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Defective blue titanium oxide induces high valence
of NiFe-(oxy)hydroxides over heterogeneous
interfaces towards high OER catalytic activityy
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Nickel-iron (oxy)hydroxides (NiFeO,H,) have been validated to speed up sluggish kinetics of the oxygen
evolution reaction (OER) but still lack satisfactory substrates to support them. Here, non-stoichiometric
blue titanium oxide (B-TiO,) was directly derived from Ti metal by alkaline anodization and used as
a substrate for electrodeposition of amorphous NiFeO,H, (NiFe/B-TiO,). The performed X-ray absorption
spectroscopy (XAS) and density functional theory (DFT) calculations evidenced that there is a charge
transfer between B-TiO, and NiFeO,H,, which gives rise to an elevated valence at the Ni sites (average
oxidation state ~ 2.37). The synthesized NiFe/B-TiO, delivers a current density of 10 mA cm~2 and 100
mA cm™2 at an overpotential of 227 mV and 268 mV, respectively, which are better than that of pure Ti
and stainless steel. It also shows outstanding activity and stability under industrial conditions of 6 M KOH.

R 4 14th S ber 2023 The post-OER characterization studies revealed that the surface morphology and valence states have no
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Accepted 5th November 2023 significant change after 24 h of operation at 500 mA cm™, and also can effectively inhibit the leaching

of Fe. We illustrate that surface modification of Ti which has high corrosion resistance and mechanical
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Introduction

Electrochemical water splitting driven by renewable energy is
one of the most environment friendly routes for the production
of ultrapure hydrogen, also well known as green hydrogen (GH),
which plays a critical role in fuel cells and energy conversions.">
Currently, the main commercially available technologies for GH
are alkaline water electrolysis (AWE) and polymer electrolyte
membrane (PEM) electrolysis, but the former has enormous
advantages in terms of scale-up because inexpensive 3d tran-
sition metal elements can be used as catalysts.>* However, its
energy conversion efficiency is strongly restricted by the anode
reaction of the oxygen evolution reaction (OER), which is
a sluggish process involving four proton-coupled electron-
transfer steps.>® In the last few decades, the materials used
for driving the OER under alkaline conditions have made great
progress; specifically, nickel-iron (oxy)hydroxides (NiFeO.H,)
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OER activity and stability of non-precious metal electrodes.

were considered the most promising catalysts because of their
excellent acceleration of OER dynamics and strong stability.”™*
Moreover, it should be emphasized that the substrates for
supporting NiFeO,H,, are particularly important for maintain-
ing the stability of the whole electrode under high current
density operation, as strong alkali solutions are highly corrosive
liquids. For the complex process of OER, the role of the
substrate is not limited to that of a current collector but it is
often required to increase the adhesion strength of the catalyst
to resist the shear stresses generated by the release of gas
bubbles.'* Also, a suitable substrate can induce catalyst-support
interactions (CSIs) that modify the crystal and electronic
structure of the catalytic sites to enhance the OER catalytic
activity.'*™**

Titanium (Ti) metal is recognized as the best substrate for
electrodes due to its high corrosion resistance and mechanical
strength and has been widely used and validated in dimen-
sional stable anodes (DSAs),'®'” which are prepared by spraying
a mixture of Ru, Ir and Ti precursors onto Ti metal surfaces and
subsequent pyrolysis at high temperature (commonly >400 °©
C).**2° Thanks to the high-temperature treatment, a higher
electrical conductivity of RulrTiO, solid solution is obtained by
sintering Ru or Ir with Ti to form an intermediate layer, which
firmly bridges the Ti substrate and the catalytic layer in DSAs.**
However, the crystal structure of NiFeOH, is particularly
sensitive to sintering temperature; it can be converted to a more
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inert oxide structure at only 300 °C," so loading NiFeO,H, on
substrates is almost impossible to treat with commercial DSAs.
Therefore, surface modification of the Ti substrate is necessary
to enable the NiFeO,H, catalytic layer to adhere robustly to the
smooth metal Ti surface and is significant for high current
density operation.

Here, we used a mild method to derive a defective blue
titanium oxide (B-TiO,) layer in situ on the surface of Ti foil and
used it as a carrier for electrodeposition of NiFeO,H, to form
catalytic electrodes (NiFe/B-TiO,). The NiFeO,H, grown on the
surface of B-TiO, has an amorphous structure, and in addition,
advanced structural characterization studies have evidenced the
existence of a significant CSI effect between them, which
induces the formation of high-valent Ni and Fe, which we call
a pre-oxidized state. The prepared NiFe/B-TiO, provides
a compelling OER activity, which delivers a current density of
100 mA cm ™2 in conventional 1 M and commercial grade 6 M
KOH solutions with overpotentials of only 268 and 220 mV,
respectively. With the help of theoretical calculations, the key
active site of Ni presents a pre-oxidized state in NiFe/B-TiO,
which may play a critical role in enhancing the OER activity.
Moreover, NiFe/B-TiO, can be operated stably for a long time
under industrial conditions of 0.5 A cm™2 and the post-stability
characterization confirms that its morphology and composi-
tional structures are virtually undamaged.

Results and discussion

The morphology, composition and structure of amorphous
NiFe/B-TiO,

Here, we use alkaline anodization to directly derive a blue
titanium oxide (B-TiO,) layer on the Ti foil surface, and subse-
quently electrodeposit NiFeO,H,, with a Ni/Fe mole ratio of 3/1
to form a Ti-based anode with a firmly adherent surface
coating (NiFe/B-TiO,). B-TiO, belongs to the family of colored
TiO, and the color change originates from the oxygen defects or
disorder in the lattice,® thereby called “self-doping”.**** The
formation of B-TiO, often depends on a reducing atmosphere or
the reducing additives in solution,”** but herein it was
successfully prepared by mild anodization under alkaline
conditions only. We speculate that its formation may be
through the following chemical process:

Ti’ + OH™ — Ti""0, + ne + H,0 (here, n < 4)

The X-ray diffraction pattern (XRD) of prepared B-TiO, is
shown in Fig. 1a, in which the peaks located can be assigned to
metallic Ti. Although no diffraction peaks related to Ti oxides
were found in the XRD pattern, the inset photograph clearly
shows that a blue covering has formed on the surface (Fig. S17).
The surface color transformation is from the formation of B-
TiO,.

To understand the crystal structure of B-TiO,, transmission
electron microscopy (TEM) was performed. As shown in Fig.
S2,T it presents a sheet structure and shows clear lattice fringes,
whose plane distances are very close to those of the defective
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Ti O;. B-TiO, derived directly on the Ti surface not only avoids
the risk of poor adhesion that is associated with epitaxially
grown coatings, but its defect-rich nature also contributes to the
conductivity of the interface. Fig. 1b shows the scanning elec-
tron microscopy (SEM) image of B-TiO,, and a rough surface can
be clearly observed, which may provide a large number of
attachment sites, and as a result, allow the NiFeO,H,, catalytic
layer to be firmly bonded to the surface. It can be confirmed by
the high-pressure tape adhesion experiments, as shown in Fig.
S3,T that NiFe/B-TiO, can withstand a pressure of up to 10 MPa
without shedding any catalyst on the tape, while NiFe/Ti showed
almost 30% catalyst shedding from its surface at only 1 MPa.
Moreover, the derivative of B-TiO, can dramatically improve the
hydrophilicity of the surface, as it gives a water contact angle
(WCA) of only 19.8 + 2.4°, which is much lower than the value
(97.9 £ 1.6°) of fresh Ti (Fig. S47). The significant improvement
in surface wettability may facilitate uniform electrodeposition
growth of catalytic layers.

The SEM image of NiFe/B-TiO, (Fig. 1c) shows that the
electrodeposition of NiFeO,H, is well covered on B-TiO, and
exhibits a morphology that is like the typical morphology of
a DSA electrode.” The overall morphology of NiFeO,H, catalytic
films consists of larger sheet flowers and fine nanosheets, both
of which are consistent with the intrinsic sheet structure of
NiFeO,H,.>** However, the NiFeO,H, grown on fresh Ti shows
a morphology of a woolly ball that is formed by the interlocking
of numerous sheets, as clearly observed in Fig. S5.F This also
suggests that the surface properties of the substrate have a huge
influence on the formation of NiFeO,H, by electrodeposition,
where we speculate that it may be a result of surface wettability.
It should be noted that the NiFeO,H, catalytic films have an
amorphous structure, which is evidenced by no feature peaks of
NiFeO,H, identified in either the bulk XRD or surface grazing
incidence XRD patterns (Fig. 1a). The performed TEM (Fig. 1d
and e) shows that the formed NiFeO,H,, exhibits a typical sheet
shape, which is consistent with the observation of SEM. The
atomic scale of high-resolution TEM (Fig. 1f) reconfirms that
NiFeO,H, exists in an amorphous state as no clear lattice fringes
are found. Fig. S61 shows the high-angle annular dark-field
scanning TEM (HAADF-STEM) image and corresponding
elemental mapping images of NiFe/B-TiO,, which verify the
existence and homogeneous distribution of O, Ni, and Fe. The
amorphous structure of NiFeO,H, formed by electrodeposition
on B-TiO, is independent of the thickness of its growth, as
revealed by XRD (Fig. S77).

Fig. 1g displays the obtained Ti 2p surface X-ray photoelec-
tron spectra (XPS). The binding energy of Ti 2ps,, for B-TiO, is
458.2 eV, which is shifted by about 0.2 eV towards the low
binding energy relative to that of conventional TiO,, indicating
that the valence of Ti is lower than 4+, confirming that B-TiO, is
an oxygen-rich defective Ti oxide. The binding energy of Ni 2p3,,
located at 855.7 €V in NiFe/B-TiO, (Fig. 1h) can be assigned to
the Ni**(OH),, but it has slightly shifted towards higher energy
when compared with that of NiFe/Ti. A similar phenomenon is
also found in Fe 2pg/, (Fig. 1i), the sample of NiFe/B-TiO, (712.8
eV) is shifted by about 0.3 eV relative to NiFe/Ti (712.5 eV). This
suggests that a support-catalyst interaction (CSI) may be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) The XRD patterns of Ti, B-TiO, and NiFe/B-TiO,. The positions of the standard diffraction peaks of Ti (pdf card number: #44-1294) and

NiFe-LDH (pdf card number: #51-0463) are also marked in the figure. The insets show electronic photos of B-TiO, and NiFe/B-TiO,. (b) SEM
image of B-TiO,. (c) SEM image of NiFe/B-TiO,. The selections correspond to the microscopic morphology at high resolution. (d—f) The TEM
images of NiFe/B-TiO, at different magnifications. (g) The XPS spectra of Ti 2p for TiO, and B-TiO,. (h and i) The XPS spectra of Ni 2p and Fe 2p for
NiFe/Ti and NiFe/B-TiO,. The binding energy of the main peak for 2ps,, of different elements is marked in the corresponding figure.

presented, which resulted in higher valence states for Ni and Fe,
caused by the B-TiO, acting as a charge acceptor. The O 1s XPS
spectra (Fig. S8t) revealed a peak at 531.4 eV both in NiFe/B-
TiO, and NiFe/Ti, corresponding to M-OH,**?** where M is the
metal Ni or Fe.

Surface properties and electronic structure of NiFe/B-TiO,

As observed in the element high-resolution XPS, the valence
state of Ni and Fe are increased on account of the effect of CSI.
Herein, XAS was performed to further investigate the oxidation
states of Ni (since the test was performed on the whole electrode
in fluorescence mode, the low Fe content did not allow the
absorption intensity to reach the required level) over NiFe/B-
TiO,. It is well known that a higher oxidation state typically
leads to a higher edge adsorption energy.**** As shown in
Fig. 2a, it can clearly be observed that the adsorption edge of Ni-
K in NiFe/B-TiO, shifts to higher energy relative to that of NiFe/
Ti, indicating the oxidation state of Ni > 2+ may be present in

© 2023 The Author(s). Published by the Royal Society of Chemistry

the former. To describe the valence states of Ni in NiFe/B-TiO,
as quantitatively as possible, we have plotted the valence states
against the absorption edge (the absorption edge refers to the
valence state obtained through Ni K-edge first derivative XANES
spectra, shown in the inset of Fig. 2a) based on our data and
together with previous data.**** As shown in Fig. 2b, a non-
linear relationship is figured out, which is in agreement with
the previous findings.** Accordingly, the quantitative valence
state of Ni in NiFe/B-TiO, and NiFe/Ti is 2.35 and 2.1, respec-
tively. Given that the electrodeposition conditions (including
the electrolyte, volume, potential, and temperature) are the
same, it is expected that the high valence state of Ni in NiFe/B-
TiO, may be associated with the CSI effect induced by the
charger transfer between interfaces. The higher valence states
of Ni can trigger the typical redox peak of Ni*" to Ni** in the
NiFeO,H, shift towards a positive potential, which can be evi-
denced by cyclic voltammetry (CV) (Fig. 2¢). It is well known that
this redox peak is very sensitive to the amount of Fe

Chem. Sci., 2023, 14, 13453-13462 | 13455


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04858f

Open Access Article. Published on 13 November 2023. Downloaded on 2/3/2026 10:10:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
a b gss C 4
el ey . 144V
3 NiFeTi W Standard Ni-states 5 ¢, 21NiFe/B-TiO
~ NiFe/B-TiO, 83501 NiFe/B-TiO _-m 0 .
el FoTi < -
2 ond T 83455 ¢V — NiFe/Ti LaNiO ~ | )
2 038 7., 805 % s34 Ni(OH), ANIO, g 40 I 142V
2 d ; 8346.5 eV < 2 S
= < - P ¢ < W0y _— d
| 3 o & g ) NiFe/Ti
= <
£ 04 < E 8340 ’ -1 |
g £ / ~ o | 139V
5 E oo : 8335 - 204 . . 1
< 0.0- e T o 21 2.35 ol NiFe/SS
< T T Fm i 8330 N . .
8320 8340 8360 8380 8400 10 1 3 3 1 5 “"l > 5 T s 6
Energy (eV) Valence states ’ h E(V) “ RHE h '
d os f H A
. —— Ni foil K
Ni-O ——NiFe/Ti - -
0.6 —— NiFe/B-TiO, -

FT Ky (k) (a.u.)

@ Atoms delocalization

at interface

»
) P
bt o ’Y,E% o/ /
o & /
3] ) Y Qe
£ LI A . Ni-O-Ti coordinatiops e i
'W 05 v 11 layer is formed ;
oSt
0 cpelle e,
[1x2x1]
€= h —Fe-3d _ :
~ 1—Ni3a NiFe-LDH CE
1 = J—o02p ‘ F
L g
1 @n
% - Z]
< g 2
5e o4
& Ni, k=13.8~14.2 E
< v M
\Jlre/B TiO, 2 =
- - - 2. i 4
% = z ]
= a

91 71

Fig. 2

absorption edge energy corrected for Ni foil. (c) Cyclic voltammetry curves of three electrodes in 1 M KOH with a scan rate of 10 mV s~

E-E, (V)

(a) The normalized Ni K-edge XANES spectra. (b) Relationship between the Ni valence state and its K edge-absorption edge energy, with

1 The

oxidation peak potential of Ni** — Ni** is labelled in the figure. (d) The k*-FTEXAFS spectra of the Ni K-edge for different materials. The k-range
of all materials is set at 2-12. (e) The corresponding k*-weight W-MT maps of NiFe/Ti and NiFe/B-TiO,. The parameters of k and ¢ are 10 and 1,
respectively. (f) The crystal structure of two-atomic-layer y-NiFeOOH (100) slabs and four-atomic-layer Ti4O5 (102) slabs with a (2 x 1) super unit
cell. (g) The differential charge analyses for a constructed model of NiFe/B-TiO,. Dark yellow for charge accumulation and light blue for charge

loss. (h) The DOS of NiFe-LDH and NiFe/B-TiO;.

incorporated, where the peak current decreases and the peak
potential increases with the increase in Fe content. The peak
potentials for forward and reverse scans are located at 1.44 and
1.32 V (RHE), respectively, which are higher than that of NiFe/Ti
and NiFe/SS. The operando XAS of potential dependence
revealed that the elevated potential induces an increase in the
valence state of Ni, which is the key to NiFeO,H,, having the
catalytic OER activity.*>*® This pre-oxidized Ni (here refers to
>2+) in NiFe/B-TiO, may be more conducive to accelerated
deprotonation at the OER potential and thus to enhanced
activity.

The change in the average oxidation state of metal sites
(here, Ni and Fe) is determined by the change in its crystal
structure, such as the coordination environment, bond lengths,
and defects. Here, we combine EXAFS with M-WT to investigate
the crystal structure changes in Ni-sites. Fig. 2d shows the k-
weighted backward Fourier transforms of EXAFS (k*-FTEXAFS)
spectra of the Ni-K edge. It can be clearly seen that the average
bond length of the strongest NiOg coordination in NiFe/B-TiO,
(2.08 A) is lower than that of NiFe/Ti (2.21 A). This is also verified

13456 | Chem. Sci, 2023, 14, 13453-13462

by the M-WT image (Fig. 2e), in which the low-value regions in k-
space corresponding to the ligand O (k = 6.2-8) have lower R-
values than that of NiFe/Ti. Moreover, the buzzing range of O is
lower than that of NiFe/Ti, which is related to the contraction of
the bond length, indirectly proving the shortening of the Ni-O
bond. The shortening of the bond length represents a signifi-
cant covalent bonding property,*”*® which leads to an elevated
valence state. It should be noted that no Ni-Ni or Ni-Fe coor-
dination buzzing rings were identified in M-WT images, except
for NiOg, which is direct evidence that the electrodeposited
NiFe-LDH has an amorphous structure, independent of the
substrate chosen for deposition. It is well known that the
amorphous structure can break the periodic extension of the
fixed coordination,® and consequently, the k-space of both Fe
atoms (k = 12.1-12.4) and Ni atoms (k = 13.8-14.2) in NiFe/B-
TiO, and NiFe/Ti appears to be flattened and elongated, which
is associated with its amorphous nature. Although both have
amorphous structures, the Fe atoms of NiFe/Ti are present over
avery wide R range (3-10 A) and the Ni is between 5 and 8.4 A; in
contrast, the R spatial of Fe and Ni atoms in NiFe/B-TiO, are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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staggered from each other, e.g., Fe is basically concentrated in R
=3to 6 A and Ni in 6 to 10 A, suggesting that there is also
a localized ordering of the structure in NiFe/B-TiO,. This devi-
ation in atomic arrangement may be related to the nature of the
substrates, but systematic studies are still needed to determine
this.

To better understand the presence of charge transfer
between the catalytic layer NiFeO,H,, and substrate B-TiO,, the
density functional theory (DFT) calculations are performed. The
NiFeO,H, phase discussed here was adopted by the widely used
a-NiFe-LDH with a component of Ni: Fe = 3 : 1. It is difficult to
accurately obtain the crystal structure of the direct derivative B-
TiO, on the Ti surface, but previous studies revealed that the
composition of the defective B-TiO, may be more consistent
with that of Ti,0,,>**** and very close to our TEM results, so it
was used here. The NiFe-LDH formed by electrodeposition
tends to have a flower-like morphology formed by [003]-faceted
hexagons interspersed with each other,** which is verified from
our SEM images. Thus, the initially constructed model consists
of two layers of NiFe-LDH grown radially along the [010] facets
and two layers of Ti O, (Fig. 2f). After optimization, the atoms
near the interface become delocalized, and a Ni-O-Ti coordi-
nation layer is formed. This variation in the interfacial structure
is most likely due to a lattice mismatch in the exposed crystal-
line surface.*® From Fig. 2g, there is charge accumulation
around Ti and charge depletion around Ni at the interface,
which evidences charge transfer between the catalytic layer
NiFeO,H, and substrate B-TiO,, and this finding agrees with the
above-mentioned XPS and XANES results.

According to the developed model for NiFe/B-TiO,, its elec-
tronic structures are investigated by using the density of states
(DOS), together with the pure NiFe-LDH as a comparison. As
shown in Fig. 2h, the valence bands of Fe 3d and Ni 3d move
towards the Fermi level (Ex) compared to that of NiFe-LDH, with
an increase of about 1.5 eV. As a result, the Ni 3d bands near Ey
become more localized. The resulting localization of electrons
near Er will result in a narrowed band gap between the valence
and conduction bands such that the electrons from O 2p can
jump into conduction bands more easily, which can contribute
to modulating the binding strength of intermediates. Liu et al.**
reported that narrowing the band gap of NiFe-LDH facilitates
adsorption of hydroxyl ions (OH ™), which further improves the
OER activity. Moreover, the Er completely crosses the Ti 3d
bands, which may be related to the fact that B-TiO, is endowed
with more defective sites. We also found that the valence and
conduction bands of Ni 3d and Fe 3d overlap with those of Ti
3d, which will help the transfer of electrons between the
substrate and the catalyst, i.e., the interfacial resistance may be
lowered.

OER performance evaluation of NiFe/B-TiO,

The OER performances of NiFe/B-TiO, were evaluated in detail
under a typical three-electrode configuration with a Hg/HgO
reference and a Pt foil as counter electrodes in O,-saturated
1.0 M KOH, together with NiFe/Ti and NiFe/SS. The measured
polarization curves (Fig. 3a) with iR compensation suggest that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NiFe/B-TiO, exhibits remarkable OER activity among these
prepared electrodes. Apparently, it gives an overpotential as low
as 220 mV to yield a current density of 10 mA cm >, consider-
ably lower than the 258 mV and 263 mV overpotential needed
for the NiFe/Ti and NiFe/SS electrodes to reach the same current
density. Also, NiFe/B-TiO, just requires an overpotential of
268 mV to afford a high current density of 100 mA cm ™2, which
is quite comparable to that of the NiFe/Ti and NiFe/SS elec-
trodes. The OER kinetics were analysed by using Tafel plots
under the electrochemical steady-state conditions (Fig. 3b),
which clearly reveals that the NiFe/B-TiO, possesses a small
Tafel slope of 37.5 mV dec™ !, much lower than that of NiFe/Ti
and NiFe/SS electrodes. The compelling OER kinetics indicate
that NiFe/B-TiO, has a low charge transfer resistance (R.),
which can be verified by the performed electrochemical
impedance spectroscopy (EIS). A low R of 1.68 Q was obtained
in the Nyquist plots for NiFe/B-TiO,, as shown in Fig. 3¢ and
Table S1.t To confirm the high OER performance of NiFe/B-
TiO,, we use the electrochemical surface area (ECSA), which can
be calculated by extracting the double-layer capacitance (Cqj) to
calibrate the geometry activity to obtain the intrinsic activity of
the catalytic materials, from the steady-state CV curves (Fig.
S91). Notably, NiFe/B-TiO, exhibits a high jgcsa of 29.8 mA cm ™2
at a potential of 1.53 V (Fig. 3d), which is 4 and 19 times better
than that of NiFe/Ti and NiFe/SS, respectively, suggesting
a huge improvement mainly originating from NiFeO,H, itself.
Moreover, to better understand the highly intrinsic activity of
NiFe/B-TiO,, the DFT with the Hubbard-U approach (DFT + U)
was employed based on the above-discussed model (four-layer
NiFe-LDH and four-layer Ti,O;). A four-step pathway with ~-OH*,
-0O*, and ~-OOH* intermediates on the reaction of H,O to O, was
adopted to predict the OER activities of NiFe/B-TiO, and NiFe-
LDH. The free energies of OER intermediates were calculated
at two potentials (0 and 1.23 V), which were used to determine if
the reaction trends for the free energy changes were consistent.
At 0 V (Fig. 3f), the rate-determining step (RDS) of NiFe-LDH is
the formation of M-O* (M-metal sites) from M-OH* with a free
energy of 1.81 eV, which is consistent with the results revealed
by previous DFT calculations in NiFe-LDH.**** In contrast, the
free energy of the second step in NiFe/B-TiO, decreases to
1.45 eV, and the RDS is M-O* to M—OOH*. The RDS of NiFe/B-
TiO, and NiFe-LDH are also validated by U = 1.23 V, and the key
energy barrier to be overcome is the third step (0.32 eV) for NiFe/
B-TiO, and the second step (0.35 eV) for NiFe-LDH. The differ-
ence in the RDS indirectly demonstrates that changes in the
local microcrystal structure and active site valence have a huge
impact on the critical energy barriers that need to be overcome
by the OER process. In predicting and designing novel catalysts
for DFT applications, a linear correlation AGoou+* = AGop* + 3.2
+ 0.2 is found in various catalysts,***° and this dependency is
replicated in our studies (Fig. 3g). For an ideal catalyst, it is
expected to be able to reconcile these competing adsorption
energies without allowing the free energy of a step to be too
high. The higher values of AGoy+ and (AGo+ — AGog+) mean too
weak binding of an adsorbate over the active site,* as a result,
impeding the adsorption of OH and increasing the energy
barrier of deprotonation, which was extensively validated on
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(a) The OER polarization curves with iR compensation of NiFe/B-TiO,, NiFe/Ti, and NiFe/SS. (b) The corresponding Tafel plots. (c) Nyquist

plots of different electrodes at 0.6 V (vs. Hg/HgO). (d) ECSA-normalized polarization curves of samples to uncover the intrinsic activity of these
samples. The inset shows the comparison of ECSA-normalized activity. (e) The scatter plots of the overpotential at a current density of 100 mA
cm™2 versus the Tafel slope are based on the reported OER activity in various literature studies. (f) Standard free energy diagram of the OER
processes on the (100) facet of NiFe-LDH and NiFe/B-TiO,. The adsorption structures of the intermediates are also labeled in the figure. (g) The
linear scaling relation between the free energies AGoon+ and AGop« on the NiFe-LDH surfaces considered. The solid line in the center is

determined by using AGoonx = AGop+ + 3.2 eV.

NiFe-LDH.*»** For NiFe/B-TiO,, it effectively mitigates the
energy barrier of the deprotonation step, and the third step is
only 1.61 eV, giving a low theoretical overpotential of 0.30 V (n =
AGoon+ — 1.23 V). While constrained by the difficulty of
deprotonation, NiFe-LDH gives a high theoretical overpotential
of 0.58 V (n = AGo+ — 1.23 V). This ability to accelerate depro-
tonation and to modulate the RDS may be related to the high
valence active sites.*® As revealed by our XAS and XPS studies,
the key active site of Ni presents a pre-oxidized state in NiFe/B-
TiO, which may play a critical role in enhancing the OER
activity.

In addition to the pursuit of high OER activity, the long-term
stability of electrodes is essential for scaling up the AWE. The
stability tests were conducted by applying a constant current
density of 100 mA cm ™2 continuously for at least 100 h. The
recorded potential-time curves are shown in Fig. S10,T and it
can be found that no appreciable deactivation was observed for

13458 | Chem. Sci, 2023, 14, 13453-13462

NiFe/B-TiO, during electrolysis. Specifically, the average rate of
decay of the potential over a period of 100 h is only 0.23 mV h™*
(the potential increases by only 23 mV in 100 h). To confirm the
robust stability of NiFe/B-TiO,, we also compared the change in
potential before and after stability tests (Fig. S117). At specific
current densities of 10, 100, and 300 mA cm™?, the potential
increases after electrolysis by only 31, 23, and 17 mV, respec-
tively. This evidence fully supports the excellent durability of
NiFe/B-TiO,.

OER activity and stability evaluation of NiFe/B-TiO, in 6 M
KOH

The remarkable OER performances of NiFe/B-TiO, are explored
in detail in a common 1 M KOH solution. However, 30% (wt%)
KOH (~6 M) is used for practical industrial applications, so we
investigated the activity and stability of the prepared NiFe/B-
TiO, in this solution. As shown in Fig. 4a, it delivers a current

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The OER polarizations of NiFe/Ti and NiFe/B-TiO, were determined under a 6 M KOH solution. (b) Chronopotentiometry curves of

NiFe/B-TiOy at ta current density of 500 mA cm™2 for 24 h electrolysis. (c) SEM image comparison before and after the stability test of NiFe/B-
TiO,. (d and e) XPS of Ni, and Fe before and after the stability test of NiFe/B-TiO,. (f) EDS characterization studies before and after the stability test

of NiFe/B-TiOx.

density of 100 mA cm > and 500 mA cm ™ Z at 1.45 V and 1.53 V
(vs. RHE), respectively, which is 30 mV and 50 mV lower than
that of NiFe/Ti. Fig. 4b shows the chronoamperometry curve for
NiFe/B-TiO,, which is implemented at a near industrial current
density of 500 mA cm 2. It can be found that there is almost no
decay of the potential in up to 24 h of operation. The hour-by-
hour potential decay rate decreases gradually with electrolysis
time, as shown in the inset, and given a 24 h-decay rate as low as
0.76 mV h ™', indicates that it possesses intrinsic stability under
OER conditions. It should be pointed out that the stability of

© 2023 The Author(s). Published by the Royal Society of Chemistry

NiFeO,H, is mainly affected by the thermodynamic instability
of the Fe sites®™* and is accompanied by a transformation of
the phase structure, in particular from the active (oxy)hydroxide
phase to the inert oxide phase.*® Thereby, we carried out SEM
and XPS characterization studies on the post-OER electrodes to
assess possible morphological or structural changes. In terms
of the morphology (Fig. 4¢), no significant irreversible damage
to the morphology or structure can be observed. We compared
the before-and-after differences in the microscopic morphology
of the edges of the cracks and the flower-like shape of the
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clusters. The surface NiFeO,H,, still maintains a sheet structure
consistent with the initial one. Moreover, TEM is performed to
observe the morphology and structure of the NiFeO,H,. As
shown in Fig. S12,f NiFeO,H, retains a typical sheet
morphology, which is consistent with that of the pristine state.
In addition, NiFeO,H,, also presents an amorphous structure
after the stability test, as no obvious lattice fringes are observed,
indicating that NiFeO,H, did not form the undesired inert oxide
structure.

Fig. 4d and e compare the Fe- and Ni-XPS before and after
24 h electrolysis. The binding energy of the main peaks 2p;,
and 2p,,, for both Fe 2p and Ni 2p has no observable offset,
suggesting that no phase transition occurs after the stability
test. It also confirmed by the conducted O-XPS (Fig. S137), that
the surface oxygen species are still dominated by hydroxyl
groups (M-OH), and no lattice oxygen was found, which implies
that no inert oxides (like Fe,O3 or NiO) are formed. The greatest
threat to the stability of NiFeO,H, remains the irreversible
dissolution of Fe, and previous studies revealed that the
dissolution of Fe is not negligible even at low current density (at
10 mA cm?).*® Here we use EDS and XPS to determine the
composition change of NiFeO,H,.. As shown in Fig. 4f, the bulk
Ni/Fe ratio of the catalytic layer is 3.1 on the post-OER electrode,
which is very close to 3.0 in the fresh one. In the most conser-
vative scenario (i.e., EDS has a maximum error of 15%), the
leaching amount of Fe is less than 8%, which is much lower
than that reported in the literature.® Additionally, the surface
compositions determined by XPS (Fig. S14 and Table S3t) show
that the surface Ni/Fe molar ratio after 24 h operation at 500 mA
cm 2 is 2.56, which is lower than that of the pristine one (2.75),
which also evidences that the dissolution of Fe sites was effec-
tively inhibited. The effective inhibition of Fe leaching over
NiFe/B-TiO, may be related to the strong bonding effect
between the catalytic layer and B-TiO, which substantially
enhances its resistance to bubble washout. Additionally, the
special atomic arrangement may also play a positive role in
enhancing the intrinsic stability, because, as revealed by our W-
MT, Ni and Fe atoms do not have a random arrangement but
rather form with particularly localized ordering.

Conclusions

In short, mild anodization in alkaline media is a simple and
effective method to form defective B-TiO, in situ on metallic Ti
surfaces. Combining the results of XAS and DFT, there is
a strong interaction between NiFeO,H, and B-TiO,. In partic-
ular, an interfacial charge transfer has been created, which
leads to an increase of the valence state of the Ni sites. The
electrochemical characterization confirms that the OER activity
of NiFe/B-TiO, is greatly improved and can be operated stably
for 24 h under industrial conditions of 6 M KOH, with a low
potential decay rate of only 0.76 mV h™". The high valence of Ni
over NiFeO,H, turns the RDS to the third step of M—~OOH from
the original deprotonation step, and reconciles the free energies
among the different intermediates, resulting in a lower theo-
retical overpotential. Post-OER characterization demonstrated
that there are no significant changes in morphology and valence

13460 | Chem. Sci, 2023, 14, 13453-13462
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structures after the stability test, and NiFe/B-TiO, exhibits the
ability to inhibit the leaching of Fe. The high corrosion resis-
tance and mechanical strength of Ti validate it to be an excellent
substrate for supporting electrocatalysts, and surface modifi-
cation engineering to enable strong interaction with NiFeO,H,
is a simple and effective strategy to improve the OER activity and
stability of non-precious metal electrodes.
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