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ABSTRACT

Structural reconstruction of nanomaterials offers a fantastic way to regulate the electronic structure of active sites and promote
their catalytic activities. However, how to properly facilitate surface reconstruction to overcome large overpotential that stimulate
the surface reconstruction has remained elusive. Herein, we adopt a facile approach to activate surface reconstruction on
Ni(OH), by incorporating F anions to achieve electro-derived structural oxidation process and further boost its oxygen evolution
reaction (OER) activity. Ex situ Raman and X-ray photoemission spectroscopy studies indicate that F ions incorporation
facilitated surface reconstruction and promotes the original Ni(OH), transformed into a mesoporous and amorphous F-NiOOH
layer during the electrochemical process. Density functional theory (DFT) calculation reveals that this self-reconstructed NiOOH
induces a space-charge effect on the p—n junction interface, which not only promotes the absorption of intermediates species
(*OH, *O, and *OOH) and charge-transfer process during catalysis, but also leads to a strong interaction of the p—n junction
interface to stabilize the materials. This work opens up a new possibility to regulate the electronic structure of active sites and
promote their catalytic activities.
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1 Introduction

Electrocatalytic water splitting for hydrogen and oxygen
generation offers an appealing road for obtaining renewable
energies [1-5]. However, oxygen evolution reaction (OER) within
the electrocatalytic water splitting process is a kinetically slow and
efficiency-limiting reaction due to the four-electron redox steps,
which often involves a high overpotential to dissociate O-H bond
and to form O=0 bond [6-9]. Currently, precious metal oxides,
such as Ir, and Ru oxides are highly efficient OER electrocatalysts,
but they suffer from relative scarcity and high-cost [10-13]. In this
respect, well-engineered catalysts prepared using earth-abundant
elements, such as Fe, Co, and Ni (and their derivatives) may offer
affordable substitutes [14-19].

A fact that cannot be neglected is that most active sites on the
surface of catalysts would undergo structural reconstruction due
to the electro-derived structural oxidation process [20-22].
Transition metal oxyhydroxides (MOOH, where M = Fe, Co or
Ni) are well-recognized as the real catalytically active species
generated from irreversible surface reconstruction on different
types of oxygen-evolving materials [23-25]. In particular,
Ni-based samples have garnered high potential in surface
reconstruction due to Ni-O bond breaking under high oxidation
potential, ~showing their encouraging water oxidation
potential [26-28]. However, how to properly facilitate this surface
reconstruction to overcome large overpotential that stimulates the
surface reconstruction due to the strong Ni-O bond has remained
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elusive, not to mention the unveiling of such mechanism.
Furthermore, surface reconstruction should be precisely controlled
to avoid compromising all the bulk of catalysts, which serves as a
template for creating a highly active surface. Thus, it is highly
desirable to develop strategies for activating and terminating
surface reconstruction. Recent studies have reported that F anion
with the strongest electronegativity (3.98) compared to other non-
metal elements, due to its similar ionic radius to oxygen ions (F:
0.131 nm and O: 0.138 nm), can facilitate the activation of catalytic
active species in metal hydroxide-based catalysts [29, 30]. Most
importantly, it tends to form weaker metal-F bonds than that of
other metal-anion bonds by virtue of structural features of F
anions, which is easier to bring stronger ionicity for realizing
surface reconstruction of catalytic active species [29, 30]. However,
the study of this completely-new structural reconstruction strategy
to activate OER active species in metal hydroxide-based material
remains a blank.

In this work, we adopt a facile approach to promote surface
reconstruction on Ni(OH), by incorporating F anions
(F-Ni(OH),) to regulate the electronic structure of active sites and
thus to promote the OER activities. The F anion with the strongest
electronegativity trends on forming weak Ni-F bonds and
achieves stronger ionicity than Ni-O bonds, which is in favor of
surface reconstruction of catalytic active species. During the
electrochemical process, large amounts of F anion were leached
and the original surface layer was transformed into a mesoporous
and amorphous F-NiOOH layer. This self-reconstructed NiOOH
promotes a space-charge effect on the p-n junction interface
(F-NiOOH/F-Ni(OH),), which is able to not only change the
electron densities of atoms around the interfaces but also
accelerate the absorption of targeted ions and the charge-transfer
process during catalysis. This work opens up a new possibility to
regulate the electronic structure of active sites and promote their
catalytic activities.

2 Experimental

2.1 Preparation of F-Ni(OH),

Nickel form (2 cm x 3 cm) was firstly washed by hydrochloric
acid, ethanol, and deionized (DI) water. F-Ni(OH), nanowires
growing on nickel foam were firstly synthesized by a
hydrothermal method. Specifically, 148 mg NH,F, 600 mg urea,
and 1.64 g Ni(NO;), were dissolved in 40 mL DI water and mixed
under vigorous stirring. Then, the mixed solution was transferred
to 50 mL stainless steel Teflon-lined autoclave and maintained at
120 °C for 6 h. The F-Ni(OH), nanowires growing on nickel foam
were obtained after cooled down naturally to room temperature,
final washed by ethanol and DI water.

2.2 Preparation of F-Ni(OH),-SR catalysts

To obtain the F-Ni(OH),-SR catalysts, the F-Ni(OH), nanowires
growing on nickel foam were treated by performing cyclic
voltammetry (CV) treatment (50, 100, 150, 200, 250 cycles, named
F-Ni(OH),-SR-50,  F-Ni(OH),-SR-100,  F-Ni(OH),-SR-150,
F-Ni(OH),-SR-200, and F-Ni(OH),-SR-250). The scan rate for
CV was keptat 50 mV-s™.

2.3 Characterizations

The crystal structure of materials was tested using a Rigaku
Smartlab 9000W X-ray diffractometer with a scan rate of 10°s™.
Field emission scanning electron microscope (FESEM)
(JEOL JSM-7500F) were performed to obtain the morphologies
and elemental composition of the synthesized samples.
Transmission electron microscopy (TEM) and selected area
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electron diffraction (SAED) were carried out on a JEOL JEM-2100
microscope. Raman spectra were obtained with a 320 nm laser by
using a RENISHAW system. X-ray photoelectron spectroscopic
(XPS) studies were performed using a Thermo ESCALAB 250
instrument. The thickness of samples was determined by atomic
force microscopy (AFM) (Bruker MMS8).

24 Electrochemical measurements

Electrochemical ~measurements were carried out in a
three-electrode system on a CHI 760E electrochemical
workstation (Shanghai Chenhua, China) in 1 M KOH electrolyte.
The Ag/AgCl (saturated KCl solution) and Pt foil were used as
reference and counter electrodes, respectively. Linear sweep
voltammetry (LSV) was measured from 1.0-1.8 V at the scan rate
of 10 mV-s™. The impedance spectra of materials were performed
in the three-electrode setup over the frequency range from 1 MHz
to 0.1 Hz in 1 M KOH. All the LSV data in this work were
corrected by eliminating iR drop with respect to the ohmic
resistance of solution.

2.5 Computational methods

All the calculations were performed based on the density function
theory (DFT) methods implemented in the Vienna ab initio
simulation package (VASP) (54). The generalized gradient
approximation was used to estimate exchange—correlation
interaction in the scheme of the Perdew-Burke-Ernzerhof
functional. The effect of core electrons on the density of valence
electrons was described using the projector augmented wave
method. The kinetic energy cutoff for the plane waves was set to
450 eV for all the calculations in the 3 x 3 x 1 Ni(OH), super cells.
The convergence tolerance of energy and force on each atom
during structure relaxation were less than 10+ eV and 0.02 eV-A",
respectively. A set of Monkhorst-Pack mesh K points of 3 x 3 x 1
optimization and electronic structural calculations. A vacuum
distance of 20 A was set for Ni(OH), to ensure sufficient vacuum
and avoid interactions between two periods. The thermal and
zero-point energy (ZPE) corrections of different C intermediates
adsorbed onto Ni(OH), were further calculated at the I' point.
Dispersion-corrected DFT scheme of Grimme was used to
describe the van der Waals interactions in the systems.

3 Results and discussion

3.1 Crystal structure characterization

F-Ni(OH), nanowires growing on nickel foam were firstly
synthesized by a hydrothermal method (Scheme 1) [31]. It can be
seen from the real photos that F-Ni(OH), grows uniformly on the
surface of the nickel foam (Fig. S1 in the Electronic Supplementary
Material (ESM)). X-ray diffraction (XRD) pattern in Fig. S2 in the
ESM shows four main peaks at 19.3°, 33.5°, 38.9°, and 59.9°, which
are indexed to the (001), (100), (011), and (110) planes of Ni(OH),
(JCPDF#73-1520), respectively [27]. The scanning electron
microscopy (SEM) image shows that the original F-Ni(OH), has a
nanowire morphology with a diameter of approximately 50 nm
and a smooth surface (Fig. S3 in the ESM). TEM images further
identify the nanowire structure of F-Ni(OH), as shown in Fig. 4
in the ESM. High-resolution TEM (HRTEM) in Fig. S5 in the
ESM shows a clear lattice strain with a d-space of 0.233 nm, which
corresponds to the (011) planes of Ni(OH), [32]. The high-angle
annular dark-field scan TEM (HAADF-STEM) images and
energy-dispersive X-ray (EDX) mapping indicated that F, Ni, and
O are homogeneously distributed in the whole materials (Fig. S6
in the ESM).
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Scheme 1 Schematic illustration for the synthesis of materials.

3.2 CV treatment promoting surface reconstruction

To uncover the influence of F ions on the catalytic activity of
material during the electrochemical process, CV was performed in
a 1 M KOH solution. Figure 1(a) shows the CV curve of the
F-Ni(OH), from 1 to 10 cycles. It is shown that the area and
position of the Ni oxidation peak were changed from Ni** to Ni**
as increasing the CV number, which indicates the controllable
chemical state and composition of the materials [33,34].
Specifically, the area of the Ni oxidation peak (Ni* to Ni*)
gradually increases, and the onset potential shifts negatively due to
a strong electron transfer, which suggests Ni(OH), is gradually
transformed into NiOOH [35]. Besides, the position of the Ni
oxidation peak slightly shifts positively, suggesting phase change
from Ni(OH), to NiOOH. Previous studies have demonstrated
that the formation of NiOOH in the electrochemical process is a
key step for improving electrochemical activity [36-40]. To verify
the increased catalytic activity of F-Ni(OH), after surface
reconstruction, a series of LSV were performed in 1 M KOH
solution after 50, 100, 150, 200, and 250 cycles CV treatment (Fig.

F-Ni(OH),-SR

A . 4
§ 2

1(b)). Considerably, LSV curves show that the electrochemical
activity is greatly improved with increasing the CV number and
approximately stable at 200 cycles. In particular, the
electrochemical activity is increased by 50 times at a voltage of 1.6
V compared to the original F-Ni(OH),. In addition, the position
of the Ni oxidation peak slightly shifts positively from 0 to 150
cycles due to surface reconstruction, which corresponds to the Ni**
to Ni**. However, the oxidation peak is around at 1.45 V after 200
cycles, which is ascribed to the Ni* to Ni* due to surface
reconstruction almost finished, as shown in Fig. 1(b).

To explore the behavior of F-Ni(OH), before and after CV
treatment and identify the origin of the increased activity, a series
of material characterizations were performed. Figure 1(c) shows
SEM image of F-Ni(OH),-SR-200, the morphology changed from
a nanowire structure (Fig.S3 in the ESM) to a crosslinked
nanosheet structure (Fig. 1(c)), indicating the surface reconstruc-
tion occurred during the electrochemical process. TEM image also
shows the nanosheets morphology of F-Ni(OH),-SR-200
(Fig. 1(d)), further indicating the surface reconstruction of
materials during the electrochemical process. This is because the
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Figure1 (a) CV curves of F-Ni(OH), from 1 to 10 cycles. (b) LSV curves of F-Ni(OH),-SR with 0, 50, 100, 150, 200, and 250 cycles. (c) SEM images of F-Ni(OH),
after 200 CV treatment. (d) TEM and (e) HRTEM images of F-Ni(OH), after 200 CV treatment. (f) Hlustration of surface reconstruction of materials. (g)-(i) XPS

spectra of F 1s, O 1s, and Ni 2p before and after 200 CV treatment, respectively.
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Ni-OH bond is broken and active species NiIOOH is generated on
the surface during the electrochemical process. In addition, due to
the weak Ni-F bond, the leaching of F ions further accelerates this
reconstruction and induces a phase change on the surface. The
cross-linked nanosheets can increase the conductivity of the
material and enhance the diffusion of intermediate products
during the oxygen evolution process, thereby improving
electrochemical activity [41,42]. Figure 1(e) shows the
HRTEM images, a layer of the amorphous structure was formed
on the surface after CV treatment, indicating that surface
reconstruction occurred during the electrochemical process. EDX
mapping was also used to explore the composition and
composition of materials (Fig. S7 in the ESM). The images show
that Ni, O, and F are uniformly distributed in the material
structure, but the F content in F-Ni(OH),-SR-200 is significantly
reduced, indicating the the leaching of F ions during the electroche-
mical process. Figure 1(f) shows a schematic diagram of the
electrochemical behavior of the material in the electrochemical
process. The incorporation of F ion provides a weaker Ni-F bond
in the Ni(OH),. The weak Ni-F bonds easily break down
under the continuous potential (1.25-1.65 V), which promotes
unsaturated coordination of Ni atoms, thereby accelerating the
surface reconstruction. Therefore, an amorphous layer structure
was observed on the surface of materials, which forms a
heterostructure and induces electronic structure reformation and
space charging effect.

XPS spectrum was performed to further confirm the surface
reconstruction of F-Ni(OH),, as shown in Figs. 1(g)-1(i). It is
noted that both F-Ni(OH), and F-Ni(OH),-SR-200 show Ni, O,
and F peaks, indicating no significant change in composition
before and after CV treatment. The F 1s spectrum shows the Ni-F
peak at 684.5 eV (Fig. 1(g)) [43,44]. Compared with F-Ni(OH),,
the F ion content in F-Ni(OH),-SR-200 is reduced, which
indicates the leaching of F ions during the electrochemical process.
Figure 1(h) shows that O 1s has four peaks, corresponding to
Ni-O, Ni-OH, oxygen vacancies, and adsorbed oxygen [45,46].
The fitting results show that the Ni-OH bond in F-Ni(OH),-SR-
200 decreases while the Ni-O bond increases, suggesting the
formation of NiOOH phase after surface reconstruction. In
addition, the percentage of oxygen vacancy also increased as
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indicated by the increase of O, peak at 531.2 eV, revealing surface
reconstruction promotes the generation of defects, which further
accelerates the behavior of oxygen precipitation. The Ni 2p
spectrum in Fig.2(i) shows that the chemical state of Ni has
changed from Ni* to Ni**. After CV treatment, the content of Ni**
increases, while the content of Ni** decreases, indicating that a
high chemical state substance NiOOH is produced [47].

3.3 OER catalytic activity

The OER catalytic activity of as-obtained F-Ni(OH),-SR-200,
F-Ni(OH),, Ni(OH),-SR-200, Ni(OH),, and RuO, was evaluated
in N,-saturated 1 M KOH solution at the scan rate of 10 mV-s™.
Impressively, LSV curves in Fig. 2(a) show that F-Ni(OH),-SR-200
exhibits the best electrocatalytic performance among all samples,
which only needs 287 and 305 mV overpotentials to reach the
current density of 1 (defined as initial overpotential, tangent line of
the measured curves to determine the overpotential of materials)
and 10 mA-cm™ In addition, the F-Ni(OH),-SR-200 electrode
displays the ultralow overpotential of 420 mV to obtain a high
current density of up to 300 mA-cm?, revealing desirable OER
catalytic activity at large current density (Fig. 2(b)). To further
understand the mechanism for enhanced OER activity, Tafel plots
of the samples were measured (Fig. 2(c)), the F-Ni(OH),-SR-200
displays a low Tafel slope of 201 mV-dec™, which is much smaller
than F-Ni(OH), (204 mV-dec™), Ni(OH),-SR-200 (246 mV-dec™),
and Ni(OH), (254 mV-dec"). To further study the electrode
reaction kinetics, electrochemical impedance spectroscopy (EIS)
measurements were conducted, as shown in Fig 2(d). The
F-Ni(OH),-SR-200 shows the smallest semicircle of 10 Q
in the low-frequency region than the F-Ni(OH), (20 ),
Ni(OH),-SR-200 (15.8 Q), and Ni(OH), (18.1 ), indicating its
smallest charge-transfer resistance and fast mass transfer kinetics
during OER. The relationship between the Tafel slope of
F-Ni(OH),-SR-200 and the charge transfer resistance shows that
F-Ni(OH),-SR-200 has good rapid oxygen evolution Kkinetics
through surface reconstruction. In addition, the mass activity of
OER of F-Ni(OH),-SR-200 at an overpotential of 250 mV is
39.3 A-mg”, which is 131 times higher than that of F-Ni(OH),
catalyst (0.30 A-mg™) (Fig. S8 in the ESM). This result shows that
the introduction of F atoms and surface reconstruction on the
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Figure2 (a) OER polarization curves of Ni(OH),, F-Ni(OH),, Ni(OH),-SR-200, and F-Ni(OH),-SR-200 samples in 1 M KOH. (b) Comparison of overpotential of
Ni(OH),, F-Ni(OH),, Ni(OH),-SR-200, and F-Ni(OH),-SR-200 samples at different current density. (c) Corresponding Tafel plots of Ni(OH),, F-Ni(OH),, Ni(OH),-
SR-200, and F-Ni(OH),-SR-200 samples. (d) EIS Nyquist plots of Ni(OH),, F-Ni(OH),, Ni(OH),-SR-200, and F-Ni(OH),-SR-200 samples. (¢) ECSA of Ni(OH),, F-
Ni(OH),, Ni(OH),-SR-200, and F-Ni(OH),-SR-200 samples. (f) Chronopotentiometry response of F-Ni(OH),-SR-200.
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F-Ni(OH),-SR can maximize the catalytic activity, thereby
significantly reducing the cost of the OER catalyst. To elucidate
the reason for the significant increase in OER activity, the
electrochemical ~ double-layer capacitance (Cy) of the
corresponding catalyst was measured by the CV method to
evaluate its electrochemical effective surface area (ECSA) (Fig. S9
in the ESM). Our results show that the Cy4 of F-Ni(OH),-SR-200
(6.7 mFcm?) is much larger than that of F-Ni(OH),,
Ni(OH),-SR-200, Ni(OH),, indicating the newly generated
NiOOH site serves as an accessible active site on
F-Ni(OH),-SR-200 (Fig. 2(e)). The ECSA standardized LSV curve
was used to emphasize the intrinsic activity (Fig. S10 in the ESM).
The results show that the ECSA normalized current density of
F-Ni(OH),-SR-200 is larger than that of Ni(OH),, indicating the
higher OER activity of F-Ni(OH),-SR-200 is not only due to the
increase of ECSA but also due to the enhancement of intrinsic
activity. The electrochemical stability of F-Ni(OH),-SR-200 was
also investigated. The chronopotentiometry test indicates that the
F-Ni(OH),-SR-200 can maintain the current densities of
10 mV-cm™ throughout the 10,000 s with a negligible decrease
(Fig. 2(f)), indicating the superior stability in the long-term OER
process. This can be attributed to the strong interaction of the p-n
junction interface. Specifically, the leaching of F ions induces the
surface reconstruction and creates p—n junction, which leads to a
strong interaction of the p-n junction interface, enabling high
stability of materials structure.

34 Active site identification

To elucidate the origin of the outstanding OER catalytic
performance and the surface reconstruction of F-Ni(OH),-SR-200,
the dynamic changes in the oxidation state were probed by ex situ
analysis. Firstly, XRD patterns were performed to explore the

5

composition of the material, as shown in Fig. S2 in the ESM. The
XRD pattern shows four main peaks at 19.3°, 33.5°, 38.9°, and
59.9°, which correspond to the original structure of Ni(OH),,
indicating that the surface reconstruction of the material does not
completely change the phase of the substance. The Raman spectra
of F-Ni(OH), shows two peaks located at 249 and 454 cm,
corresponding to Ni(OH), (Fig.3(a)). However, the peak at
249 cm™ disappeared and the peak at position 454 cm™ weakened
slightly when increasing the CV number to 100 times, indicating
that the surface structure of F-Ni(OH), undergoes reconstruction
during the electrochemical process. After 50 cycles, the peak at
492 cm™ began to increase, which corresponds to the NiOOH
structure, indicating that the surface reconstruction generated
amorphous NiOOH. After cycling up to 150 times, the peak at the
position of 454 cm™ continues to weaken and the peak at the
position of 249 cm™ completely disappears, which indicates that
Ni(OH), is only partially converted to NiOOH, which forms the
Ni(OH),/NiOOH interface structure. Then we performed an ex
situ XPS test, the results showed that the content of F ion gradually
decreased with increasing CV times, indicating leaching of F jons
occurred during the whole electrochemical process (Fig. 3(b)).
From the Ni 2p XPS spectrum in Fig. 3(c), it is found that the Ni
2p peak first shifts positively when the CV cycled from 0 to 100,
and then the Ni 2p peak starts to shift negatively after 100 CV.
This is because the leaching of F ion enables Ni to form
unsaturated coordination bonds in 0-100 CV treatment, which
reduces surface formation energy and promotes surface
reconstruction to form amorphous NiOOH. However, after the
surface reconstruction is finished, the F-NiOOH generated on the
surface continues to leach F jons under the drive of the
electrochemical process due to the break of F-Ni bond as
indicated by the negative shift of the Ni 2p peak. This is also a
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Figure3 (a) Raman spectra of F-Ni(OH), at different CV treatment. Ex situ XPS spectra of (b) F 1s, (c) Ni 2p, and (d) O 1s of F-Ni(OH), at different CV treatment.
(e) The percentage of F and O, of F-Ni(OH), at different CV treatment. (f) Schematics of the compositions of F-Ni(OH), before and after CV treatment.
Mott-Schottky plots of (g) F-Ni(OH), and (h) F-Ni(OH),-SR. (i) Proposed mechanism for electrocatalyzing OER in F-NiOOH/F-Ni(OH), p-n junction under the
condition of applying enough potential via the external circuit.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



6

process of F ion content optimization, which is beneficial to
maximize the electrochemical activity of the material. A similar
phenomenon was observed from the O 1s spectrum, as shown in
Fig. 3(d). The O 1s peak first shifts negatively, and then positively,
corresponding to the process of F leaching and F ion optimization,
respectively. This further demonstrates surface reconstruction and
F ion content optimization due to F ion leaching during the
electrochemical treatment. Besides, the fitting results of the O 1s
spectrum showed that the electrochemical reconstruction process
was accompanied by the generation of oxygen vacancies, and the
presence of oxygen vacancies further enhanced the
electrochemical activity of the material. Figure 3(e) shows the
change of F content and the correlation between the content of
oxygen vacancies and the number of CVs. With the increase of the
number of CVs, the leaching content of F ions gradually
increased, and the effect of electrochemistry makes the oxygen
vacancies far higher than the original material. This is because the
weak Ni-F bonds easily break down under the continuous
potential (1.25-1.65 V), which promotes unsaturated coordination
of Ni atoms, thereby generating more defects. We use the
schematic diagram of Fig.3(f) to illustrate this process. The
electrochemical process promotes the leaching of F ions, and the
original F-Ni(OH), undergoes surface reconstruction to form a
layer of amorphous F-NiOOH on the surface, accompanied by
oXygen vacancies.

3.5 P-njunction and space-charge effect

As the change of electron density of atoms around the interface
will greatly affect the absorption and charge transfer of target ions
in the catalytic process [48-52], we explore the charge distribution
at the interaction between F-NiOOH and F-Ni(OH), using the
Mott-Schottky (M-S) p-n junction model. It is known that the
formation of a semiconductor junction can reach the non-thermal
equilibrium, especially the formation of two opposite charged
areas, and a strong internal field is formed at the interface,
which can change the electron density of atoms around the
interface [48-50]. Besides, the charged surface will greatly affect
the absorption and charge transfer of target ions in the catalytic
process [51,52]. As shown in Figs. 3(g) and 3(h), M-S diagram
shows that the original F-Ni(OH), has a negative slope, indicating
typical p-type semiconductor of F-Ni(OH), [53-55]. However, the
F-Ni(OH),-SR-200 has both positive and negative slopes after
electrochemical CV treatment, indicating F-Ni(OH),-SR-200
exhibits both p-type and n-type semiconductor properties [48].
Therefore, the electrochemical process promotes the formation of
a heterogeneous structure and the space charge region at the
interface of F-NiOOH/F-Ni(OH),, inducing the space-charge
effect (Fig. 3(1)). In this case, the active center with a positive
current could be established on the surface of F-NiOOH, which is
helpful to accelerate the transfer of electrons derived from OH" in
an alkaline electrolyte to the valence band (VB) of F-NiOOH [48].
Then, the OH" derived electrons are compounded between the
holes of VB of F-NiOOH, while the excess electrons at conduction
band (CB) of NiOOH are recovered and maintained charge
balance by recombination with holes at VB of F-NiOOH [48].
Furthermore, VB with charge imbalance F-Ni(OH), is
compensated by applying enough potential through external
circuits [48]. As a result, the F-Ni(OH),-SR-200 exhibits high
catalytic activity for OER.

3.6 DFT calculations

To gain insights into the surface reconstruction and the improved
OER performance, we performed the DFT calculations. Due to
the strong electronegativity of F and the relatively larger atomic
size difference between F-Ni compared to that of O-Ni. It is easy
for F to dissociate from the solid phase during the electrochemical
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activation process, resulting in a large number of vacancies.
Specifically, the Ni-F bonds are electrochemically activated by
absorbing hydroxyl (OH") from the electrolyte and then converted
to the highly active NiOOH species with the leaching of F~. Then,
we used the formation energy (E,,.) of F-vacancy, O-vacancy and
Ni-vacancy of F-Ni(OH), to evaluate their thermodynamic
stability (Fig. 4(a)). The Ei,,. value of F-vacancy is calculated to be
-5.87 eV, which is lower than O-vacancy (-137 eV) and
Ni-vacancy (-2.62 eV), indicating that F atoms are easily leached
from F-Ni(OH), and further accelerates surface reconstruction.
Therefore, the surface of the F-Ni(OH), is reconstructed into the
NiOOH structures, which is considered to be the true active sites
based on the experimental observations.

The correlation between the surface reconstructions and
performance of OER is further examined by DFT. The surface
models of F-Ni(OH), and F-Ni(OH),-SR, representing the
structure before and after surface reconstruction under
electrochemical action were created. Three adsorbed intermediates
(*OH, *O and *OOH) are generated in the OER process with the
four-step mechanism, as shown in Fig.S11 in the ESM. The
adsorption behaviors of essential intermediates (including *OH,
*O, and *OOH) during the OER process were investigated on the
surface, implying that Ni sites were stable in the adsorption of
OER intermediates. The Gibbs free energy (AG) diagram in
Fig. 4(b) shows that after the surface reconstruction occurs, the
heterostructure reduces the AG value by about 0.26 eV at the Ni
sites from the *OOH intermediate to form O,. This indicates that
the heterostructure in the catalyst triggers the electronic region
effect, which makes *OOH adsorption weaker and promotes the
catalyst surface to release O,.

Given the high dependency of conductivity on the band gap,
band gaps are a major factor in the assessment of electrocatalyst.
The electronic band structures, total and local density of states
(TDOS and LDOS) are shown in Figs. S12-S14 in the ESM. A
considerably large band gap of 2.0 eV of pure F-Ni(OH),
demonstrates its semiconductor characteristics with low electrical
conductivity (Fig.S12 in the ESM). While F-NiOOH shows
half-metal performance with nearly 0.5 eV band gap of spin-down
and no band gap of spin-up as shown in Fig. S13 in the ESM.
After surface reconstruction, the surface Ni atoms with the
major spin-up components become conductive as evidenced
by the electron states found around the Fermi energy level,
which verifies that the F-Ni(OH),-SR already has a
half-metal-like ~conductivity. Moreover, the formation of
F-NiOOH/F-Ni(OH), herotestructure further increases the
TDOS of F-Ni(OH),, suggesting higher conductivity of the
F-Ni(OH),-SR, which can benefit their charge transfer capability
during electrochemical reactions. The calculations agree well with
the electrochemical impedance spectroscopy measurements
(Fig.2(d)), a much lower charge transfer resistance of
F-Ni(OH),-SR than F-Ni(OH), implies their more favorable
charge transport kinetics. Moreover, the density of state (DOS)
also indicates that the p band center of F-Ni(OH),-SR (-8.13 V)
is much closer to the Fermi level than that of F-Ni(OH),
(-9.96 eV) (Figs. 4(c) and 4(d)), which favors a stronger bonding
with the OER intermediates (Fig. 4(e)).

To demonstrated the electronic interaction in F-Ni(OH),-SR,
the work function profiles were conducted. The work function
profiles of F-Ni(OH), and F-NiOOH materials are shown in
Figs. 4(f) and 4(g), where E; is the Fermi energy. The work
functions of the F-Ni(OH), and F-NiOOH surfaces were
determined to be 2.48 and 7.53 eV, respectively. As the work
functions of F-Ni(OH), and F-NiOOH surfaces are compared, we
can see that the Fermi energy of F-Ni(OH), is lower than that of
F-NiOOH. Since F-Ni(OH), and F-NiOOH have different Fermi
energies, electrons will flow from F-Ni(OH), to F-NiOOH until all
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Figure4 (a) Vacancy formation energies (E,,.) of F, O, Ni atom for F-Ni(OH), slab. (b) Gibbs free energy profiles along the reaction pathway. (c) The DOS of F-
Ni(OH), and F-Ni(OH),-SR. (d) p-band of O atoms related to OER. (e) Schematic of the orbital changes in metal and nonmetal elements. (f) Work function profiles of

F-Ni(OH), and F-Ni(OH),-SR. (h) Differential charge density of F-Ni(OH),-SR.

Fermi energies reach the same level. The charge density difference
was measured to further explain the electronic interaction and
directional interfacial electron transport, as seen in Fig. S15 in the
ESM. Results indicate that the electron density of F-Ni(OH),
decreases and the majority of the electrons surrounded on the
surface of F-NiOOH, meaning electrons transfer from F-Ni(OH),
to F-NiOOH materials. The charge transfer from the F-Ni(OH),
to F-NiOOH might lead to effective molecule activation which in
turn can promote the desorption of O, at the last step.

4 Conclusions

In conclusion, we adopt a facile approach to promote surface
reconstruction on Ni(OH), and boost its OER activity by
incorporating F anions. The F anions with the strongest
electronegativity trend on forming weak Ni-F bonds and achieve
stronger ionicity, which is in favor of surface reconstruction of
catalytic active species. During the electrochemical process, a
amount of the F ions were leached and induced the original
surface layer transformed into a mesoporous and amorphous
F-NiOOH layer. This self-reconstructed F-NiOOH promotes a
space-charge effect on the F-NiOOH/F-Ni(OH), p-n junction
interface. The generated p—n junction at the space-charge region
can reach a thermal equilibrium state and the strong built-in field
at the interface, which is able to change the electron densities of
atoms around the interfaces. Besides, the charged surfaces would
have a great effect on the absorption of targeted ions and the
charge-transfer process during catalysis. This work opens up an
entirely new possibility to purposefully regulate the electronic
structure of active sites and promote their catalytic activities.
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