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employed to activate the multicomponent non-noble metal oxyfluorides in-situ for oxygen evolution
reaction (OER). It is interesting to unravel that the increasing applied current density helps to reconstruct
the catalyst into nanoporous core-shell structure and introduce metal oxyhydroxide on the surface,
which guarantees more channels for efficient ion/mass transportation and thus contributes to exposing
more active sites for catalytic reaction. The activated five-membered oxyfluoride shows the best catalytic
activity with overpotential of 348 + 2 mV to achieve the current density of 10 mA/cm? and a Tafel slope of
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OER 110.3 £ 0.1 mV/dec, in contrast with the pristine one (532 + 2 mV & 240.2 + 0.1 mV/dec). It still maintains
Dealloying high stability after long time OER measurement, making it a promising succedaneum for noble metal cat-
Nanoporous core-shell structure alysts. The high-entropy effect, amorphous state and high active sites density jointly contribute to its

enhanced OER performance. This work provides new ideas for realizing the potential of inactive elements
via entropy engineering and using electrochemical self-reconstruction to modify semiconductors for
advanced water oxidation.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction water supplements and zero carbon emission [1]. OER and hydro-
gen evolution reaction (HER) constitute the entire water electroly-

Water electrolysis is widely regarded as a promising means of sis, both necessitating electrocatalysts to lower corresponding
producing high purity oxygen and hydrogen gas due to sufficient overpotentials. Despite perfect performance provided by platinum
group catalysts for HER, the another half (OER) is a bottleneck reac-
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higher overpotentials [2]. The overall efficiency of water electroly-
sis is considerably impeded. Though ruthenium and iridium cata-
lysts can accelerate oxygen evolution efficiency to some extent,
the overpotentials and kinetics parameters are far from satisfac-
tory. Besides, the high cost and scarce storage still challenge the
commercial noble metal catalysts for large-scale applications in
water splitting [3]. Thus, developing inexpensive and high-
efficient electrocatalysts to catalyze HER/OER is extremely urged
on the agenda.

So far, a series of researchers have found that most OER catalysts,
including sulfides, borides, phosphides, nitrides, carbides, alloys,
and oxides, are the precatalysts actually [4-10]. Once immersed
into electrolytes and activated, these materials will undergo an irre-
versible and sharp structural evolution into metal oxides/oxyhy-
droxides on the surface during OER. When referred to the alkaline
milieu and elevated applied potentials, differences in morphologic
structure are more pronounced before and after measurements
[11]. Indeed, the aggregation of the oxidation outer layers and the
pristine compounds is deemed the actual electrocatalysts, rather
than the as-prepared one. The electrocatalytic reactions are univer-
sally acknowledged to take place at the electrode/electrolyte inter-
face. As aresult, the activated species on the surface of the materials
play a critical role in OER process. Wang et al. reported a facile in-
situ electrochemical conversion technique for initiating y-NiOOH
amorphous shell around the initial catalysts, which significantly
improves the OER activity [12]. With the increasing applied poten-
tials, the outer shell underwent a transition from NiNPS to a-Ni
(OH), / NiO, to y-NiOOH. Our group recently has found that surface
reconstruction of phosphide precatalyst ingeniously leads to in-situ
P doping into NiO lattice. In contrast to bare NiO, the induction of P
activates the Ni sites in NiO to a great extent and weakens the bond-
ing strength of the intermediates [13]. Following such an idea, in-
situ electrochemical surface reconstruction is a potential means
to grow active components on the relatively inactive substrate for
advanced OER performance.

Metal oxyfluorides are conventionally used to work as Li-ion
cathodes, supercapacitors, and photocatalysts owing to the excel-
lent electrochemical/chemical properties [14-16]. Recently, their
applications in electrocatalysis, especially water oxidation, have
been gradually reported [17,18]. Lhoste’s group employed a
microwave-assisted solvothermal method to synthesize NiFe-O-F
with excellent activity and stability [19,20]. Meanwhile, Wang
and his co-authors synthesized a fluoride-incorporating NiFe
hydroxide nanosheet array. The following cyclic voltammetry
cycling dramatically increased the electrocatalytic activity [21].
Most of these works focused on NiFe-based fluorinated materials
for two reasons. On the one side, the electronegativity of fluorine
anion is the highest, enabling it easier to dissolute into alkaline
electrolyte under oxidation potential [22,23]. It means the exis-
tence of Metal-F bond in oxyfluorides would be more conducive
to catalyzing the formation of metal oxyhydroxides during anodic
activation, in contrast with Metal-P/S/N/Se bonds. On the other
side, activated products derived from NiFe species generally show
higher catalytic performance for efficient and durable water elec-
trolysis [24]. Nevertheless, OER research associate with other
metal oxyfluorides are scant. Herein, we synthesized a multicom-
ponent non-noble metal oxyfluoride by a facile dealloying
approach basing on ZrNi-based amorphous alloys. A series of cur-
rent densities were applied to in-situ construct nanoporous and
catalytically active oxyhydroxides on the surface of metal oxyfluo-
rides. Compared with the pristine sample, the activated catalyst
possesses lower overpotential and improved reaction kinetics in
OER. Most importantly, metal elements in as-prepared oxyfluoride
are relatively inexpensive and inactive, including V, Ti, and Nb.
Modifying Fe with these elements through entropy engineering
finally facilitates an active and stable OER catalyst.
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2. Experiment section
2.1. Materials

High-purity (>99.95%) metal of Zr, Ni, Fe, Ti, V, and Nb were
brought from Beijing China New Metal Co., Ltd. KOH, RuO,, HF
(wt 40%) and H,0, (wt 30%) were all purchased from Aladdin
Chemistry Co. Ltd.

2.2. Preparation of dealloying precursors

Amorphous alloy of ZrggNiygFesVsTisNbs was synthesized via a
melt spinning method in high pure Ar atmosphere. The obtained
ribbons were cut into fragments with 2 mm in width and 3 cm
in length for sufficient reaction. In addition, ribbons composed of
Zl‘soNi20F65'57Ti6'56Nb5'65, eroNinge“)Nbu) and eroNizoFezo were
also prepared for comparison.

2.3. Preparation of core-shell structures

The dealloying process was performed under 55°C within 24 h.
A mixture of HF (0.1 mol L™') and H,0, was served as the corrosive
media. After dealloying, yellow precipitates (pristine FeVNbTiZrOF)
were collected and washed with deionized water, then dried at
drying oven at room temperature for 3 h.

2.4. Preparation of working electrodes

For the synthesis of our working electrodes, 50 mg of dealloying
powders and 50 pL Nafion were dispersed into 3950 pL ethanol.
Then the mixture was put in ultrasonic bath for 60 min to obtain
a uniform catalyst ink. Subsequently, several well-tailored
(5*30 mm) rectangle carbon fiber papers were ultrasonically
cleaned in hydrochloric acid and ethanol for 20 min and dried in
air. Next, the carbon fiber paper was laid flat in the as-prepared
uniform catalyst ink for 20 min to load catalyst naturally through
gravity. At last, the carbon fiber paper loaded with the non-noble
multicomponent metal oxyfluoride powders (0.8 mg/cm?, 1 cm?)
was taken out and dried at 60°C to eliminate the interference of
ethanol for subsequent tests.

2.5. In-situ surface reconstruction of core-shell structures

Surface activation and reconstruction of the core-shell struc-
tures were conducted by a chronopotentiometric technique using
an electrochemical workstation (CHI 660E) with different constant
current densities at 5, 10, 20, and 40 mA/cm? for 20 h in 1 M KOH.
The corresponding products were thereby named as FeVNbTiZrOF-
CC-5, FeVNbTiZrOF-CC-10, FeVNbTiZrOF-CC-20, and FeVNbTiZrOF-
CC-40, respectively.

2.6. Electrochemical measurements

All the electrochemical measurements in our work were con-
ducted with a standard three-electrode system. 1 M KOH was used
as electrolyte. A saturated calomel electrode and graphite rod were
used as the reference electrode and counter electrode, respectively.
The dealloying products loaded on carbon fiber paper works as the
working electrode. Besides, all the potentials were referenced to a
reversible hydrogen electrode (RHE) using the equation of Egyg =-
Engngo + 0.059 pH + 0.24. The overpotential (1) was calculated
according to the following formula: n = Egye — 1.23 V. The electro-
chemical activities of the catalysts were measured at a scan rate of
5 mV/s by Linear Scanning Voltammetry (LSV). To record the elec-
trochemical active surface area of the catalysts, cyclic voltammo-
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gram curves (1.155-1.255 V vs RHE) were performed with the scan
rates of 10, 20, 30, 40, 50 and 60 mV/s. The double layer capaci-
tance (Cq) of testes samples were then obtained from plotting AJ
= (Ja - Jo) @1.205 v vs RHE against the scan rates. The linear slope is
equivalent to twice of Cq4, which can be employed to represent
the electrochemical active surface area. Durability test of the
best-performance catalyst was carried out at a constant overpoten-
tial for 48 h. All the electrochemical impedance spectroscopy spec-
tra (EIS) were measured at the same potential (1.47 V vs RHE) with
frequency range from 100 kHz to 0.01 Hz. In particular, to assess
the intrinsic activity of the catalysts, the normalized LSV curves
were compensated with 90% IR.

2.7. Characterization

The crystallinity of powders was confirmed by the D8 Bruker X-
ray diffraction with Cu Ko radiation. UV-vis spectrophotometer
(UV-2600) was used to investigate the light absorption of catalysts.
Zeiss and FEI field emission scanning electron microscope was used
to investigate the surface morphology of powders. HAADF-STEM
images and element mappings before and after chronopotentio-
metric treatment were characterized via transmission electron
microscopy (FEI G2-F30 and Talos F200X). The chemical valence
and composition were analyzed by a Thermo ESCALAB 250XI.

3. Results and discussions

The preparation of the oxyfluorides undergoes a dealloying
method basing on ZrgoNiyoFesVsTisNbs amorphous ribbons
(Fig. S1, Table S1), illustrating in Fig. 1. Traditional dealloying
method has been applied to synthesize nanoporous skeletons by
selective removal of non-precious metal [25,26]. It was recently
found the dealloying products change with the variation of the cor-
rosive media. For instance, a mixture of acidic and oxidative reme-
dies (H,C,04 | H,0;) could directly corrode the amorphous alloy
into insoluble oxalate precipitation [27]. Inspired by this idea, we
employed HF/H,0, as the corrosive medium with reactions below.
Firstly, Ni and partial Zr of ribbons dissolve into the oxidative and
acidic solution in the form of Ni%* and ZrFZ~, respectively. Original
amorphous state of the ribbon cannot sustain any more. The sur-
face etching pits allow HF | H,0, to react with Fe/V/Nb/Ti and rest
Zr to from corresponding oxyfluorides (Fig. S2). Due to large sur-
face area and high energy, the small and solo nanospheres irre-
versibly accumulated into larger Siamese particles and detached
from the ribbon substrate.

XRD pattern of the dealloying product is shown in Fig. 2a. The
full width at half maximum of two halo peaks for the pristine
FeVNDTiZrOF are apparently wide, indicating it an amorphous
phase with long-range disorder and short-range order. DRS spec-
trum (Fig. S3) proves the pristine FeVNbTiZrOF is a semiconductor
with wide band gap of 2.99 eV. SEM image in Fig. 2b displays the
yellow dealloyed powders, consisting of solo or conjoined nano-
spheres with an average diameter of approximately 500 nm. Inter-
estingly, a detailed insight (Fig. 2c) into the broken sphere reveals
the pristine FeVNbTiZrOF features obviously a core-shell structure,
which is mainly composed of agglomerated smaller nanoparticles.
TEM images (Fig. 2d) further give the thickness of outer shell
(~35 nm). Besides, in Fig. 2f and g, both line scan and EDS mapping
demonstrates the component inhomogeneity between the shell
and core. Zr enriches in the former whereas Fe/V/Nb/Ti accumu-
lates in the latter. The compositional ununiformity in pristine
FeVNDbTiZrOF may implies a spinodal decomposition during its for-
mation process, of which Fe/V/Nb/Ti and Zr oxyfluorides are
immiscible with each other, thereby establishing the core-shell
structure. The widely accepted criterion for judging the multi-
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component system is the mixing entropy (ASmix). If ASmix exceeds
a certain value, the system is of high entropy. To simplify the cal-
culation, the core of the as-prepared multi-component oxyfluo-
rides are calculated to be FeVNbTiOgFs according to the EDS data
(Table S1). Then ASnix can be calculated by the formula

N M
(ASmix = —R (inlnx,) + | 3 xjInx; , where R
i=1 cation—site Jj=1 anion—site

represents the ideal gas constant, x; and x; are the mole fractions
of the metal elements and nonmetal elements, respectively.) and
the value is 1.455 R, which outperforms the medium-entropy alloy
(1.1 R) [28]. Thus, the pristine FeVNbTiZrOF is composed of high-
entropy oxyfluoride core and Zr oxyfluoride shell.

Prior to OER testing, we employed chronopotentiometric tech-
nique to monitor what the anodic activation impacts on metal
oxyfluorides, particularly in electrocatalytic activities. For the
incremental component oxyfluorides activated at 5 mA/cm?, we
listed their overpotentials required to drive a current density of
20 mA/cm? (Fig. 3a). All activated oxyfluorides outperform the ref-
erence of Ru0,, suggesting them to be promising substitutes for
noble metal OER catalysts. Besides, their overpotentials are gradu-
ally reduced with the addition of metal element in oxyfluorides, of
which FeVNbTiZrOF-CC-5 takes the lowest overpotential
(414 £ 2 mV). The performance of FeVNbTiZrOF-CC-5, however,
is still high and far from satisfactory for industrial application. To
deeply discuss what the oxidation environment is beneficial for
improving OER activity, a series of constant current densities (5,
10, 20, and 40 mA/cm? for 20 h) were applied (Fig. S4). In contrast
with the pristine FeVNbTiZrOF, a small applied current density
(5 mA/cm?) can greatly improve its electrocatalytic performance.
Furthermore, when reaching up to 40 mA/cm? the activated
oxyfluoride (FeVNbTiZrOF-CC-40) presents the highest catalytic
activity with overpotential of 348 + 2 mV and 388 + 3 mV to
achieve current densities of 10 mA/cm? and 20 mA/cm?, respec-
tively, which is acceptable among many fluorinated materials
(Table S2). It could be inferred that the applied current density
indeed helps to enhance the OER activity of oxyfluoride semicon-
ductor. High current density generally means the harsh oxidizing
atmosphere, making it more easily to activate catalyst surface
and produce active sites. Unfortunately, further increasing current
density would destroy the structure of supporter and it is unable to
measure the oxygen evolution process.

Tafel analysis offers intrinsic insights into the OER mechanism
occurring on catalyst surface. The lowest Tafel slope implies the
fastest response of electrocatalytic current with the increasing
applied potential. The corresponding fitted Tafel plots of the acti-
vated oxyfluorides are displayed in Fig. 3c. The pristine FeVNbTiZ-
rOF exhibits a much higher Tafel slop of 242.0 £ 0.1 mV dec™ . It
can be rapidly reduced once activated as follows: FeVNbTiZrOF-
CC-5(139.2 £ 0.1 mV dec™ '), FeVNbTiZrOF-CC-10 (133.2 + 0.2 mV
dec™!), FeVNbTiZrOF-CC-20 (126.7 = 0.2 mV dec!), FeVNbTiZrOF-
CC-40 (110.3 = 0.1 mV dec™!). The electrocatalytic efficiency of
active sites is quite critical in OER process. The number of active
sites is roughly proportional to electrochemical active area
(Fig. 3d) which can be tested by the Cq derived from the cyclic
voltammetry (Fig. S5). Therefore, the higher Cg (10.15 £ 0.02 mF)
evidences the larger electrochemical active area of FeVNbTiZrOF-
CC-5, much higher than the pristine FeVNbTiZrOF (0.16 + 0.002 m
F). Simultaneously, this value is elevated with the increasing
applied current density and reaches a maximum at 11.28 + 0.04
mF for FeVNbTiZrOF-CC-40. It demonstrates again the electro-
chemical reconstruction is an effective method for engineering sur-
face active sites. Electrocatalytic kinetics and interfacial properties
of the catalysts are further investigated by EIS and Nyquist plots
are fitted via an equivalent circuit model of (R(CR)W). This model
consists of a solution resistance (R;) in series with a parallel con-



Yin’an Zhu, W. Dai, X. Zhong et al.

Cutting

ZrgoNiyFesVsTisNbs MG ribbon

Dealloying

Journal of Colloid and Interface Science 602 (2021) 55-63

HF/H,0,
Corrosive medium

\"\)

— 0 —

/.\

ayelsans 9N

“\—\\\; F)’ \Z

Aging

Fig. 1. Schematic procedure to prepare the pristine FeVNbTiZrOF.

(S

b

Intensity / a.u.

20 40 60 80

2 Theta / degree f

(9

.00 1/nm
—

Fig. 2. (a) XRD pattern; (b, ¢) SEM images; (d-f) TEM images and (g) EDS mappings of the pristine FeVNDbTiZrOF, the insert map is the optical photo of the pristine

FeVNbTiZrOF.

nection of Cq; and charge transfer resistance (R.;) and a Warburg
impedance. An intuitive appreciation of Fig. 3e and Table S3
authenticates the effect of electrochemical reconstruction, impres-
sively decreasing R, of pristine FeVNbTiZrOF from about
4966 + 147 to 144.6 + 2.2 Q (FeVNDbTiZrOF-CC-5). This value can
be further lowered by intensifying the applied current density
and it reaches minimum for FeVNbTiZrOF-CC-40 (105.7 + 2.0 Q).
Meanwhile, the value of Cy stemmed from the model also follows
the same order as the result of ECSA. The lowest R, illustrates that
FeVNDbTiZrOF-CC-40 possesses a superior surface electron transfer
ability as well as lower energy barrier for OER in comparison with
the pristine one [29]. Lastly, a long-term electrocatalytic stability
of FeVNDbTiZrOF-CC-40 was also measured by chronoamperometry
test with a constant applied potential at 1.578 V vs RHE (Fig. 3f).
The monitored catalytic current density is quite stable with only
a percentage of 4.61% loss after 48 h test. On the contrary, ruthe-
nium dioxide, the benchmark commercial OER catalyst, shows
deteriorating stability at the initial 2 h and then slowly returns.
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The above-mentioned results indicates that FeVNbTiZrOF-CC-40
is a promising candidate for electrochemical water oxidation.

The superior OER activity of the FeVNbTiZrOF-CC-40 could be
clarified according to the ex-situ composition and structure evolu-
tion through the activation. XRD pattern confirms FeVNbTiZrOF-
CC-40 is still of amorphous structure (Fig. S6). Fig. S7 compares
the elements of the pristine and activated FeVNbTiZrOF, including
Zr, Fe, V, Nb, Ti, O and F. Due to the extremely low content of Fe/V/
Nb/Ti elements in the shell, their characteristic signals are nowhere
to be found. With respect to other elements, the peaks located at
184.6 and 187.0 eV may be assigned to 3ds, and 3ds,; of Zr oxyflu-
orides, respectively [30]. After activation, it is rapidly oxidized into
the highest valance state (IV), and therefore a shift of 1.2 eV is
observed [31]. For O 1 s, signals before and after activation could
be decomposed into different peaks (O, Oy, Oy and Oyy). Of them,
0; (530.9 eV) is related to the lattice oxygen [32]. Oy, Oy and Oy
belongs to the surface oxygen adsorption [33] oxyhydroxides
[34] and the Nafion utilized in the electrocatalyst ink fabrication
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Fig. 3. Electrocatalytic activities of dealloying products and reference samples. All the LSV measurement was repeated for three times. (a) LSV curves of FeZrOF-CC-5,
FeNbZrOF-CC-5, FeNbTiZrOF-CC-5, FeVNbTiZrOF-CC-5 and RuO, in 1 M KOH solution with a scan rate of 5 mV/s; (b) LSV curves of the pristine and activated FeVNbTiZrOF at
different current densities; (c) corresponding Tafel plots; (d) corresponding linear plots of capacitive current densities vs scan rates; (e) Nyquist plots recorded at 1.47 V (vs.
RHE). The corresponding equivalent circuit is depicted in the inset; (f) Chronoamperometric response of FeVNbTiZrOF-CC-40 and RuO, at the overpotential of 348 mV and

396 mV, respectively.

[35], respectively. For F 1s, the peaks at 689.7 eV and 685.2 eV are
identified as the C-F bond (from Nafion) and the F-Zr bond, respec-
tively. A more detailed contrast between the pristine and activated
FeVNDbTiZrOF exhibits opposing principles for O 1 s and F 1 s
(Fig. 4). The electrochemical reconstruction dramatically destroys
the Zr-F bond and synchronously increases the oxyhydroxide con-
tent. The higher current densities applied on pristine FeVNbTiZrOF
are, the more obvious the main trend is. When increasing to
40 mA/cm?, the content of oxyhydroxides reaches a maximum
(85.08%) and Zr-F falls to minimum (1.06%). A credible explanation
involves the impact of F anion, who has the strongest electronega-
tivity to form an ionic M—F bond. This bond is easier oxidized and
reconstructed into the surface metal oxyhydroxide than M—S/P/Se.
Considering Zr species are harder to oxidize or reduce without
extra power, we believe the successful establishment of Fe/V/Nb/
Ti oxyhydroxide in the core of the activated FeVNbTiZrOF. The
obtained metal oxyhydroxides are widely considered as active sites
for efficient adsorption/desorption during OER process according
to reaction mechanism [36,37].

SEM images of the activated FeVNbTiZrOF under diverse current
densities are depicted in Fig. 5. Unlike the dramatic surface change
(commonly from 3-D nanoparticles into 1-D or 2-D nanosheets) of
borides or sulfides during electrochemical oxidation [38,39], the
activated FeVNDTiZrOF displays unique surface variation. After
activation at 5 mA/cm?, several small irregular pores are formed
at the junctions of the nanospheres. Due to the fact that pristine
FeVNbTIiZrOF itself is composed of accumulated particles, the inter-
vals would be enlarged under the supply of external energy, as
asserted by the Ostwald ripening mechanism [40]. Therefore, fur-
ther raising current density leads to the higher coverage and larger
size of nanopores. This expansion becomes more vivid after the
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long-term catalytic stability test (Fig. S8). It is worth mentioning
in insert map of Fig. 5d that the activated FeVNDbTiZrOF finally
reconstructs into nanoporous core-shell structure. The unique
structure guarantees more channels for sufficient ion diffusion,
mass transportation and exposing more active sites at the elec-
trolyte/electrode interface. This scene was further confirmed by
its TEM image, as depicted in Fig. 6, where the outer shells are par-
tially interrupted by several nanopores. A closer insight into the
high-resolution TEM image manifests the activation process not
only creates nanoporous architecture, but also modifies the surface
oxyfluoride into an amorphous zirconium oxyhydroxide layer with
approximately 2 nm. Besides, the high content of oxygen in EDS
data (Table S1 and Fig. S9) also proves the transformation from
the oxyfluoride to oxyhydroxide. The obtained result is in a well
agreement with that of XPS.

To reflect the intrinsic electrocatalytic activity, the polarization
LSV curves of the pristine and activated FeVNbTiZrOF are normal-
ized by ECSA so as to eliminate the amplification deriving from the
increasing specific surface area and catalyst loading [41]. As shown
in Fig. 7a, overpotential of the pristine FeVNbTiZrOF is reduced by
30 mV after activation when referring to 0.1 mA/cm? The
improved intrinsic activity illustrates the formation of many active
sites on catalysts surface, which is critical to optimizing the
adsorption/desorption kinetic of OER intermediates. Apart from
the compositional and structural explanations mentioned above,
the experiment results also reveal the key impacts of the multi-
component metal oxyfluoride itself, a combination of amorphous
and high-entropy essence. For amorphous structure, the disorder
atomic arrangement endows plentiful oxygen vacancies and metal
vacancies, leading to bonds with random orientations, higher den-
sity of coordinatively unsaturated sites, and high surface energy
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Fig. 5. SEM images of (a) FeVNbTiZrOF-CC-5; (b) FeVNbTiZrOF-CC-10; (c) FeVNbTiZrOF-CC-20; (d) FeVNbTiZrOF-CC-40.

[42,43]. These unique properties are conducive to reducing the
adsorption energy of intermediates and energy barrier of catalytic
reaction, thereby accelerating the charge transfers between the
intermediates/active sites and raising the electrochemical catalytic
performance [44,45]. For high-entropy materials, there exists
strong mutual interactions among the multiple metal elements,
which is unattainable in conventional single-metal ones [46,47].
When progressively introducing more metal elements into a sim-
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ple compound, its chemical coordination environment and elec-
tronic structure are changed accordingly [48-50]. Besides, the
surface neighboring active sites in high-entropy catalysts with dif-
ferent local electronic structures could also provide the possibility
for complementing the catalytic shortcomings of pure phases
[51,52], for instance, weak electrical conductivity and molecule
adsorption/desorption. This unexpected synergistic effect can sig-
nificantly adjust the binding energy of oxygenated intermediates
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[47]. To corroborate this, we further compare the intrinsic activity
of the activated oxyfluorides (Fig. 7b). As expected, continuously
incorporation of more elements into single metal oxyfluoride
greatly boosts its OER performance. For a selected applied potential
of 1.6 V (vs RHE), FeVNbTiZrOF-CC-5 exhibits the highest normal-
ized current density of 0.099 mA/cm? gcsa, which is 2.06, 2.25, and
2.54 times higher than FeNbTiZrOF-CC-5, FeNbZrOF-CC-5, and
FeZrOF-CC-5, respectively. Gradually adding inactive transition
metal elements revises Fe species with optimal filling of e, orbitals,
among which V is the most efficient dopant. The outstanding

61

performance of the five-membered activated oxyfluoride confirms
the synergistic effects of the within high-entropy configuration
again. Integrating all the above-mentioned reasons makes the
FeNbTiZrOF-CC-40 an active and stable water oxidation catalyst.

4. Conclusion

In summary, we in-situ activated and reconstructed the multi-
metal oxyfluorides for advanced water oxidation through a
chronopotentiometric method. The electrochemical reconstruction
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modifies this compound with surface fluorine-leaching, formation
of nanopores and most importantly the introduction of metal oxy-
hydroxides. These extrinsic causes facilitate efficient electron/mass
transfer at the electrode/electrolyte interface. Meanwhile, intrinsic
proprieties including amorphous and high-entropy nature syner-
gistically endow the five-membered oxyfluoride with higher den-
sity of coordinatively unsaturated sites and appropriate
electronic structure, which would reduce the adsorption energy
of intermediates as well as the energy barrier of OER, finally boost-
ing the electrochemical catalytic performance. Hence, it only
requires an overpotential of 348 + 2 mV to reach the current den-
sity of 10 mA/cm? and a Tafel slope of 110.3 + 0.1 mV/dec for cat-
alytic kinetics, much better than the commercial RuO,, the pristine
counterpart and binary/ternary/quaternary activated metal oxyflu-
orides. This work provides new guidance for using electrochemical
reconstruction to activate semiconductive oxyhalides and expand-
ing their application for advanced water oxidation. Meanwhile,
employment of inexpensive and inactive metal elements to estab-
lish high-entropy materials may point the next step of the research
directions.
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