co00,0,H,. In addition, the structural stability of
Nig¢Coy;0,H, is further proved by the SEM images (Figure
S14) after HER test for SO h.

LCV curves for HER were conducted on Ni-based hydroxide
catalysts with different Co and Fe doping contents (Figures
S9—S11, Table S7). Contour maps of the performance
parameters, including # required to reach 10 and 50 mA
em™? (Figure 3c, d) and Tafel slope (Figure 3e), were plotted
against dopant contents. The plots show that Nij¢Co,;0,H,
exhibits the best HER performance with the lowest 7 (85 mV at
10 mA-em™” and 158 mV at SO mA-cm™>) and Tafel slope
(84.5 mV-dec™), and Nij, 6Co0 »Feg,0,H, displayed the highest
7 (246 mV at 10 mA-cm™ and 353 mV at 50 mA -cm™2) and
Tafel slope (131.6 mV-dec™). The result indicates that Co
doping alone can enhance the HER performance, while Fe
doping can deteriorate the HER performance of our Ni-based
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hydroxide catalysts. The Tafel slope values of the Ni-based
hydroxide catalysts were between 80 and 132 mV dec™’. A
Talfel slope of ~120, 40, or 30 mV-dec™" would be expected for
the Volmer, Heyrovsky, or Tafel steps, respectively, as the rate-
determining step.”*” Based on the Tafel slope, the rate-
determining step of NigyCoy;O,H, can be both Volmer and
Heyrovsky reactions with a Tafel slope of 84.5 mV-dec™’, while
Volmer reaction dominates the HER kinetics on
Niy4Coy Fey,0,H, with a Tafel slope of 123.6 mV-dec™".""**
The Tafel slope difference between NiyoCop;0,H, and
NigsCoyFey;0,H, indicates that NijgCo,,O,H, has more
electrochemically active sites for water adsorption and
discharge (Volmer) step than Nij 3Cog,Feg, O,H,.

The electrochemically active sites for HER were clarified by
EDLC. The contour map of EDLC in Figure 3f shows similar
trend to those of 7 and Tafel slope, which suggests that the
HER kinetics of these Ni-based hydroxide catalysts are closely
related to the electrochemical surface area. For HER, the lower
values of 77 and Tafel slopes are mainly attributed to the higher
EDLC of the hydroxides in the alkaline electrolyte. Co doping
can dramatically increase the EDLC value of Ni-based
hydroxide catalysts. For example, Ni;yCo,,O,H, exhibited a
capacitance value of 103.4 mF-cm ™2 which was much higher
than that of NiO,H, (20.3 mF-cm™). Fe doping showed nearly
no effect on the EDLC of the hydroxide catalysts, and the
EDLC values were 27.0, 24.4, and 20.5 mF-cm™ for
NiyoFey,0,H,, NiygFe,0,H,, and Nij;Fe,;0,H,, respectively.
Moreover, codoping of Co and Fe obviously decreases the
EDLC value of the catalysts. For instance, NipsCog,Feq,0,H,,
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Nig4Coy,Fe30,H,, and NiycCoq;Fey;0,H, showed EDLC
values of 10.3, 14.9, and 11.0 mF cm™? respectively. More
importantly, we found the activity of Ni active sites was
enhanced by the calculations of specific activity (Figure S13).
Next, we will prove the electronic push/pull effect of Co/Fe

doping to enhance HER/OER performances of Ni-based
hydroxides thorough cyclic voltammetry and X-ray photo-

electron spectroscopy analysis.
CV measurements were used to investigate the electro-
chemical precatalytic redox behavior of Ni sites for Co- and Fe-
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doped Ni-based hydroxide catalysts in 1.0 M KOH. Figure 4a
shows the significant differences among NiO,H,
Nip9Co0010,H,, NigoFeg;0,H,, and NiysCog Feo;O,H,. It
can be observed that NiO,H, exhibits a reversible redox
(1.386/1.298 V for the anodic and cathodic scans), reflecting
the transformation between Ni(OH), and NiOOH (Ni(OH),
+ OH™ < NiOOH + H,0 + ¢7) in alkaline media.*"** With
Co doping, the redox peaks of Nij¢Co,,;O,H, negatively shifted
to 1.346 and 1.257 V vs RHE for the anodic and cathodic scans,
respectively, indicating the promoting effect of Co doping on
the oxidation reaction from Ni(OH), to NiOOH. Fe doping
caused the redox peaks of NiggFe,;O,H, to be positively
shifted to 1.397 and 1.277 V vs RHE for the anodic and
cathodic scans, respectively, indicating the depressing effect of
Fe doping on the oxidation reaction from Ni(OH), to NiOOH.
From the above results, Co and Fe doping exert opposite
effects on the redox reaction of Ni(OH),/NiOOH, indicating
that the effects of Fe and Co doping on the electronic structure
of Ni sites are different, which is reported for the first time. To
investigate any synergistic effect of Co and Fe doping on the
oxidation behavior of Ni sites in Ni-based hydroxides, the
positions of oxidation peaks from Ni(OH), to NiOOH were
plotted in the form of a contour diagram (Figure 4b). The
graph shows the obvious positive shift of the oxidation peaks as
the Fe/Co ratio >1.0, and the obvious negative shift of the
oxidation peaks if the Fe/Co ratio <1.0, which demonstrates
the opposite effect of Co and Fe doping on the oxidation
behavior from Ni(OH), to NiOOH. The opposite effects of Co
and Fe doping on the oxidation behavior from Ni(OH), to
NiOOH reflect their different effects on the electronic structure
of Ni sites, i.e,, the electronic push/pull effect of Co/Fe doping,
and it contributes to the different OER and HER performance.
The electronic push/pull effect of Co/Fe doping can be verified
by the XPS results as shown in the following section.

The electronic push/pull of Co and Fe doping can be verified
by XPS, and the detailed information on valence and chemical
states of Ni 2p and O 1s spectra are presented in Figure S. The
Ni 2p spectra can be fitted with three peaks (Figure Sa),
composed of Ni** peak at binding energy of 855.1 + 0.1 eV,
Ni*" peak at binding energy of 856.4 + 0.1 €V, and the satellite
peak at 861.4 + 0.1 eV.”'”*" We conducted a systematic study
on the doping effect of Fe and Co on the valence states of Ni
sites in Ni-based hydroxides, which gives a direct evidence for
the push/pull effect of Co and Fe doping. The ratio between
Ni** and Ni** peak areas (Ni**/Ni** ratio) was used to evaluate
the difference of valence states of Ni element in different
catalysts. Although the Ni**/Ni** ratio gives a semiquantitative
result, it can reflect a trend in the variation of the chemical
states of Ni element.

For the as-prepared samples, we observed from Figure S that
Co doping increased the Ni**/Ni** ratio, while Fe doping
decreased the Ni**/Ni’* ratio, indicating that Co dopants push
partial electrons to neighboring Ni sites, while Fe dopants pull
partial electrons from the neighboring Ni sites. To further verify
the push/pull effect of Co and Fe doping on Ni sites, we
conducted a systematic study on the dependence of the valence
states of Ni sites on the Co/Fe doping contents. With the
increasing Co doping content, the values of the Ni**/Ni*" ratio
were 0.623, 1.018, and 3.055 for NiO,H,, Nig4Cop,O,H,, and
NipsCo00,0,H,, respectively (Figure S18), and 0.390, 0.506,
0.530, and 0.784 for NigsFeo;O,H, NijsCoyFey;O,H,
Nij;Cog,Feq;O,H,, and Nig¢Cog;Fey;0,H,, respectively
(Figure S19), which can verify the electronic push effect of
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Co doping on the valence state of Ni sites. With the increasing
Fe doping content, the values of the Ni**/Ni’** ratio were 0.623,
0.390, and 0.245 for NiO,H, NigFe,,0,H, and
NiggFeq,0,H,, respectively (Figure S21), and 1.018, 0.506,
0.141, and 0.090 for NiyCoy;0,H,, NiysCoq;Fey;0,H,,
Niy ;Coo,,Fe,0,H,, and Nig¢Co,Fey,0,H,, respectively
(Figure S22), which can verify the electronic pull effect of Fe
doping on the valence states of Ni sites.

Furthermore, the electronic push/pull of Co and Fe doping
can be testified by the binding energy of O 1s spectra. Figure Sb
shows the O 1s spectra of as-prepared Ni-based hydroxide
catalysts. The O 1s spectra display three pairs of peaks
composed of the lattice 0>~ (529.6 + 0.1 eV), the adsorbed
OH™(531.3—531.8 eV), and the adsorbed H,O (532.5 + 0.1
eV).*%* The binding energy of the adsorbed OH™ can reflect
the adsorption affinity of OH™ on the Ni sites, which is largely
influenced by the electronic push/pull effect of Co and Fe
doping. It can be observed that Co doping can decrease the
binding energy of the adsorbed OH”, while Fe doping can
increase the binding energy of the adsorbed OH™. A systematic
analysis from Figure S18 to Figure S22 shows that the binding
energies of the adsorbed OH™ decrease with the increasing Co
doping content in both Ni,_,Co0,O0,H, and
Nijy_,Co,,Feg;O,H, and increase with the increasing Fe
doping content in both Ni,_,Fe,0,H, and Niyo_,Co, ,Fe,O,H,.
Therefore, we concluded that Co dopants tend to push partial
electrons to the neighboring Ni sites, resulting in a higher Ni**/
Ni** ratio and a lower electron affinity of the Ni sites, and then
the binding energy of the adsorbed OH™ decreases. Fe dopants
tend to pull partial electrons from the neighboring Ni atoms,
resulting in a lower NiZ*/Ni** ratio and a higher electron
affinity of the Ni sites, and then the binding energy of the
adsorbed OH™ increases.

The electronic push/pull effects of the Co/Fe doping on
OER/HER performances were further investigated by XPS of
the catalysts after OER/HER testing. CV curves in Figure 4a
show that in the OER region most of Ni activity sites are
oxidized to 3+, but the binding energies of Ni 2p in Figure Sc
show that there are a great number of Ni** in the catalysts after
OER. The valence of Ni site after OER is closely related to the
adsorbed OH™ on the surface, and the charge can transfer from
the adsorbed OH™ to the Ni sites. Figure 5d shows the left shift
of binding energies of adsorbed OH™ in Fe doping catalysts
after OER, which demonstrate that the pull electron effect of Fe
doping enhances their OER performance by OH™ adsorption.
However, for the single Co doping sample after OER, the
obvious lattice O~ on the surface demonstrates the opposite
push electron effect is against the OH™ adsorption. EDLC value
shows that a weak enhanced OER performance of
Nig9Coo;O,H, is due to the increase of active sites.
Interestingly, we observe that the Nij3Cog;Fe,;0,H, presents
higher binding energy of OH~ (left shift) in comparison to
Niy4Fey,0,H,. For the Niy 3Coy ;Fe,;O,H,, both Ni and Co act
as active sites for the adsorption of OH during the OER and
HER process. By analyzing Co 2p spectra of NijyCo,;0,H,
and NiysCo, Fey;0,H,, we find that the Co*"/Co*" ratio
increases as the doping of Co in addition to Fe (Figure S23).
The results indicate that Co tends to push its partial electrons
to Fe sites in NijgCog Fey;0,H, rather than Ni sites. The
generated Co®* may present electronic pull (not push) effect on
Ni sites, promote the adsorption of OH, and increase the
binding energy of OH (Figure S24). Therefore,
NigsCoyFeg;O,H, with Co and Fe codoping processes the
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Figure 6. (a) Electronic pull mechanistic schematics of OER process for the Niy3Co, ,Fe,,0, H, and (b) electronic push mechanistic schematics of
HER process for the NigyCop;0,H,. (c) Potentials of the electrolyzer at 10 and S0 mA em™ and (d) long-term durability tests using
NigsCoq,1Fep;0,H, as the cathode and Nig9Co0010,H, as the anode for SO h in 1 M KOH.

best OER performance because of the double increases of OH™
adsorption and active sites. In addition, for the samples after
HER, the Ni?*/Ni*" ratios are similar to those of the as-
prepared samples (Figure Se), but the O 1s binding energies on
the surface have changed. Figure Sf shows all OH™ adsorption
on the surfaces of Fe doping samples, but the obvious lattice
0% on the surface of Nig9Co;0,H, is attributed to the push
electron effect of Co doping, which serves as the adsorption
sites of H/H,O species and promotes the HER performance.
The detailed illustrations of electronic push/pull effect of Co/
Fe doping on OER/HER are presented in Figure 6a and 6b.
Based on the highest HER activity of NijgCo,;0,H, and the
highest OER activity of NijsCog;Fey;O,H,, thus, we assembled
a electrolyzer using NijoCoo;0,H, as cathode and
NigsCoyFeg;O,H, as anode for overall water splitting in 1
M KOH. Figure 6¢ shows that the potentials of the electrolyzer
at 10 and SO mA-cm ™2 are 1.58 and 1.72 V, respectively, and
long-time stability test (Figure 6d) shows that the electrolyzer
can be maintained over 50 h of continuous operation at such
current densities.

B CONCLUSION

In summary, Co and Fe doping exert electronic push/pull effect
on the valence state of the Ni sites in the Ni-based hydroxide
catalysts and thus influence the OER and HER performance of
hydroxides. For OER, Fe doping can pull partial electrons from
Ni/Co active sites, which increase the electronic affinity of the
Ni and Co sites to the adsorption of OH™ and promotes the
charge transfer process from the adsorbed OH™ to the Ni and
Co sites and then enhances the OER performance. The
NiysCoy 1 Fey;O,H, hydroxide showed the best OER perform-
ance with an # of 239 mV at 10 mA-cm ™ and a Tafel slope of
454 mV-dec™!, and it is one of the best OER catalysts in
transition metal hydroxide/oxides. For HER, Co doping pushes
its partial electrons to Ni site to promote the charge transfer
process from Ni site to the adsorbed H,O and increase the
number of lattice O*~ as HER active sites, and then the
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excellent HER property can be obtamed Niy4Co,,0,H,
exhibits an 77 of 85 mV at 10 mA-cm™ and a Tafel slope of
84.5 mV-dec™, and it is one of the best HER catalysts for
transition mental hydroxides/oxides in alkaline media. It is
impossible to simultaneously achieve the highest performance
in both OER and HER using a single bifunctional catalyst by
Co and Fe doping, due to the opposite electronic push/pull
effect of Co and Fe doping. We used Niy3Coy;Fey;0,H, as the
cathode and the NiyyCop;0,H, as the anode for the overall
water splitting, and the cell operates at a voltage of 1.58 V at 10
mA-cm ™2,
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