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-driven fast formation of nickel–
iron (oxy)hydroxides with rich oxygen defects for
boosting overall water splitting†

Jianing Dong, Yanjie Wang, Qiaorong Jiang, Zi-Ang Nan, Feng Ru Fan *
and Zhong-Qun Tian

NiFe (oxy)hydroxides (NiFeOOH) are considered as one of the most efficient electrocatalysts for water

splitting. Although several strategies recently have been developed to fabricate NiFeOOH electrodes,

such as electrodeposition, hydrothermal reaction, corrosion engineering, etc., it has been a challenge to

directly tune the energy level, conductivity and surface properties (such as molecular adsorption) of

NiFeOOH with less time-consuming and convenient synthesis to overcome the relatively sluggish

reaction kinetics. Herein, we, for the first time, utilize charged droplets to synthesize NiFeOOH with

abundant oxygen vacancies (Ov) via the convenient electrospraying (ESI) approach without necessitating

additional post-treatments. Specifically, the optimized NiFeOOH delivers much lower overpotentials of

145 mV, 215 mV and 360 mV for the hydrogen evolution reaction (HER), the oxygen evolution reaction

(OER) and overall water splitting in 1 M KOH at 10 mA cm�2 with long-term durability over 180 h. The

good performing electrocatalyst is much improved compared with the benchmark Pt/C/NF in the high

current density region, RuO2/NF and other NiFe-based electrocatalysts. Simultaneously, the unique

reaction environment of the droplet (confinement, superacid and desolvation) was further explored to

understand the synthesis reaction acceleration process and related oxygen defect formation

mechanisms. Also, we used density functional theory (DFT) to investigate the change of free energy of

the reaction pathway caused by oxygen vacancies and understand the reaction mechanism of

electrocatalysts prepared by different treatment methods. The calculation results show that the

shortened Fe–O bonds and oxygen defects of NiFeOOH synergistically improve the interaction between

the metal cations and the intermediate species and further accelerate the overall reaction kinetics. This

work demonstrates that the charged microdroplet chemistry offers a novel means to expedite the design

of powerful electrocatalysts.
1. Introduction

Water splitting utilizing electricity converted from solar, wind
and other renewable energy sources proposes a strategic
approach to solve the energy crisis. In principle, the electrolysis
of water consists of two half reactions: the HER on the cathode
and the OER on the anode.1 To overcome the activation barrier,
especially for the four-electron transfer sluggish OER, various
electrocatalysts including transition-metal suldes,2 oxides,3

phosphides4 and (oxy)hydroxides5 have been exploited to
replace the widely used but expensive Pt and RuO2. Among
them, transition-metal (oxy)hydroxides, especially NiFe-based
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tion (ESI) available. See DOI:

20058–20067
(oxy)hydroxides, are considered to be one of the most promising
candidates due to their abundant reserves and excellent OER
activity. Recently, “corrosion engineering” has been reported to
fabricate effective OER electrodes by immersing Ni foam in an
iron-containing salt solution, and vice versa.6 Although electro-
catalysts produced from “corrosion engineering” demonstrate
good OER performance, the entire preparation process takes
a long time (at least 12 hours)6a or requires high temperature
(e.g. 100 �C)6c to promote the process, which is not favorable for
wide use. Moreover, because of the few active sites, slow charge
transfer and weak adsorption of dissociated hydrogen atoms
(Hads), NiFe-based electrocatalysts not only require a large
overpotential in the OER to achieve high current density, but
also exhibit poor performance in the HER.7 Therefore, it is of
great importance to develop a novel and less time-consuming
and convenient method for preparing NiFe-based electrodes
with considerable activity.

It is well known that the formation of oxygen vacancies in
NiFe-based (oxy)hydroxides is a paramount approach to reduce
This journal is © The Royal Society of Chemistry 2021
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the energy gap between the metal 3d and O-2p-band centers,
and thus increase the covalency of the metal–oxygen bond of
NiFe-based electrocatalysts. The electrocatalyst with rich oxygen
vacancies can promote structural self-reconstruction and the
surface adsorption/desorption of reactants and further accel-
erate the overall water splitting efficiency of long-term opera-
tion.8 Various methods of manipulating oxygen vacancies have
been explored, including thermal treatment,9 reduction pro-
cessing,10 plasma treatment,11 laser radiation,12 and ball-
milling,13 which can be summarized as top-down approaches.
Although these approaches notably improve the performance of
electrocatalysts, it is still hard to achieve large-scale applica-
tions because they require complex operating procedures and
expensive equipment. In contrast, bottom-up approaches based
on the non-equilibrium stoichiometric reaction (e.g.moremetal
cations and fewer non-metal species in a conned system,14

cation doping15 and anion doping16) are mostly applied to
hydrothermal reactions that require high temperature and high
pressure assistance. As far as we know, there has not been any
report based on sub-stoichiometric chemistry synthesis at room
temperature. Therefore, it would be highly desired to nd some
new ways to combine the synthesis efficiency with defect
construction to synthesize NiFe-based electrocatalysts to ach-
ieve spectacular overall water splitting.

In the past two decades, the connement reaction in
microdroplets produced by microuidic systems,17 Leidenfrost
suspension droplets,18 different kinds of spray droplets19 and
thin lms on surfaces,20 has been reported. The rate of many
organic reactions in these “droplet-reactors”, especially in
charged droplets, is strikingly expedited compared with those in
bulk water, which can be attributed to the extreme pH of the
interface, electrical double layer, concentration enrichment and
evaporation, and fast diffusion and mixing.21 Hence, the accel-
erated reactions at the aqueous interface (including the gas–
liquid interface,22 the liquid–liquid interface23 and the solid–
liquid interface24) offer a forward-looking perspective that will
help us to form new cognitions in chemical reactions and
material synthesis. Moreover, the microdroplet is an exquisite
conned reactor. Once the droplet is charged, the molecules in
the droplet will have an oriented distribution, thereby forming
a conned reaction area under the action of an electric eld.25

Therefore, the charged droplets could precisely control the ratio
of reactants to achieve unique chemical reactions under non-
equilibrium conditions. This droplet reactor is favorable for the
formation of oxygen vacancies based on the unbalanced ratio of
metal salt to oxygen content under connement and charged
conditions.14a

Herein, inspired by the accelerated reaction in charged
droplets, we report the reaction between Ni foams (NF) and
charged droplets via electrospraying ionization to accelerate the
spontaneous formation of NiFe (oxy)hydroxides with abundant
oxygen vacancies (named as E-NiFeOOH) at a conned and
charged solid–liquid interface. E-NiFeOOH is signicantly
superior to the benchmark Pt/C/NF, RuO2/NF and other NiFe-
based electrocatalysts. The electrocatalytic mechanism was
investigated by DFT calculations. Our work not only provides
a feasible and convenient synthesis method for the construction
This journal is © The Royal Society of Chemistry 2021
of catalyst defects, but also helps us to further understand the
chemical reaction at the conned and charged solid–liquid
interface.
2. Results and discussion
2.1 Charged droplet accelerated corrosion engineering and
the formation of oxygen defects

In a general metal corrosion engineering process, there are
several factors that can inuence the foam etching and the
growth rate of electrocatalysts: solution concentration; the reac-
tion atmosphere, temperature and time; diffusion rates of
cations, anions and surrounding gases. These factors can effec-
tively change the structure, composition, and geometry of the
corrosion layer, which has a remarkable impact on the perfor-
mance of the electrocatalyst.26 However, the current metal corro-
sion engineering methods reported are all performed in the bulk
phase. All these reactions in bulk solution actually have similar
chemical reaction states. Taking the Ni foam corrosion process in
FeCl3 aqueous as an example (shown in Fig. S1a,† the electro-
catalyst named as I-NiFeOOH), the overall system shows a strong
ion solvation state, uniform gas distribution under equilibrium
conditions and a setting pH circumstance. The whole reaction
process can be represented by eqn (1)–(4) as follows:

Fe3+ + e� ¼ Fe2+ (1)

Ni � 2e� ¼ Ni2+ (2)

O2 + 2H2O + 4e� ¼ 4OH� (3)

xFe3+ + (1 � x)Ni + yOH� ¼ NiFeOOH (4)

Such a reaction environment leads to extremely slow reaction
kinetics for electrocatalyst synthesis, and it is difficult to regulate
the structure of the electrocatalyst, if there are no extra sup-
porting factors (heating, stirring or additive agent). In contrast,
the charged droplet reactor displays a rather different scenario
compared with the bulk phase, including increasing reagent
concentration by continuous and rapid solvent evaporation, with
extreme pH at the interface, electrical double layer at the inter-
face and so on.27 These factors will naturally affect the chemical
process of the corrosion reaction. In this work, several factors
(extreme pH, concentration enrichment and desolvation struc-
ture) have been discussed to illustrate the acceleration of reaction
and the formation of oxygen defects, and the corresponding
reaction schemes are shown in Fig. S1b.†

Fig. 1a illustrates the fabrication process of NiFeOOH with
oxygen vacancies via electrospray. Briey, a high positive voltage
was applied on the spray needle to polarize the droplets with
positive charges. The positively charged droplets will produce
abundant H3O

+ at the droplet interface. According to previous
reports, this H3O

+ layer on the surface of the droplet can exhibit
a super-acidic behavior,27b which can provide super-acidic condi-
tions. Compared to the reaction in the bulk phase, the reaction
mediated by positively charged droplets can achieve rapid foam
etching without adding an additional acidic solution in a green
J. Mater. Chem. A, 2021, 9, 20058–20067 | 20059
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Fig. 1 (a) Schematic illustration of the reaction process of E-NiFeOOH composites via electrospraying. (b) SEM images of I-NiFeOOH-20min. (c)
SEM images of E-NiFeOOH-20 min. (d) The content (%) of NiFeOOH changes over time in different systems: electrospraying and corrosion
engineering.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
7 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 1
1:

45
:5

2 
PM

. 
View Article Online
way. Fig. 1b and c show themorphology of differentmethods aer
20 min of reaction. The reaction mediated by positively charged
droplets shows faster foam corrosion and electrocatalyst growth
than that in the bulk phase. To further prove the pH effect by the
polarity of droplets, we polarize the droplets with negative
charges, which have been reported to present alkaline properties,
to perform the corrosion reaction. As shown in Fig. S2,† compared
with the positively charged droplets and bulk conditions, the
corrosion reaction efficiency of nickel foam mediated by nega-
tively charged droplets is rather low. We speculate that the high
negative electric eld leads to the transformation of Fe3+ into Fe2+

because of its high redox potential (0.77 V), and this can lead to
weak oxidation of nickel foam. And the potential chlorine evolu-
tion also reduces the etching reaction.28 Anyway, this result shows
that charged droplets with different polarities could display
different pH effects, which may offer a unique way to provide an
acid or alkali environment without other cations or anions
involved for some pH and ion sensitivematerial synthesis, such as
synthesis of nanocrystals.29 And in this work, positively charged
droplets are benecial for corrosion engineering. In addition, the
non-equilibrium stoichiometric reaction in conned spaces has
been reported to be a valid means to synthesize oxygen vacan-
cies.14 In the conned charged droplets, the tiny droplets have low
oxygen content and the oxygen adsorption corrosion reaction has
been largely reduced due to the lower pH surroundings in the
positively charged droplets. This circumstance causes a non-
equilibrium stoichiometric reaction between oxygen species-OH�

(low) and partially solvated Fe3+ (high) to construct oxygen defects.
Therefore, NiFeOOH with abundant oxygen vacancies can be
reasonably prepared at the conned and charged interface.
20060 | J. Mater. Chem. A, 2021, 9, 20058–20067
Moreover, as we know, electrospraying is a desolvation process.
Therefore, the Fe3+ and Cl� are partially solvated, and these
partially solvated reactants in charged droplets can have ther-
modynamic advantages. They can overcome the small solvation
energy and the activation energy to form products.30 For instance,
partially solvated Cl� can exhibit stronger corrosion characteris-
tics than in bulk aqueous solution. And partially solvated Fe3+ can
more easily approach Ni2+ to form NiFeOOH. This solvation
strategy has also been reported for the rapid formation of ion
pairs to construct the SEI layer, thus promoting the stability of
lithium batteries.31 Therefore, the electrocatalyst via this sponta-
neous desolvation process shows better geometry in a shorter
time and can realize better electrocatalytic performances. Impor-
tantly, under the electrical eld at droplets, the reactants are
enriched on the surface of droplets, causing a concentration effect
on the reaction rate. This characteristic can further intensify the
above process in terms of both thermodynamics and kinetics.
According to the above analysis, the synergistic effect of multiple
factorsmakes the charged droplets show faster corrosion reaction
and electrocatalyst growth with more oxygen vacancies than the
bulk solution. Based on the above discussions, as shown in
Fig. 1d, the potential energy barrier for the formation of E-
NiFeOOH is greatly reduced, thereby accelerating the entire
reaction process.
2.2 Morphology and structural characterization of
electrocatalysts

The morphology and composition of the electrodes before and
aer the ESI processes were examined by transmission electron
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 SEM images of the Ni foam (a) and E-NiFeOOH with different reaction times: (b) 30 min and (c) 40 min. (d) TEM image of E-NiFeOOH. (e)
HRTEM image and SAED pattern of E-NiFeOOH. (f) EDX map of E-NiFeOOH containing O, Ni and Fe elements.
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microscopy (TEM) and scanning electron microscopy (SEM).
The nickel foam displays a at and regular structure as shown
in Fig. 2a. Aer the charged droplets were sprayed onto the
foam surface, a typical ake structure is gradually formed as the
reaction time increases (Fig. 2b, c and S3†). When the spraying
time is extended to 60 minutes, the small spherical objects will
adhere to the surface, which are FeOOH produced by the
hydrolysis of iron salt. SEM results validate that the charged
droplets can accelerate the formation of NiFeOOH, and as the
reaction time increases, Ni on the surface will be depleted and
the excess Fe3+ will form FeOOH. In contrast, the morphology of
I-NiFeOOH-20 min produced by traditional corrosion engi-
neering can be observed in Fig. 1b, and only a rough surface is
formed. The color of I-NiFeOOH is much lighter than that of E-
NiFeOOH, which implies a sluggish reaction kinetics in bulk
water compared with the charged droplets (Fig. S4†). TEM
characterization further reveals the structural features, as
shown in Fig. 2d. E-NiFeOOH exhibits an ultra-thin layer
structure, which is benecial for charge and mass transfer
during the water splitting reaction. AFM characterization is
further employed to investigate the thickness of the electro-
catalyst. As shown in Fig. S5,† the height of the as-prepared
ultra-thin nanosheets was measured and the thickness of the
nanosheets is determined to be ca. 3.5–4 nm by AFM, corre-
sponding to the bilayer and three-layer nanosheet morphol-
ogies. Furthermore, Fig. 2e displays the high-resolution
This journal is © The Royal Society of Chemistry 2021
transmission electron microscopy (HRTEM) image and corre-
sponding selected-area electron diffraction (SAED) pattern of E-
NiFeOOH. The characteristics of 0.25 nm and 0.33 nm can be
attributed to the (012) lattice plane of NiFe layered double
hydroxide (LDH) and the (310) d-spacing plane of FeOOH.6a The
SAED pattern (the inset of Fig. 2e) shows well-dened diffrac-
tion rings, which can be indexed to the (012) plane of NiFe LDH
and the (310) plane of FeOOH. Especially, the observed hierar-
chical porous structure of E-NiFeOOH can expose more active
sites on the surface to demonstrate better electrocatalytic
performance. In addition, the elemental mapping images
(Fig. 2f) verify the coexistence and distribution of Ni, Fe and O,
suggesting the sufficient redox reaction at the liquid–solid
interface.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) were used to study the structure, chemical composition
and valence state of different samples. To avoid the interference
of the strong diffraction peak of nickel, a low diffraction angle
and a low scan rate were employed to perform XRD measure-
ments. As shown in Fig. S5a,† there are no obvious diffraction
peaks of NiFe LDH and a-FeOOH. Therefore, we believe that E-
NiFeOOH is a poorly crystalline or amorphous phase. As shown
in Fig. S6b,† O 2p, Fe 2p and Ni 2p with different peak inten-
sities can be found in the broad XPS spectra of both I-NiFeOOH
and E-NiFeOOH samples. Fig. 3a presents the high-resolution
spectrum of Fe 2p.32 The tted peaks at 711.3 eV and 725.1 eV
J. Mater. Chem. A, 2021, 9, 20058–20067 | 20061
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Fig. 3 (a–c) High-resolution XPS spectra of Fe 2p, Ni 2p and O 2p. (d) EPR spectra of I-NiFeOOH and E-NiFeOOH.
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represent Fe3+ 2p3/2 and Fe3+ 2p1/2. Similarly, the binding
energies of 709.3 eV and 722.4 eV are attributed to Fe2+ 2p3/2 and
Fe2+ 2p1/2, which conrms that Fe3+ was reduced to Fe2+ by Ni.
Nevertheless, the Fe 2p spectrum of I-NiFeOOH is quite
different. The intensity of peaks is extremely lower than that of
E-NiFeOOH within the vertical axis of the same intensity.
Interestingly, the tting peak of Fe3+ 2p3/2 (711.3 eV) of E-
NiFeOOH shis to lower energy compared with that of I-
NiFeOOH (712.0 eV), since the electron transfer from NiFeLDH
to FeOOH may increase the Fermi level of FeOOH, thereby
optimizing the interaction with the intermediate state of the
reaction.33 Furthermore, the detailed Ni 2p spectrum of E-
NiFeOOH is presented in Fig. 3b, and the two peaks located at
855.3 eV and 873.0 eV are attributed to the Ni2+ 2p3/2 and Ni2+

2p1/2,34 along with two typically satellite peaks. In contrast, there
is no obvious peak of metallic Ni foams (the peaks of Ni0 are
located at 852.6 eV and 869.9 eV).35 Therefore, the elemental
ratio of Ni to Fe in NiFeOOH can be evaluated by XPS
measurements, and is 1 : 3 in E-NiFeOOH and 1 : 9 in I-
NiFeOOH. Moreover, when the Fe content rises above 25%, the
high content of iron in NiOOH can greatly improve the OER
performance, possibly due to the presence of FeOOH phase
nucleation.36 In the high-resolution spectrum of the O region
(Fig. 3c), the peaks at 529.3 eV, 531.2 eV and 532.6 eV can be
attributed to the lattice oxygen–metal bond, oxygen vacancies in
the low oxygen coordination and adsorbed oxygen contents on
20062 | J. Mater. Chem. A, 2021, 9, 20058–20067
the surface, respectively.37 It is well known that the oxygen
vacancies (Ov) formed can be evaluated by determining the peak
area ratio between oxygen vacancies and lattice oxygen. As can
be seen from Fig. 3c, the Ov density in E-NiFeOOH is more than
twice as high as that in I-NiFeOOH. The calculation results of
the Ov density are shown in Table S1.† In addition, the electron
paramagnetic resonance (EPR) spectrum in Fig. 3d shows that
the major peaks are located at 1.93, 1.96 and 2.006 of the g
values. This result indicates the presence of unpaired electrons
of Fe3+ and oxygen vacancies.38,39 Compared with the EPR
spectrum of I-NiFeOOH, the Fe3+ and oxygen defect peak
intensity of E-NiFeOOH is much higher. This indicates that
more oxygen-rich vacancies are formed in E-NiFeOOH, which is
consistent with the XPS results.
2.3 HER, OER and overall water splitting electrocatalytic
activity

To explore the inuence of material composition and structure
on the catalytic performance of water splitting, we evaluated the
HER activity of Ni foam, I-NiFeOOH, E-NiFeOOH and Pt/C/NF in
1 M KOH in an ambient environment (as shown in Fig. S7a and
S8a†). The reaction of the HER in the alkaline medium generally
follows the Volmer–Heyrovsky pathway, in which H2O needs to
be debonded to form metal-Hads. As presented in Fig. S7a,† the
electrodes of E-NiFeOOH-x min exhibit lower overpotentials at
This journal is © The Royal Society of Chemistry 2021
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10 mA cm�2 compared with that of the pristine Ni foam (211
mV). The minimum overpotential value of E-NiFeOOH is 145
mV (E-NiFeOOH-30 min), which is inferior to that of excellent
Pt/C/NF (84 mV). Interestingly, although E-NiFeOOH exhibits
worse performance than Pt/C/NF in the low-current region, the
HER electrocatalytic performance is still signicantly higher
than that of I-NiFeOOH (Fig. S8a†) and other NiFe-based HER
electrocatalysts (Fig. S7d and Table S2†), which may overcome
the main bottleneck of overall water splitting in large-scale
applications of NiFe LDH. Moreover, under the overpotential of
300 mV, E-NiFeOOH-30 min delivered a higher current density
of about 155 mA cm�2, while the current density of Pt/C/NF is
about 137 mA cm�2 (Fig. S8c†). To evaluate the intrinsic rela-
tionship between the reaction kinetics process and the catalytic
performance, we calculated the Tafel slopes of different elec-
trocatalysts. As shown in Fig. S7b,† the Tafel slope of E-
NiFeOOH-30 min is 115.1 mV dec�1 near to the value of 120 mV
dec�1 (theoretical value of the Volmer step). This result suggests
that the discharge step (Volmer step) is the rate-limiting step
due to the weak adsorption of Fe–Hads with low electronega-
tivity, which is consistent with the previous literature
reports.37,39 In contrast, I-NiFeOOH demonstrates more sluggish
reaction kinetics and a larger Tafel slope (Fig. S8b†). This
indicates that the oxygen defects in E-NiFeOOH signicantly
accelerate charge transfer from the electrodes to the active sites,
thereby boosting the HER process.40 In addition, we explore the
practical application potential through cyclic measurements
Fig. 4 (a and b) Polarization curves and corresponding Tafel plots of the
the OER. (c) Long-term stability tests and stability measurements of E-N
NiFe-based OER electrocatalysts with their corresponding overpotential

This journal is © The Royal Society of Chemistry 2021
and stability testing. Aer 1500 CV cycles and maintaining 15
mA cm�2 under �1.1 V (vs. Hg/HgO) for 10 hours, E-NiFeOOH
exhibited very negligible changes, which highlights its robust
stability (Fig. S7c†).

Unlike the HER procedure, the OER is an inherently
complicated 4e� transfer process with a sluggish multi-step
reaction, including tailoring the O–H bond and reproducing the
O–O bond to release O2. Improving the overall water splitting
efficiency is the main challenge to overcome. As shown in
Fig. 4a, E-NiFeOOH-40 min manifests the best performance of
215 mV at 10 mA cm�2, which is not only superior to that of the
pure Ni foam, but is also much lower than that of the bench-
mark RuO2/NF. Furthermore, the Tafel slope of E-NiFeOOH-40
min is only 30.7 mV dec�1 (Fig. 4b). Such a low slope reects
that the reaction rate at the interface between the electrode and
the solution is dramatically fast, which benets from the oxygen
defects of E-NiFeOOH. Signicantly, as shown in Fig. S8d and
f,† under the overpotential of 300 mV, E-NiFeOOH delivers an
optimal current density of about 225 mA cm�2, which is about
twice that of I-NiFeOOH (102 mA cm�2) and four times that of
RuO2/NF (48 mA cm�2). In particular, the Tafel slope value of I-
NiFeOOH is 77 mV dec�1 (Fig. S8e†), which is twice that of E-
NiFeOOH. The evident difference between these two slopes
illustrates that more oxygen defects in E-NiFeOOH can facilitate
electron transfer, activate the O–H bond (promoting the
formation of the O–O bond to produce O2), and lower the
reaction barrier to achieve higher current density with a lower
Ni foam, E-NiFeOOH-20, 30, 40, 60 min and RuO2/NF electrodes for
iFeOOH-40 min. (d) Comparison of recent representative studies of
s at 10 mA cm�2 and Tafel slope values (Table S3†).

J. Mater. Chem. A, 2021, 9, 20058–20067 | 20063
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overpotential. Moreover, the OER durability was determined by
1500 CV cycles and continuous electrolysis for 10 hours at
a high current density of 110 mA cm�2 under the potential of
1.5 V (vs. RHE), as shown in Fig. 4c. The results manifest that E-
NiFeOOH has excellent catalytic performance and impressive
OER stability. In addition, the overpotential and Tafel slope
value of E-NiFeOOH are compared with those of the related
NiFe-based OER electrocatalysts, and both have much better
performance than those of most reported state-of-the-art OER
electrocatalysts (Fig. 4d and Table S3†). Furthermore, the
morphology, composition, and structure of the electrocatalyst
aer the reaction were revealed. As shown in Fig. S10,† the
surface morphology change was revealed by SEM and TEM. It
clearly shows that the electrocatalyst undergoes surface recon-
struction aer the OER. Moreover, the HRTEM image in
Fig. S10d† shows clear lattice fringes with an interplanar
spacing of 0.25 nm in the crystalline part, which is assigned to
the evolution of NiFeOOH. In addition, XRD characterization
with a slow scan rate of 2� min�1 was performed to explore the
composition of the electrocatalyst. Only a few weak diffraction
peaks of NiOOH and FeOOH can be observed in Fig. S10e.†
Fig. S10f† shows the high-resolution XPS spectrum of Fe 2p, two
peaks at 712.4 eV for Fe 2p3/2 and 725.6 eV for Fe 2p1/2, indi-
cating the Fe3+ oxidation state. In Fig. S10g,† the high-resolu-
tion XPS spectrum of Ni 2p shows two spin–orbit peaks at 855.5
Fig. 5 (a) Polarization curves of the E-NiFeOOH-30min/E-NiFeOOH-40
tests and stability measurements for overall water splitting. (c) Compariso
electrocatalysts at 10 mA cm�2 (Table S4†). (d) Computed partial density
LDH-Ov), respectively. (e) Gibbs free energy profiles of I-NiFeOOH and

20064 | J. Mater. Chem. A, 2021, 9, 20058–20067
(Ni 2p3/2) and 873.4 eV (Ni 2p1/2), along with two satellite peaks,
which are characteristic of the Ni2+ oxidation state. Two peaks at
856.8 eV and 874.6 eV correspond to the Ni3+. These results
imply that the electrocatalyst delivers incomplete reconstruc-
tion. Moreover, the O 1s XPS spectrum displayed in Fig. S10h†
shows that the relative intensity of the oxide peak is reduced
and the component at 531–532 eV becomes more dominant due
to the formation of NiFeOOH.

To gain insight into the catalytic activity of the overall water
splitting, we used a home-made two-electrode system to study
the electrocatalytic performance. The couple of E-NiFeOOH
electrodes required as low as 1.59 V for achieving a current
density of 10 mA cm�2 (Fig. 5a), which is much lower than those
of the related NiFe LDH/NF (1.7 V), NiFe/NiCo2O4/NF (1.67 V),
the state-of-the-art Pt/C–IrO2 counterparts (1.72 V) and other
reported electrocatalysts (Fig. 5c). Besides that, we also carried
out the cyclic measurement and stability testing to evaluate the
practical applications. It is gratifying that the couple of E-
NiFeOOH electrodes demonstrated excellent durability in
alkaline medium, and there was no obvious change aer 1500
cycles andmore than 180 hours of long-term operation (Fig. 5b).
Moreover, in our perspective, charged droplet mediated corro-
sion engineering is more suitable for large-scale synthesis by
adopting one-step electrospraying operation, compared with
immersing the metal-foam in bulk aqueous solution. It can not
min electrode couple for overall water splitting. (b) Long-term stability
n of recent representative studies of NiFe-based overall water splitting
of states (pDOS) of I-NiFeOOH (Ni9Fe1-LDH) and E-NiFeOOH (Ni3Fe1-
E-NiFeOOH along the OER reaction pathway.

This journal is © The Royal Society of Chemistry 2021
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only greatly reduce the waste of resources, but also realize the
control of solution components more conveniently and
construct more defects, so as to improve the performance of the
electrocatalyst. This concept scheme is shown in Fig. S9.†

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) were performed in 1 M KOH to gain further
insight into the electrode kinetics and the effective electro-
chemically active surface areas (ECSA) of E-NiFeOOH. As shown
by the Nyquist plot in Fig. S11a,† compared with E-NiFeOOH-20
min (10.2 U) and E-NiFeOOH-40 min (16.1 U), E-NiFeOOH-30
min has the smallest charge transfer resistance (Rct) of
approximately 8.8 U. The small resistance can improve electron
transfer between the electrode and the electrolyte, thereby
showing striking HER activity. This analysis is consistent with
the result of HERmeasurements. Simultaneously, we calculated
the electrochemical double-layer capacitances (Cdl) by CV to
reveal the ECSA at various scan rates in a non-faradaic range
(Fig. S11b–e†). E-NiFeOOH possesses a larger Cdl value of 6.13
mF, which is about six times higher than that of Ni foam (1.14
mF). The results illustrate that the E-NiFeOOH encompasses
more active sites to adsorb and activate water molecules. To
evaluate the intrinsic activity of the two electrocatalysts, the
ECSA-normalized LSV curves are further recorded. The
measured Cdl of I-NiFeOOH is 4.77 mF. As shown in Fig. S11e,†
the catalytic performance aer ECSA normalization of E-
NiFeOOH is still superior to that of I-NiFeOOH, indicating the
more efficient intrinsic activity of E-NiFeOOH.
2.4 Electrocatalytic mechanism analysis

Partial density of state (pDOS) calculation was performed to
understand the correlations between structural defects, and
HER and OER activity. As shown in Fig. 5d, the I-NiFeOOH
(Ni9Fe1-LDH) electrode exhibits metallic properties with low
occupancy states near the Fermi level. In contrast, E-NiFeOOH
(Ni3Fe1-LDH-Ov) shows an increased pDOS in O-2p, Ni-3d and
Fe-3d, which benets from the formation of structural oxygen
defects. The increased pDOS of E-NiFeOOH can facilitate the
charge transfer of the electrocatalyst, and is also favorable for
the adsorption of OER intermediate species. Moreover, the Fe–
O bond of E-NiFeOOH was shortened compared with that of
I-NiFeOOH, while the Ni–O bond has no change in both the
electrodes. The shortened bond and the increased Fe–O
hybridization improve the adsorption performance and elec-
tron mobility between the intermediate species and the metal
cation. The results reveal that the Fe–O bond and oxygen
vacancies play important roles in improving the OER kinetics.
Additionally, the Gibbs free energy of the OER intermediate
species was calculated, as shown in Fig. 5e (detailed DFT
calculations are shown in the ESI†). The ideal catalyst requires
that the free energy change at each step is appropriate.
Compared with the I-NiFeOOH electrode, the E-NiFeOOH elec-
trode displays a lower DGOH*, which implies that OH* is more
easily adsorbed on the surface with rich Ov and hence favors the
subsequent O* and OOH* formation. Notably, the rate-deter-
mining steps (RDS) at both I-NiFeOOH and E-NiFeOOH are the
DGOOH*. The DGOOH* energy barrier of E-NiFeOOH electrodes is
This journal is © The Royal Society of Chemistry 2021
2.03 eV, which is superior to that of I-NiFeOOH (2.63 eV). The
optimized OER reaction pathway demonstrates that the short-
ened Fe–O bond and oxygen vacancies can improve the charge
mobility between themetal cation and the intermediate species.
Moreover, HER activity can also be improved by oxygen vacan-
cies because of the following reasons: (1) rapid transfer of
electrons/charges. As shown in Fig. 5d, the oxygen vacancies in
E-NiFeOOH can improve the PDOS around the Fermi level, and
the enhancement of conductivity in E-NiFeOOH can enable
more efficient electron transfer from electrodes to reaction
species to realize high HER activity. (2) Optimization of the
electronic structure of the catalyst. For the HER in alkaline
media, the cleavage of the H–OH bond is very important. It
requires appropriate OH� adsorption to improve reaction
kinetics, and strong OH� adsorption will poison the electro-
catalyst, and weak OH� adsorption will not be favorable for
producing Hads. As shown in Fig. S8b,† E-NiFeOOH demon-
strates more efficient reaction kinetics and a smaller Tafel slope
than I-NiFeOOH. Moreover, both the values are close to 118–120
mV dec�1, which is considered as Volmer-step limited (H2O + e�

/ H* + OH�). Therefore, the oxygen defects in E-NiFeOOH
signicantly optimize the adsorption of intermediate species,
thereby boosting the HER process.

3. Conclusions

In summary, we have developed a facile strategy to construct
NiFeOOH with rich oxygen vacancies at the interface between
charged droplets and Ni foam. The unique synthesis process of
NiFeOOH not only takes less time than classical corrosion
engineering, but also can form abundant oxygen vacancies in
NiFeOOH based on a non-equilibrium stoichiometric reaction.
The electrodes of E-NiFeOOH demonstrate much lower
overpotentials of 145 mV (E-NiFeOOH-30 min), 215 mV
(E-NiFeOOH-40 min) and 360 mV (the couple electrodes) for the
HER, OER and overall water splitting in 1 M KOH at 10 mA
cm�2, and have a long-term durability of over 180 h. In this
work, the main factors and features of corrosion engineering
mediated by charged droplets have been discussed: extreme pH,
concentration effect and desolvation state. All these character-
istics can contribute to expediting the corrosion reaction in
terms of kinetics and thermodynamics. Moreover, thanks to the
sub-stoichiometric chemical reaction in the charged droplets,
sufficient oxygen vacancies can be rapidly formed in the elec-
trocatalyst. Lastly, we performed a DFT simulation to funda-
mentally understand the OER mechanism. The calculation
results reveal that the shortened Fe–O bonds and oxygen defects
synergistically improve the interaction between the metal
cations and the intermediate species (OH*, O* and OOH*) and
further accelerate the overall reaction kinetics. Our work has
greatly accelerated the reaction kinetics of classical corrosion
engineering, and offered a new means for the facile formation
of oxygen defects by using a unique charged droplet reactor.
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