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H I G H L I G H T S

• Structure-reactivity relation of Ni1-
xFex(OH)2 was elucidated at electronic
level.

• Chromium substitution was predicted
as a promoter for OER by computa-
tional data.

• Ni1-x-yFexCry(OH)2 with superior ac-
tivity was synthesized based on DFT
prediction.

• Electronic coupling strategy provides
a principle for screening efficient cat-
alyst.
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A B S T R A C T

Developing low-cost yet highly efficient earth-abundant electrocatalysts for oxygen evolution reaction (OER) is
of great significance for industrial scale water splitting for clean hydrogen production, as well as for rechargeable
metal-air batteries. In searching for advanced catalysts, it is equally important to fundamentally understand
working mechanism and be able to rationally design and manipulate catalytic sites. Starting from the density
functional theory (DFT) calculations as a guidance, our theoretical model revealed that chromium substitution in
nickel–iron hydroxides (Ni1-xFex(OH)2) not only accelerated the charge transfer but also regulated the adsorp-
tion energy of OER intermediates to achieve optimal binding strength. Experimentally, chromium was doped
into the laminate of Ni1-xFex(OH)2, resulting in the enhanced catalytic performance for oxygen evolution re-
action, which confirmed the predictions from the theoretical data. The porous and ultra-thin ternary Ni1-x-
yFexCry(OH)2 electrocatalysts were grown directly on a nickel foam (NF) substrate, with an optimum compo-
sition Ni0.66Fe0.27Cr0.07(OH)2/NF identified, which exhibited a superior OER performance, i.e., achieving a
significant current density of 10 mA cm−2 at a low overpotential of 231 mV, a small Tafel slope (31 mV dec−1)
and an excellent stability at a highly oxidative potential of 1.68 V vs RHE in alkaline electrolyte. The com-
prehensive study involving both theoretical and experimental results in this work provides an insightful gui-
dance in designing efficient OER catalysts for chemical and electrical energy conversion and storage.
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1. Introduction

Hydrogen is one of the most promising clean energy carriers to re-
place fossil fuels and solve the environmental pollution problem for the
21st century [1,2]. Alternatively, water splitting via electrocatalytic
technology serves as a potential way to produce clean and sustainable
hydrogen in industrial scale [3,4]. As an important electrochemical
half-reaction of water splitting, the oxygen evolution reaction (OER) at
anode is a kinetically sluggish process, which requires overcoming a
significant activation barrier to accelerate four electrons transfer [5,6].
In recent years, although noble metal-based catalysts (such as IrO2 and
RuO2) have shown great OER performances [7], they are not suitable
for large-scale industrial applications mainly due to their high prices
and rare reserves on the earth. Therefore, it is very desirable to design
and develop low cost yet highly efficient electrocatalysts for the OER.

Two-dimensional transition metal-based hydroxides (2D-TMHs)
have been widely recognized as an asset for reinforcing water oxidation
performance on account of their tunable layered structure and con-
trollable dispersion of high valent metallic cations [8,9,10]. Among
various 2D-TMHs catalysts, nickel–iron 2D-TMHs, of which the formal
composition is [NiII1-xFeIIIx (OH)2]x+ [x/nAn−]·zH2O, where A = anions,
as the benchmark, has exhibited outstanding OER activity with a low
overpotential and high electrolysis current density in alkaline solution
[11,12]. In principle, it has been demonstrated that the intrinsic ac-
tivity of the nickel–iron 2D-TMHs could be further enhanced multiply
by modifying them with the other heteroatoms, such as manganese
(Mn) [13,14], cobalt (Co) [15,16], and vanadium (V) [17]. As a cheap
and earth-abundant transition metal, Cr was supposed to be a versatile
promoter in electronic structures. On the one hand, Cr3+, with the
roughly equivalent radius to Fe3+, was facile to access the matrix but
not perturb the original framework. On the other, the Cr with a lower
electronegativity than that of Fe, was endowed a role of electro-do-
nating to induce the charge redistribution of the active sites flexibly.
More importantly, introducing Cr into the lattice of the oxides and
hydroxides has been evolving into an attractive priority to enhance the
OER activity by courtesy of more indispensable reasons than that of the
other transition metals (such as Mn, Co and V) in recent years. Firstly,
Cr-based oxides/(oxy)hydroxides possesses favorable excellent elec-
trical conductivity, such as LaCrO3 and CrOOH [18,19]. Secondly, the
Cr in 3d-group presents the multi-electron orbitals (3d54s1). A series of
multi-oxidation states (+1, +2, +3, +4, +5 and + 6) make it easily
being oxidized to higher oxidation states [20], which in return exert a
positive influence on the active Fe sites during preparation and reaction
[21]. Thirdly, a unique type of electronic configuration (t32ge0g) of Cr3+

cation is suitable for electron capture and charge transfer, which is
likely to play a synergistic modulator between redox-active cations
[22,23]. Last but not the least, among a diverse set of the materials
library, high-throughput screening and material-genome engineering
directly identified that a mixed component comprising of Ni-Fe-Cr was
essential for water oxidation, which deserved more attention for the
sake of further investigation in catalytic mechanism [24,25]. Based on
these irreplaceable aspects, incorporating Cr into transition-metal based
catalyst was recognized as a practicable route to achieve high-efficiency
in the electrocatalysis for OER [26]. For example, via electrochemical
measurements, Wang and co-workers demonstrated that the out-
standing performance of ternary amorphous metal oxide was derived
from the containing of Cr [27]. Jin’s group also reported that Cr-con-
taining oxides/(oxy)hydroxides exhibited a remarkable intrinsic OER
catalytic activity. Nevertheless, it is not yet clear that how the guest
element interplays with the host materials, and how the local electronic
environments are activated by accommodating foreign composition
[28]. In addition, in the previous reports, there have been seldom

attempts to analyze and predict the catalytic activity according to the
correlation between the electronic characteristics and working me-
chanism before synthesis. Trial-and-error approaches are still com-
monly utilized to date for the screen and preparation of highly efficient
catalysts.

To rationally design a catalyst, it is critical to understand the
structure–reactivity relationship at the atomic and electronic levels
[29]. The insights gained from the catalytic mechanism studies can
guide the experiments to create active sites for highly efficient catalysts
[30,31]. With this in mind, the density functional theory with Hubbard
U (DFT + U) [32,33], a quantum mechanics tool, was employed to
better investigate the model catalyst of multi-electron systems, of which
chromium (Cr)-doped Ni1-xFex(OH)2 being selected preferentially as a
representative. Cr substitution was envisioned to be an appropriate
choice to facilitate water oxidation, attributing to the electronic cou-
pling.

Inspired by the above analysis, herein, we present a theoretically
and experimentally combined study to illustrate the significant role of
electronic coupling effect on a model catalyst of Cr doped Ni1-x-yFexCry
(OH)2 for OER. Based on computational prediction, a facile approach
was applied to in-situ construct the ternary Ni1-x-yFexCry(OH)2 na-
nosheets array on a nickel foam (NF) substrate, which significantly
outperformed the benchmark Ni1-xFex(OH)2 catalyst for oxygen evolu-
tion reaction as predicted. This study may serve as a promising strategy
in the rational design and preparation of efficient OER catalysts.

2. Computational and experimental details

2.1. Theoretical models and methods

The plane wave Vienna ab-Initio Simulation Package (VASP) code
was put to utilize for the construction and calculation of all modeling
catalysts originated in the first-principle [34]. The complicated corre-
lation effects from electron and core in interior of Ni1-xFex(OH)2 and
Ni1-x-yFexCry(OH)2 was expressed by projector augmented wave (PAW)
pseudo-potentials method and the Generalized Gradient Approximation
(GGA)-Perdew-Burke-Ernzerh (PBE) with turning on spin polarization
[35,36]. Simultaneously, aiming to increase the accuracy of the
strongly correlated systems, we amended the on-site coulomb and ex-
change interactions for 3d-group elements according to the Hubbard-U
approach put forward by Dudarev et al [37]. According to the previous
studies, based on the traditional DFT method, the U-J values of 3.40,
3.29 and 2.79 were implemented to 3d-transition metals of Ni, Fe and
Cr [38,39,40,41]. The two types of K-point sampling were generated by
Monkhorst-Pack Scheme to optimize periodic structure (3 × 3 × 1)
and analyze electronic structure (5 × 5 × 1), both of which were se-
lected with the cut-off energy 400 eV. The typical reciprocal points of G
(0,0,0), Z (0,0,1/2), F (0,1/2,0) and Q (1/2,0,0) were selected for EB
from the previous study [21]. The calculation did not terminate until
the accuracy was reached, with the energy and the force converged less
than 1 × 10−4 eV and 0.05 eV/Å, respectively.

The OER follows the four-electron transfer process:

+ ∗ → ∗ +
− −OH OH e (1)

+ ∗ → ∗ + +
− −OH OH O H O l e( )2 (2)

+ ∗ → ∗ +
− −OH O OOH e (3)

+ ∗ → + ∗ + +
− −OH OOH O g H O l e( ) ( )2 2 (4)

Where *, *OH, *O, and *OOH represents the active sites and the
intermediates (OH, O, OOH) adsorbed at the active sites, and △G1,
△G2, △G3 and △G4 stand for the Gibbs free energy of elementary
steps (1–4), calculated by the computational standard hydrogen
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electrode (SHE) model.
The free energy calculation is listed as follows:

= + ∗ − ∗ − + − −

+
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Among the ΔG1, ΔG2, ΔG3 and ΔG4, the maximum one was recorded
as ΔGmax, and the overpotential is defined in equation:

η = ΔGmax/e − 1.23 V.

2.2. Chemicals and materials

Urea, ethanol, nickel nitrate hexa-hydrate, ferric nitrate nine-hy-
drate and chromium nitrate hexa-hydrate, KOH (99%), HCl (~37%)
and Nickel foam (NF) were purchased from Aladdin Company.
Deionized pure water was used for preparation of solution.

2.3. Preparation of Ni1-x-yFexCry(OH)2/NF, Ni1-xFex(OH)2/NF Ni1-xCrx
(OH)2/NF and RuO2/NF electrodes

In a hydrothermal method, the double hydroxide nanosheet arrays
were synthesized in one-step. Firstly, nickel, iron and chromium pre-
cursors with the total amount of mole at 1.0 mmol while having dif-
ferent ratios of 1:0:0, 0.66:0.34:0, 0.66:0.27:0.07, 0.66:0.17:0.17,
0.66:0.07:0.27 and 0.66:0:0.34, were ultrasonically dissolved in pure
water for 10 min. In the meanwhile, NF was carefully cleaned before
use, it was immersed in the solutions followed the order of HCl, ethanol
and pure water, in an ultrasonic bath to eliminate impurities. The so-
lution containing reactants (36 mL) and NF with exposed nickel atoms
were transferred to the polytetrafluoroethylene lining. The reaction was
sustained for 12 h in the stainless-steel autoclave at 120 °C. It was
rinsed with ethanol and water for several times before being put to dry
in vacuum oven at 60 °C for 8 h.

Synthesis of RuO2/NF electrode: 5 mg RuO2, 1 mg carbon powder
and 10 μL Nafion solution were dispersed in 1 mL ethanol by sonication
for 30 mins. Then 0.5 mL of the RuO2 ink was loaded onto a 1 cm2 NF.

2.4. Characterization

The images of morphology were captured by field-emission

Fig. 1. The main results obtained from the DFT + U calculations of Ni1-x-yFexCry(OH)2 (in red) and Ni1-xFex(OH)2 (in blue); (a-b) the model shown in (a) is the
optimized structure of Ni1-xFex(OH)2 and that shown in (b) is for Ni1-x-yFexCry(OH)2, the yellow, blue, green, white, red and brown are behalf of Ni, Fe, Cr, O, H and C
atoms, respectively; (c-d) the Bader charge distributions for Ni1-xFex(OH)2 (c) and Ni1-x-yFexCry(OH)2 (d); (e-f) the electron density evolution of pristine Ni1-xFex(OH)2
(e) and Ni1-x-yFexCry(OH)2 (f); (g-h) electrostatic potentials of the Ni1-xFex(OH)2 (g) and Ni1-x-yFexCry(OH)2 (h) by work functions; (i-j) the band structures for the Ni1-
xFex(OH)2 (i) and Ni1-x-yFexCry(OH)2 (j); (k) the TDOS curve of Ni1-x-yFexCry(OH)2 and Ni1-xFex(OH)2, where the narrower bandgap unveils a more conductive
structure. The upper right and lower right corners are zoomed in on the green dotted line. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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scanning electron microscope (SEM, JEOL JEM-6335) with energy
dispersive X-ray spectroscopy (EDS) and High-resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100, at 200 kV). X-ray
powder diffraction (XRD, Rigaku D/max 2500) using Cu Kα was carried
out (step size = 10° min−1 from 10 to 80). X-ray photoelectron spec-
troscopy (XPS) was performed on an ESCALAB 250. The band gap was
calculated from the UV–visible diffuse reflectance spectra measured by
UV-2600.

2.5. Electrochemical measurements

The Chenhua electrochemical workstation (CH Instruments 660E)
was adopted to the performance measurement in a three-electrode cell
with O2-saturated 1.0 M KOH (sparged for at least 30 min before and
during data collection) at 298 K. The counter electrode and reference
electrode were a platinum foil and a saturated calomel electrode (SCE),
respectively. The nickel foam (NF) without and with in-situ grown
catalysts (NF, Ni0.66Fe0.27Cr0.07(OH)2/NF, Ni0.66Fe0.34(OH)2/NF,
Ni0.66Cr0.34(OH)2/NF) were used as the working electrode directly,
which have an area of 1 cm2. All potentials cited were iR calibrated and
converted to reversible hydrogen electrode (RHE) scale by the equation:
ERHE = ESCE + 0.241 + 0.059·pH. The turnover frequency (TOF) for
the four electrons involved in the OER process was obtained by the
equation: TOF = j × s/(4F × n), where j, s, F and n represent the
current density (A cm−2) at a given overpotential, the surface area of
the electrode, the Faraday constant (96480C mol−1) and the amount of
catalyst in moles (mol cm−2).

3. Results and discussion

Theoretical models of octahedral Ni1-xFex(OH)2 as shown in
Fig. 1(a) and Ni1-x-yFexCry(OH)2 in Fig. 1(b) were conducted firstly,
based on the density functional theory (DFT) + U simulation, as pre-
vious experimental reports. All cations were in a highly monodisperse
state rather than a randomly distribution in the nanosheets. Firstly, the
formation energy was computed via the equation: Ef = Edoped + μFe –
(Eun-doped + μCr), where Edoped and Eun-doped were the total energy of the
supercell with Ni1-x-yFexCry(OH)2 and Ni1-xFex(OH)2, respectively. The
μFe and μCr are the chemical potential of one heteroatom in the most
stable crystal phase. According to this definition, the negative value of
Ef (-0.72 eV) for this most possible model elucidated its high thermo-
dynamic stability (Table S1-S2) and the possibility of being synthesized
practically. Secondly, the electronic structures of 2D-TMHs were eval-
uated, which were closely related to their OER performances as shown
in Fig. 1(c-k). In order to express the charge distribution more in-
tuitively, the shades of colour were utilized to reflect it (Fig. 1c-d).
Except for the circled parts (active Fe site and Cr-doping site), in the
elsewhere the changes in colour were almost indistinguishable. Con-
sistent with that, the changing values of the Bader charges at all Ni sites
were imperceptible and almost negligible, when compared Ni1-xFex
(OH)2 with Ni1-x-yFexCry(OH)2 (Table S4). It manifested that rarely in-
terplaying between Ni and Cr came into being. Hence, the electron flow
from Cr to Fe through Fe-O-Cr bonds was confirmed by the Bader
charge of Fe, which decreased from + 1.50 to + 1.37 once Cr was
introduced into Ni1-xFex(OH)2 lattice. The electron-rich state of Fe can

Fig. 2. The main results for the oxygen evolution reaction (OER) processes on Ni1-xFex(OH)2 (a) and Ni1-x-yFexCry(OH)2 (b). The light blue, purple, dark blue, red and
white balls represent Ni, Fe, Cr, O and H atoms, respectively. The * represents an active site. The Gibbs free-energy data of the four steps for the OER in alkaline
environment (pH = 14) on Ni1-xFex(OH)2 (c) and Ni1-x-yFexCry(OH)2 (d). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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be attributed to the redistributions of local charge on the surface due to
the electronegativity difference between Cr and Fe, it is thus revealed
intuitively that the electrons were accumulated on the Fe as shown in
Fig. 1(e-f). Consequently, it is favourable to escalate the catalytic pro-
cess, as already well documented that the Fe species served as the active
sites in Ni1-xFex(OH)2 for water oxidation. The work functions of the
Ni1-xFex(OH)2 and Ni1-x-yFexCry(OH)2 surfaces were 5.13 eV and
4.09 eV, respectively, which suggested that the electrons in the latter
were more active than those in the former, as shown in Fig. 1(g-h). In
addition, energy band (EB) and total density of state (TDOS) were
calculated as shown in Fig. 1(i-k) to estimate the conductivity of the
two catalysts. Compared with pristine Ni1-xFex(OH)2, in the neigh-
bouring Fermi level, substantial new EB emerged which was caused by
the intense electron interactions between Cr and Fe. For these two
TDOS curves, the magnetic property is confirmed by the asymmetrical
splitting of the spin-up and spin-down channels. The enhanced elec-
tronic conductivity after Cr-doping was derived from the appearance of
spin-up states near the Fermi level. It gave rise to narrow the band gap
to 0.52 eV between the valence band (VB) and the conducting band
(CB) of Ni1-x-yFexCry(OH)2. A further understanding of electronic
structures was gleaned from the projected density of states (PDOS) of
active site and doping site (Fig. S1 and Fig. S2). The noticeable impact
on the TDOS of Ni1-x-yFexCry(OH)2 came from the 3d-ortitals of Fe and
Cr, rather than the extremely weak s or p states. Ranging from 0 to
2.5 eV near the Fermi level, two sharp spin-up states appeared of Cr-3d
orbital manifest that the optimization of electrical conductivity could
be attributed to the polarized electrons. Moreover, the electron of Fe-3d
orbital was no longer occupying a lower energy level (-10 ~ -5 eV),
while moving in the direction of the Fermi level (-5 eV ~ 0 eV), after
substituted by Cr in the lattice of Ni1-xFex(OH)2. This result indicated
that a certain electronic influence and coupling was produced between
the Fe-3d and Cr-3d orbitals. According to the d-band theory, the po-
sitive movement of d orbital centers of the active site would strengthen
the adsorption, thus leading to high catalytic activity. Therefore, Cr
doping facilitated charge transfer and excellent electron conductivity,
which is imperative cornerstone for electrochemical reaction.

Due to the relationship between electronic structure and activity,
the pathways of complete OER reaction circle were mapped out to

further investigate the impact of Cr doping from thermodynamic view
as shown in Fig. 2. For a long time, it has been a complicated issue of
controversy to determine whether Ni or Fe was the main contributing
factor for its unmatched catalytic performance [42]. Whereas the evi-
dences towards the view that Fe sites were acting as the active centers
have been increasingly supported by the experimental and computa-
tional consequences, which are attributed to the powerful and ad-
vanced observation technologies [43,44,45,46,47,48]. Therefore, the
Fe atom also regarded as the origin of catalytic activity in our model
catalysts, as can be observed from Fig. 2(a-b). It was opted as the re-
active center to adsorb the intermediates in simulating the OER process
according to the classic 4e− mechanism proposed by Nørskov [49].
Based on that, it contains four elementary processes because one elec-
tron transfer at a time was energetically more favourable than transfer
of more than one electron. For the alkaline system (pH = 14), we si-
mulated the Gibbs energy under different electrode potentials U = 0 V
and U = 0.402 V (equilibrium potential) to determine the rate-limiting
step as shown in Fig. 2(c-d) and Table S3. For Ni1-xFex(OH)2, since the
reaction sub-step (4) is downhill, the other sub-reactions (1), (2) and (3)
are all uphill. The rate-limiting step is the adsorption of H2O to form
OH*, the maximum uphill, and the overpotential for the OER is 1.07 V.
On the contrary, the reaction rate-limiting step of Ni1-x-yFexCry(OH)2 as
shown in red line of Fig. 2(d) is changed to the desorption of the O* to
form OOH*, in which the overpotential is determined to be 0.86 V.
These results indicate that the doped Cr regulates the bonding strength
between Ni1-x-yFexCry(OH)2 and OER intermediates (O*, OH* and
OOH*), to have an optimum one that is not too strong or too weak, in
consistent with Sabatier principle.

Inspired by these theoretical results, we synthesized the
Ni0.66Fe0.27Cr0.07(OH)2/NF array to verify the above prediction. The
synthesis process and the microstructure of Ni0.66Fe0.27Cr0.07(OH)2/NF
are shown in Fig. 3(a). Via a one-step hydrothermal method, the ver-
tically aligned Ni0.66Fe0.27Cr0.07(OH)2/NF nanosheets by using nitrates
of transition metals and urea as the precursors and precipitant. As Cr3+

substituted partial Fe3+, the colour of Ni0.66Fe0.27Cr0.07(OH)2/NF was
lighter than that of Ni0.66Fe0.34(OH)2 (Fig. S3). Fig. 3(b-c) show the
SEM images of Ni0.66Fe0.27Cr0.07(OH)2/NF, in which the vertically
aligned nanosheets were uniformly grown on the Ni foam substrate.

Fig. 3. (a) Schematic illustration of the Ni1-x-yFexCry(OH)2/NF nanosheet arrays prepared via a one-step hydrothermal method; (b) low and (c) high magnification
SEM images of Ni0.66Fe0.27Cr0.07(OH)2/NF nanosheet arrays; (d) the elemental mapping images of Ni0.66Fe0.27Cr0.07(OH)2/NF.
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The morphology of Ni0.66Fe0.27Cr0.07(OH)2/NF is similar to that of
Ni0.66Fe0.34(OH)2/NF (Fig. S4), indicating that the morphology was
maintained after doping of Cr. The EDS elemental mapping images in
Fig. 3(d) indicate that the doping was uniform and homogeneous
without any aggregation. A high magnification SEM image in Fig. S4
reveals that 3D architecture was well oriented and porous, which was
beneficial to increase the active surface area. The ultra-thin structure of
the Ni0.66Fe0.27Cr0.07(OH)2/NF, merely 6–7 octahedral atomic layers,
was observed by the TEM images in Fig. S5. The selected area electron
diffraction (SAED) pattern (Fig. S4) exhibits the six-fold point pattern.
These results confirmed the hexagonal crystal phase of the
Ni0.66Fe0.27Cr0.07(OH)2/NF and the diffraction rings indexed of the
(101), (015), and (110) lattices as observed in XRD pattern (Fig. S6,
red line), which was accordant with the XRD. In Fig. 3F, six peaks lo-
cated at 11.4°, 22.9°, 33.5°, 34.4°, 59.9° and 61.1° can be identified,
corresponding to (003), (006), (101), (012), (110) and (116) dif-
fraction peaks, respectively. In addition, peaks marked by “#” can be
well indexed to Ni foam substrate (JCPDF 04–0850). For this type of
martials, what still needed to be explained is that the weak mis-
cellaneous signals were incurred by the limited signal-to-noise ratio,
which were attributed to the stronger peaks of Ni foam substrate, the
rough material surface, and the limited active substance loading [50].
Through the careful analysis of the above data, it is evidenced that Cr
was not only easy to get into but also non-destructive to the structure of
parental Ni0.66Fe0.34(OH)2/NF, which agrees well with the computa-
tional insights.

In order to further verify and understand the theoretical data of
electronic structure, the XPS was used to characterize the surface che-
mical composition and oxidation state of metal cations in

Ni0.66Fe0.27Cr0.07(OH)2/NF and Ni0.66Fe0.34(OH)2/NF as shown in
Fig. 4. The coexistence of Ni, Fe, Cr, O and C elements in
Ni0.66Fe0.27Cr0.07(OH)2 was evidenced by the signals in the profile
surveys (Fig. 4(a), red line), which were consistent with EDS elemental
mapping results in Fig. 3(d). What needs illustration is that the weak
valence change of Ni could not be detected, which is limited by the
accuracy of XPS. Hence, for Ni0.66Fe0.27Cr0.07(OH)2/NF and
Ni0.66Fe0.34(OH)2/NF in Fig. 4(b), their Ni 2p3/2 and 2p1/2 (resulting
from the spin–orbit splitting) spectra were situated at the same location
without shifting, which is identical to the theoretical prediction in
Fig. 1e-f [51,52,53]. When it came to Fe 2p XPS in Fig. 4(c), two fitting
peaks at 713.0 eV and 715.8 eV were observed and assigned to 2p3/2
and 2p1/2, respectively [54,55]. It is interesting to note that, Fe 2p
peaks shifted negatively about 0.49 eV after chromium doping, which
was marked by two reversed arrows. The decreased binding energy of
Fe confirmed that the chemical environment of Fe (III) was modified
due to the Cr doping and the electron transfer between Fe and doped Cr,
which was in accordance to the theoretical results in Fig. 1. The Cr 2p
spectrum was also splitting into 2p3/2 and 2p1/2 with a difference of
~0.9 eV. As for Cr 2p3/2 spectrum in Fig. 4(d), three components could
be distinguished at 577.4 eV (pink), 576.5 eV (blue) and 578.4 eV
(purple), which were in good agreement with three-, four-, and five-
valence state, respectively [56,57,58]. The shifting peak of Fe 2p was
generated by the electronic coupling and transfer between Cr and Fe.
Some electrons transferred from the electron-rich Cr to the electron-
acceptive Fe via Cr-O-Fe bonds, which incurred the bonding energy of
the Fe 2p increased. Initial Cr (III), the major contributor to electronic
coupling, translated into Cr (IV) and Cr(V) after the charge transfer.
Besides, Cr3+ may also be partially oxidized to higher oxidation sates

Fig. 4. (a) X-ray photoelectron spectroscopy (XPS) survey spectra of Ni0.66Fe0.27Cr0.07(OH)2/NF and Ni0.66Fe0.34(OH)2/NF; (b-d) high-resolution XPS spectra for (b)
Ni 2p region, (c) Fe 2p region and (d) Cr 2p region, with peak fitting analysis of Ni0.66Fe0.27Cr0.07(OH)2/NF and Ni0.66Fe0.34(OH)2/NF.
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by oxygen during the synthesis [59].This result confirmed that the
electronic interaction exists between foreign chromium and parental
iron as discussed in the above calculation part.

Then the electrocatalytic activities of Ni0.66Fe0.27Cr0.07(OH)2/NF
catalysts towards oxygen evolution reaction were systematically stu-
died. The linear sweep voltammetry (LSV) polarization curves of OER
were obtained as shown in Fig. 5(a) at a slow scan rate of 1 mV s−1. The
Ni0.66Fe0.27Cr0.07(OH)2/NF displayed the earliest onset potential and
the fastest current density increase, which exhibited a more remarkable
catalytic activity than the commercial RuO2/NF. The TOF of three
catalysts at overpotential of 300 mV was listed in the Table S5. The
Ni0.66Fe0.27Cr0.07(OH)2/NF showcased a higher TOF of 0.032 s−1 than
that of pristine Ni0.66Fe0.34(OH)2/NF (0.019 s−1) and
Ni0.66Cr0.34(OH)2/NF (0.001 s−1), demonstrating its much enhanced
intrinsic electrocatalytic activity for OER. A series of Cr/Fe ratios (0/10,
1/9, 2/8, 5/5, 8/2, 10/0) were applied to further explore the influence
of the Cr content (Fig. S7). There is a “volcanic” relationship between
the Cr/Fe content and OER catalytic activity. Specifically speaking,
when the Cr concentration was too high, the catalyst component gra-
dually turned into a less active Ni1-xCrx(OH)2/NF. By contrast, if it was
too low, the influence of tuning electronic coupling would be wea-
kened. Only when the Cr/Fe content (8/2) was at some appropriate
value would the performance be at the peak of the “volcano”. The result
also indicated that the co-existence of both Fe and Cr is vital to enhance
the OER property by coupling effects, they acted as active centers and
regulators, respectively. In the LSV curve, a modest peak at ~ 1.42 V
emerged on account of Ni2+/Ni3+ oxidation reaction. In order to ex-
clude the effect of above side reaction, we identified the onset potential
and overpotential by virtue of the reverse scan of stable cyclic vol-
tammetry (CV) curve (the 20th segment) from positive to negative
potential (Fig. S8). At a current density of 10 mA cm−2, the optimized
Ni0.66Fe0.27Cr0.07(OH)2/NF (Fig. S5) showed an overpotential of only

231 mV, which was lower than that of Ni0.66Fe0.34(OH)2/NF (241 mV).
Furthermore, the Ni0.66Fe0.27Cr0.07(OH)2/NF achieved a high current
density of 20 mA cm−2 at an overpotential of 235 mV. In contrast,
Ni0.66Fe0.34(OH)2/NF required an overpotential of 246 mV to obtain the
same current density. The superior OER activity of the
Ni0.66Fe0.27Cr0.07(OH)2/NF electrode was further confirmed by its small
Tafel slope of ~ 31 mV dec−1 as shown in Fig. 5(b), which was much
lower than that of Ni0.66Fe0.34(OH)2/NF (~55 mV dec−1) and
Ni0.66Cr0.34(OH)2/NF (~86 mV dec−1). Then, we investigated the band
gap of valence band and conduction band by diffuse reflectance UV–-
visible (UV–vis) spectroscopy. The intersection of tangent and abscissa
in Fig. S9 revealed a smaller band gap of Ni0.66Fe0.27Cr0.07(OH)2 com-
pared with that of Ni0.66Fe0.34(OH)2/NF, agreeing well with the
DFT + U computations in Fig. 1(k) and colour evolution as shown in
Fig. S3. The unidentical data from theoretical prediction to experi-
mental validation was caused by the simplified models employed ra-
tionally, which utilizing the regular monolayer array to replace the
uncertain and complicated orientations. But this did not alter our
judgment about the relative trends of the band gap between Ni1-x-
yFexCry(OH)2 and Ni1-xFex(OH)2. Furthermore, the electrochemical
impedance spectroscopy (EIS) measurements were conducted to eval-
uate the kinetics of charge transfer (Fig. S10). In addition, The EIS re-
sults can be transformed into the equivalent circuit model (Fig. S11),
composed an ohmic resistor (Re) in series with a parallel combination of
a resistor (Rct) and a constant phase element (CPE) as the previous
works [60,61]. Re comes mainly from the resistance of the electrolyte,
the electrocatalysts and all the contacts. The charge transfer resistance
Rct values represent the kinetics rate for OER process. The
Ni0.66Fe0.27Cr0.07(OH)2/NF shows a lower Rct (0.55 Ω) than
Ni0.66Fe0.34(OH)2/NF (0.92 Ω), indicating that the former had a faster
charge-transfer rate (Table. S6). Based on above results, we concluded
that the enhancement of OER activity of Ni0.66Fe0.27Cr0.07(OH)2/NF is

Fig. 5. (a) Polarization curves of Ni0.66Fe0.27Cr0.07(OH)2/NF, Ni0.66Fe0.34(OH)2/NF, Ni0.66Cr0.34(OH)2/NF, NF and RuO2/NF at a scan rate of 1 mV s−1. (b) The
corresponding Tafel plots of Ni0.66Fe0.27Cr0.07(OH)2/NF, Ni0.66Fe0.34(OH)2/NF and Ni0.66Cr0.34(OH)2/NF. (c) The double-layer capacity (Cdl) calculations for
Ni0.66Fe0.27Cr0.07(OH)2/NF and Ni0.66Fe0.34(OH)2/NF. (d) The stability test of Ni0.66Fe0.27Cr0.07(OH)2/NF for the OER at a fixed potential of 1.68 V vs RHE.
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attributed to the modulated electronic structure of active sites and
higher electron transfer ability due to Cr embedding. In addition,
Fig. 5(c) (obtained from data in Fig. S12) demonstrated that
Ni0.66Fe0.27Cr0.07(OH)2/NF possessed a much higher electrochemical
active surface area (ECSA)/Cdl than that of Ni0.66Fe0.34(OH)2/NF,
leading to a faster increase in OER current density. For a reasonable
comparison, we normalized the current densities of
Ni0.66Fe0.27Cr0.07(OH)2/NF and Ni0.66Fe0.34(OH)2/NF to their corre-
sponding ECSA. Fig. S13 apparently showcased that the former had a
high intrinsic activity than the latter. By comparison with the other
similar martials as summarized in the Table S7, the as-predicted and
prepared Ni0.66Fe0.27Cr0.07(OH)2/NF showed certain superiority and
competitiveness. Furthermore, a high stability of the over 90% current
density was obtained for 21 h at a fixed potential of 1.68 V vs RHE as
shown in Fig. 5(d), revealing the remarkable durability of the electrode
for OER at a highly oxidative potential. The almost identical CV curves
of the initial and 1000th circles indicated that the composition of
Ni0.66Fe0.27Cr0.07(OH)2/NF catalyst had maintained without noticeable
change (Fig. S14). The Ni0.66Fe0.27Cr0.07(OH)2/NF kept the initial ele-
ments and nanosheet morphology without significant variation after
scanning 1000 CVs (Fig. S13). The XPS results manifested that Cr
composition held in the trimetallic system after OER testing (Fig. S14).
Since the XPS was not collected in situ, the further oxidation of the
samples might occur before XPS test, which caused a change in the
valence state [28]. Although some works suggested that Cr was leached
in amorphous oxide/(oxy)hydroxide catalysts [27], it seems that
mixing Cr ions into two vertically arrayed nanosheets could form a
stable trimetallic system and facilitate the OER process. The substantial
presence of Cr confirmed that the improvement of OER activity was
greatly contributed to the electronic interplay between Cr and Fe as
shown in the above theoretical prediction and experimental validation.

4. Conclusions

In summary, we have demonstrated the importance of tuning elec-
tronic structures for the rational design of advanced catalysts, with
ternary Ni1-x-yFexCry based hydroxides as model systems. Based on the
theoretical prediction, Ni0.66Fe0.27Cr0.07(OH)2/NF nanosheet arrays
were prepared by a simple hydrothermal method and served as a highly
active and stable anode catalyst for water splitting. Among all na-
nosheet arrays with different molar ratios of the three metal cations,
Ni0.66Fe0.27Cr0.07(OH)2/NF was identified as an optimal one which
exhibited a superior activity and a high stability towards OER, i.e., with
a small overpotential of 231 mV to achieve a significant current density
of 10 mA cm−2, a low Tafel slope of 31 mV dec−1 and a satisfying
stability at a highly oxidative potential of 1.68 V vs RHE. The DFT + U
calculation and the experiment analysis jointly confirm that the out-
standing catalytic performance comes from the synergistic effect be-
tween the parental Fe and foreign Cr elements, in which Cr doping
promotes the electron transfer to accelerate the kinetics of OER as well
as exposes more electrochemical active sites.
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