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lation of the electronic structure
and hydrophilicity of nickel–iron hydroxide for
efficient oxygen evolution by UV/ozone treatment†

Ying Pan,a Yanfang Wu, b H. Alex Hsain,c Ran Su,*d Claudio Cazorla a

and Dewei Chu *a
In this work, a new surface engineering technique through UV/ozone

treatment to improve the oxygen evolution reaction performance of

nickel-iron hydroxide based catalysts has been developed. It is found

that UV/ozone treatment can significantly improve the hydrophilicity

of the catalysts as well as modify the electronic structure at the Ni–Fe

center and oxidize Ni2+ to Ni3+, which consequently enables better

electrode–electrolyte contacts, stronger charge-transfer and more

numbers of active sites with higher intrinsic activity during the OER.

This work demonstrates UV/ozone treatment as a highly effective

strategy towards the rational design of high-performance electro-

catalysts by exploiting surface modifications.
Introduction

Water-splitting is one of the most advanced technologies to
convert electricity to clean and sustainable hydrogen energy.1

Optimizing a water-splitting system requires the development
of highly efficient, low-cost and stable electrocatalysts.2 Noble-
metal-based electrocatalysts like RuO2 and IrO2 exhibit excel-
lent electrocatalytic efficiency, however, the scarcity and high
cost have largely impeded their practical application.3 There-
fore, high-performance electrocatalysts based on earth-
abundant materials, especially for the oxygen evolution reac-
tion (OER) which are bottlenecked by their sluggish kinetics in
water splitting, are highly sought aer. Among the electro-
catalysts reported, metal hydroxides have been regarded as
promising catalysts for the OER because of easy fabrication,
abundant active sites, and outstanding catalytic activity.4,5
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However, the unsatisfactory electrical conductivity and low
charge transfer in metal hydroxides have been a major tech-
nological obstacle towards their industrial application.

Recently, considerable efforts have been devoted to
improving the electrocatalytic performance of metal hydroxides
for the OER. Plenty of studies published so far have concen-
trated on the rational design of electrocatalysts by hierarchical
or heterogeneous structuring,6,7 atomic modication,8 and
materials hybridization.9 However, these approaches some-
times involve complicated or multiple synthesis steps. Surface
engineering, on the other hand, is a simple and straightforward
method that can be used to tune the electronic properties and
modify the surface chemical states of electrocatalysts. For
example, thermal treatment under a reducing or inert atmo-
sphere10 is widely used to control the degree of crystallization
and the element valence of electrocatalysts; ame engraving,11

plasma treatment12 and chemical etching in reducing environ-
ments (NaBH4 (ref. 13) and ethylene glycol (EG) in alkaline
solution,14 etc.) have been used to generate oxygen vacancies in
oxygen-containing catalysts; phosphatization,15 sulfuriza-
tion16,17 and nitridation18 are generally utilized to achieve
a surface or interlayer anion exchange in catalysts at a nano-
scale. Nevertheless, most of these treatments are time/energy-
consuming, high-cost, or even toxic and require advanced
facilities.

As one of the most commonly used pre/post-treatment
methods, treatment with ultraviolet (UV)/ozone technology
has long been usedmerely for surface cleaning/alteration but its
potential application in OER catalysts has been hitherto unex-
plored.19,20 The combination of UV irradiation and a strong
oxidation atmosphere can effectively remove the capping agents
and contaminants as well as improve the surface hydrophilicity
of various materials. More importantly, the re-oxidation effect
on catalysts can be realized by UV/ozone treatment,20,21 which
tunes the electronic structure of the electrocatalytically active
center in the catalysts and thus enhances the intrinsic activity of
active sites. Among different hydroxides, nickel hydroxides or
Ni–Fe hydroxides exhibit excellent electrocatalytic
J. Mater. Chem. A, 2020, 8, 13437–13442 | 13437
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Fig. 2 SEM images of (a) Ni–OH and NiFe–OH. (b) UV–Ni–OH and
UV–NiFe–OH. (c) XRD patterns and (d) Raman spectra of the catalysts.
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performance22 and the OER involves the oxidation of Ni2+ to
NiOOH intermediates. In comparison with Ni2+, the highly
oxidative Ni3+ species are more active and preferable for the
formation and the subsequent deprotonation of NiOOH,23

which indicates that designing electrocatalysts with higher
ratios of Ni3+/Ni2+ will boost the OER performance.

Inspired by the above considerations, we herein report the
utilization of UV/ozone treatment to improve the OER perfor-
mances of catalysts by using Ni–Fe hydroxides and nickel
hydroxides as two control samples. It is found that UV/ozone
treatment can remarkably enhance the hydrophilicity of cata-
lysts to signicantly facilitate electrode–electrolyte contact
during the OER andmodulate the electronic structure of the Ni–
Fe center to effectively boost the intrinsic activity of active sites.
As a result, the UV/ozone treated Ni–Fe hydroxides (or nickel
hydroxides) exhibit a profoundly reduced overpotential of
272 mV (or 404 mV) as compared to the catalysts without UV/
ozone treatment (327 mV and 461 mV, respectively) at
a current density of 30 mA cm�2. The exceptional catalytic
performance of UV/ozone treated catalysts enables the potential
application of UV/ozone treatment in practical large-scale
catalyst design.
Results and discussion

The synthesis and UV/ozone treatment of the catalysts are
illustrated in Fig. 1. Firstly, Ni–OH and NiFe–OH were synthe-
sized through a hydrothermal method. Secondly, the obtained
Ni–OH and NiFe–OH were loaded onto carbon paper as the
working electrodes. Finally, the working electrodes were treated
with or without UV/ozone for 2 h before electrochemical testing.
Themorphologies of the catalysts are characterized by Scanning
Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). As shown in Fig. 2a and S2,† Ni–OH shows
a free-standing 2D nanosheet morphology with an atomic
thickness of �4 nm (Fig. S3a and b†). With Fe doping, the free-
standing 2D nanosheet evolves from large at nanosheets to
small wrinkled nanoowers (Fig. 2b and S4†) with smaller
lateral sizes and an atomic thickness of less than 2 nm (Fig. S3c
and d†). The changes in the nanosheet architecture result in an
enlarged Brunauer–Emmett–Teller (BET) surface area (Fig. S5†),
providing faster mass diffusion and creating more accessible
catalytically active sites for the catalysts.24 Aer UV/ozone
Fig. 1 Schematic illustration to show the synthesis of metal hydrox-
ides and the process of UV/ozone treatment.

13438 | J. Mater. Chem. A, 2020, 8, 13437–13442
treatment, the morphologies of UV–Ni–OH (Fig. 2a) and UV–
NiFe–OH (Fig. 2b) show no obvious change as compared to
those of Ni–OH and NiFe–OH, respectively.

The phase structures of the catalysts were characterized by X-
ray diffraction (XRD). As shown in Fig. 2c, the diffraction
pattern for Ni–OH matches well with a-Ni(OH)2 (JCPDS: 38-
0715) and b-Ni(OH)2 (JCPDS: 14-0117) mixed phases. The
diffraction pattern for NiFe–OH shows strong reections asso-
ciated with mixed NiFe layered double hydroxides with peaks at
12� (003) and 25� (006) shiing to lower angles relative to that of
Ni–OH. In addition, the diffraction pattern shows lower crys-
tallinity for NiFe–OH compared to Ni–OH,25 which can be ex-
pected to increase the structural defects.5 Aer UV/ozone
treatment the XRD patterns of UV–Ni–OH and UV–NiFe–OH
are almost unchanged in comparison to their untreated coun-
terparts. Raman spectra (Fig. 2d) were collected to conrm the
chemical bonding of the catalysts. The band at 453 cm�1 is
attributed to the Ni–O bands in the Ni(OH)2 phase.26 The band
that appeared at 679 cm�1 for NiFe–OH and UV–NiFe–OH is
attributed to the Fe–O bond.27 The increased intensities of
bands at 471 cm�1 and 555 cm�1 observed in UV–Ni–OH and
UV–NiFe–OH are attributed to Ni–O vibrations in NiOOH.26 The
broad peak around 1200–1600 cm�1 shown in the Ni–OH
sample can be assigned to the nitrate ions from the nitrate salt
precursor and the second internal O–H bending mode of the
intercalated H2O.28 The spectral features and their changes
conrm that UV/ozone treatment leads to the oxidation from
the Ni2+ valance state to Ni3+ and the formation of stronger
polar groups (–OOH). This oxidation effect without affecting the
morphology and bulk phase structure of the catalysts has been
shown to exhibit a more favorable hydrophilicity and much
higher OER activity.27

X-ray photoelectron spectroscopy (XPS) measurements were
conducted to characterize the surface elemental composition
and valence states of the catalysts (Fig. 3 and S6†). The Ni 2p
spectra of the catalysts (Fig. 3a and d) are tted to six peaks
which can be assigned to Ni2+ (855.5 eV and 873.2 eV), Ni3+
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 High-resolution XPS spectra for the (a and d) Ni 2p, (b and e) O 1s and (c) Fe 2p regions of the catalysts. (f) Quantitative analysis of the XPS
results of the catalysts.

Fig. 4 Contact angles of (a) Ni–OH and UV–Ni–OH. (b) NiFe–OH and
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(857.2 eV and 875.2 eV) and the corresponding shakeup
(861.6 eV and 879.5 eV), respectively. The Ni3+ oxidation state in
the Ni–OH sample may result from the aqueous solution pro-
cessing and air exposure during drying processing.29 The O 1s
spectra of the catalysts (Fig. 3b and e) are well tted into three
peaks. The peaks centered at 530.8 eV and 532.1 eV are attrib-
uted to the metal hydroxyl (–OH) bond and the physisorbed/
chemisorbed water (H2O) on the surface, respectively.30,31 The
peak centered at 528.2 eV is attributed to the metal–oxygen(M–

O) bond. The Fe spectra of NiFe–OH (Fig. 3c) show three peaks
corresponding to Fe 2p3/2 (711.7 eV), Fe 2p1/2 (725.3 eV) and the
shakeup (717.6 eV), respectively, which signies the existence of
iron in the Fe3+ valance state.32 Compared to the XPS spectra of
Ni–OH and NiFe–OH, signicant red-shis were observed for all
the binding energies in the Ni 2p, O 1s and Fe 2p regions of UV–
Ni–OH and UV–NiFe–OH XPS spectra, suggesting the presence
of stronger electronic interactions among these components
aer UV/ozone treatment, expected to exert a positive effect on
the catalytic activity of the catalysts.33 Additionally, aer UV/
ozone treatment, Fe still exists as Fe3+ while the valence state
of Ni changes. By quantifying the XPS spectra (Fig. 3f), it is
clearly revealed that UV/ozone treatment increases the ratios of
O–O/O and Ni3+/Ni2+ in UV–Ni(OH)2 and UV–NiFe–OH relative to
those in Ni–OH and NiFe–OH, respectively, further conrming
its oxidizing effect.

To investigate the effects of UV/ozone treatment on the
attachment characteristics of bubbles, the contact angles on the
surface of catalysts were measured. As shown in Fig. 4, the
contact angles of Ni–OH and NiFe–OH are both larger than
This journal is © The Royal Society of Chemistry 2020
130�, showing their unfavorable hydrophobic feature. Fe doping
might slightly increase the hydrophobicity of the catalyst due to
its more hierarchical structure.34 Once treated with UV/ozone,
the contact angles of UV–Ni–OH and UV–NiFe–OH were both
dramatically reduced to less than 15�. The results provide solid
evidence of their ultrahigh hydrophilicity which will substan-
tially increase the electrolyte–electrode contact points.35

The electrocatalytic performance of different samples was
investigated by linear sweep voltammetry (LSV) in 1.0 KOH.
Fig. 5a illustrates the iR-corrected polarization curves of the
catalysts. Prior to water oxidation, Ni2+ [Ni(OH)2] / Ni3+
UV–NiFe–OH working electrodes.

J. Mater. Chem. A, 2020, 8, 13437–13442 | 13439
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Fig. 5 (a) LSV curves of the catalysts for the OER with 90% iR-compensation at a scan rate of 5 mV s�1. (b) Corresponding Tafel plots of the
catalysts. (c) Double-layer capacitance (Cdl) as a function of the scan rate from CV curves. (d) LSV curves normalized by the ECSA from (a). (e) EIS
results tested with a frequency from 0.1 Hz to 10 kHz. (f) Chronopotentiometry durability measurements at a constant current density of 30 mA
cm�2.
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(NiOOH) redox transition can be found at�1.4 V vs. RHE for Ni–
OH. Aer Fe doping, the oxidation peak area of NiFe–OH
decreases due to the depression effect of Fe3+ on the Ni2+/3+

redox wave.36 Upon treatment with UV/ozone, the oxidation
peaks of UV–Ni–OH and UV–NiFe–OH slightly shi to lower
potentials and the peak areas increase relative to Ni–OH and
NiFe–OH, respectively, further implying the stronger electronic
interactions in the catalysts due to the UV/ozone treatment as
conrmed by XPS characterization. Notably, the overpotentials
of UV–NiFe–OH at 30 mA cm�2 (h30) and 50 mA cm�2 (h50) are
272 mV and 297 mV, respectively, much superior to those of
NiFe–OH (h30¼ 327mV and h50¼ 357mV) and commercial IrO2

(h30 ¼ 448 mV). UV/ozone treatment also has an evident effect
on the OER kinetics of the catalysts, in which the Tafel slope
(Fig. 5b) decreases from 65 mV dec�1 for NiFe–OH to 41 mV
dec�1 for UV–NiFe–OH. The same positive effect is also revealed
in the enhanced OER performance of the UV–Ni–OH catalyst
compared to Ni–OH. Such remarkable performances also
surpass those of reported Ni(OH)2 materials to date (Table S1†).
In addition, the LSV curves (Fig. S7†) were recorded for
commercial IrO2 and lab synthesized Co3O4 catalysts with/
without UV/ozone treatment. The UV/ozone treated IrO2 and
Co3O4 both show higher current intensities than their coun-
terparts, indicating that this UV/ozone treatment strategy can
also be applied to some other transition metal-based catalysts.

To quantify the effective catalytically active sites in the
catalysts, the electrochemical active surface areas (ECSAs, Table
S2) are calculated from the electrochemical double-layer
capacitance (Cdl) (Fig. 5c) extracted from CV plots (Fig. S8†).
13440 | J. Mater. Chem. A, 2020, 8, 13437–13442
The ECSAs of UV–NiFe–OH and UV–Ni–OH are 81 and 54 cm�2,
much higher than those of NiFe–OH (64.5 cm�2) and Ni–OH
(32.7 cm�2), respectively (Table S2†). The intrinsic activity of UV/
ozone treated catalysts is also much higher than that of
untreated ones as proven by the ECSA normalized LSV curves in
Fig. 5d. Fig. 5e shows the electrochemical impedance spec-
troscopy (EIS) results. RU (Fig. 5e inset) is the ohmic solution
resistance, which is inuenced by both the electrical conduc-
tivity of the electrolyte and the resistances in the working elec-
trode.37 Rct is charge-transfer resistance and serves as
a convenient index of the kinetic facility. The noticeable smaller
semicircle radius (Rct) (Fig. 5e) and internal resistance (RU)
(Fig. 5e: inset) of UV–NiFe–OH (or UV–Ni–OH) than NiFe–OH (or
Ni–OH) indicates lower charge transfer resistance and better
electrical conductivity for UV/ozone treated catalysts during the
OER. The durability of the catalysts toward the OER was studied
by the chronopotentiometry test (Fig. 5f). UV/ozone treated
catalysts showed weaker uctuations in potentials compared to
Ni–OH and NiFe–OH in 10 h. Furthermore, electrodes aer the
chronopotentionmetry durability test were characterized by
SEM, Raman and XPS to study the structural and chemical
stability of the catalysts. No apparent morphology change is
observed for UV treated samples (Fig. S9†), conrming the
structural stability during the long-time reaction. The Raman
(Fig. S10†) and XPS (Fig. S11 and 12†) spectra were almost the
same as compared to those before the stability test (Fig. 2d and
3), suggesting no obvious change in the chemical bonding
states for all samples. These results conrm the excellent
This journal is © The Royal Society of Chemistry 2020
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reproducibility and stability of UV/ozone treated catalysts
toward the OER in strong alkaline media.

Based on the experimental results, a schematic model is
proposed (Fig. 6 and S13†) and the remarkable OER perfor-
mance of UV/ozone treated catalysts can be explained as
follows: (i) for nickel hydroxide based catalysts, the OER
proceed as Ni(OH)2 + OH� / NiOOH + H2O + e� in alkaline
media. The Ni3+/2+ provides the primary OER active sites, while
Ni3+ is more active than Ni2+. Increasing the ratio of Ni3+/Ni2+ in
the catalysts would then result in a better electrocatalytic
activity. (ii) UV/ozone treatment is a photosensitized oxidation
process, and oxygen will be dissociated to continuously
generate and destruct ozone molecules as well as to create
atomic oxygen by UV light according to the following two
equations:19

2O2 ������!185 nm
O3 þO*

O3 ��������!254 nm
O2 þO*

The highly reactive ozone molecules and atomic oxygen (O*)
are strong oxidizing agents that may react with the metal ions to
oxidize Ni2+ to Ni3+ as well as to alter the electronic structure of
the Fe–Ni center. The number of active sites increases by virtue
of the oxidation effect and the intrinsic activity of each active
site increases because of the stronger electronic interactions at
the Fe–Ni center, thus boosting the catalytic activity of the
catalysts. Additionally, the altered electronic structure results in
better conductivity and enhanced charge transfer of the cata-
lysts during the OER. (iii) UV/ozone treatment not only removes
the organic contaminants absorbed on the surface of the cata-
lysts during the prolonged electrode preparation process but
also modies the surface properties, which tunes the wettability
behavior of the catalysts from hydrophobic to hydrophilic. The
high hydrophilicity guarantees much better catalyst–electrolyte
interactions during the OER which are responsible for the
increased OER activity.
Fig. 6 Schematic illustration of the catalysts (left: NiFe–OH, right:
UV–NiFe–OH) in the OER process.

This journal is © The Royal Society of Chemistry 2020
Conclusions

In summary, we demonstrated the utilization of UV/ozone
treatment as a facile approach to signicantly improve the
OER performance of electrocatalysts. The UV/ozone treated
catalysts exhibit better catalytic activity and durability. UV/
ozone treatment boosts the OER activity by providing highly
reactive oxidizing agents; the atomic oxygen and ozone mole-
cules, which modify the electronic structure of the Fe–Ni center,
facilitate the oxidization of Ni2+ to Ni3+ and improve the
hydrophilicity during the OER. These effects subsequently lead
to decreased charge transfer resistance, increased electrical
conductivity, the increased intrinsic activity of the active sites,
the increased number/exposure of active sites and the signi-
cantly enhanced electrolyte–electrode contacts. This study is of
great importance for opening a new dimension of efficient
catalysts for water splitting by using cheap and easily handled
preparation process.
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