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ABSTRACT

Oxygen evolution reaction (OER) is a key process in water splitting systems, fuel cells, and metal-
air batteries, but the development of highly active and robust OER catalyst by simple methods is
a great challenge. Here, we report an in situ dynamic surface self-reconstruction that can
dramatically improve the catalytic activity of electrocatalysts. The fluoride (F")-incorporated NiFe
hydroxide (NiFe-OH-F) nanosheets array was initially grown on Ni foam by a one-step
hydrothermal method, which requires a 243 mV overpotential (#) to achieve 10 mA ¢cm™ current
density (/) with a Tafel slope of 42.9 mV dec! in alkaline madia. After the surface self-
reconstruction induced by fluoride leaching under OER conditions, the surface original NiFe-OH-
F was converted into highly mesoporous and amorphous NiFe oxide hierarchical structure and the
OER activity increases over 58 folds at # =220 mV. The corresponding 7 at 10 mA cm decreases
to 176 mV with an extreme low Tafel slope of 22.6 mV dec’!, this performance is superior to the

state-of-the-art OER electrocatalysts.



High-performance electrocatalysts play vital roles in many energy conversion and storage systems.
Currently used catalysts for oxygen evolution reaction (OER) — an reaction central to water

splitting technologies,'? fuel cells,’ and metal-air batteries®*

— are typically the high-cost and
scarce noble-metal oxides (RuO»/IrO,). Moreover, large overpotentials () to drive the reaction
decrease the energy conversion efficiency and impede the practical application of devices.

Enormous efforts have therefore been devoted to developing alternative OER catalysts based on

the first-row transition metals.>®

Among the numerous reported non-noble compounds, NiFeOxHy exhibits extraordinary inherent
catalytic activity for OER and has been regarded as the most active non-noble OER catalyst in
alkaline conditions, but the 7 is still large and cannot satisfy the practical applications.”'° To
improve the activity, Xu ef al. reported exfoliating NiFe layered double hydroxide into single layer
nanosheets.!! The exfoliated Ni-Fe hydroxide nanosheets were further integrated with defective
graphene by Jia et al., which delivers a 10 mA cm™ at # =210 mV in IM KOH.'? In 2017, NiFe
hydroxide nanosheets were grown on copper nanowires by a multiple-step method and broken the
milestone overpotential of 200 mV in 1M KOH (3710 ma cm™ = 199 mV).!3 To further improve the
OER performances of NiFeOxHy, anions (-Se, -S, -N, -B and -P) and defects (cation/anion
vacancies) have been introduced into it and a series of progresses have been achieved in recent
few years.>02223:1421 Degpite the reported high efficiency, the synthesis routes of the above
methods are complex, hazardous, and environmentally-unfriendly with low yields.??*?> This
prompted us to explore safer and more scalable methods to synthesize efficient NiFe-based OER

electrocatalysts.

Hydrothermal growth is a facile method for the fabrication of NiFe hydroxide and ammonia

fluorine (NH4F) is frequently used as a precursor.!®?%26-2 Existing studies ascribe the main



function of the NH4F to the anion fluoride (F°) for its ability to enhance the mechanical adhesion
between the hydroxide and the substrate.?%?” A recent study by our group has discovered that F-
has been introduced into the hydrothermally grown NiFe hydroxide and has significantly
influenced its catalytic activity for the hydrogen evolution reaction (HER).*° It is to our surprise
that few efforts have been devoted to investigating the effects of F~ on the OER catalysts so far,
although this investigation is much needed considering that the introduction of other anions (-Se,

-S, -N, -B and -P) have shown to greatly enhance the OER activity of NiFeOxHy.

Herein, we fabricated the fluoride incorporated NiFe hydroxide nanosheets on three-dimensional
(3D) nickel foam (NiFe-OH-F) by a one-step hydrothermal method and reported a phenomenon
that the fluoride in NiFe hydroxide can leach out under OER conditions and then induce chemical
evolution and in situ surface self-reconstruction. After the electrochemical tuning under OER
conditions, significant amount of the fluoride was removed from NiFe-OH-F and the original
surface layer was transformed into mesoporous and amorphous NiFe oxide layer. The OER
activity of the surface reconstructed NiFe-OH-F (denoted as NiFe-OH-F-SR) electrode was
improved by ~ 58 folds compared to the original NiFe-OH-F nanosheet arrays. This work provides
a simple and scalable strategy for the synthesis of highly active nano-electrocatalysts, by in situ

surface self-reconstruction, which are difficult to gain access to by conventional synthesis routes.



10 nm

Figure 1. Characterization for NiFe-OH-F nanosheets. (a) SEM image of NiFe-OH-F
nanosheets grown on nickel foam. (b) Magnified SEM image and (c) high resolution HAADF-

STEM image. (d) Lattice spacing and the corresponding FFT images.




We initially synthesized the fluoride-incorporated nickel iron hydroxide (NiFe-OH-F) nanosheet
arrays on 3D Ni foam by a hydrothermal method to characterize its structure and morphology. The
microscopic structure of Ni foam is shown in the Figure S2. The photograph in Figure S3 indicates
that the NiFe-OH-F layer was uniformly coated on Ni foam. SEM images in Figure 1a and b show
the layer is composed of an array of vertically grown nanosheets with smooth surface. The smooth
surface of NiFe-OH-F nanosheets was further confirmed by the high resolution high-angle-
annular-dark-field scanning transmission electron microscopy (HAADF-STEM) image in Figure
lc. Note that the few pores in the red rectangle in Figure 1c are caused by the high-voltage electron
beam during STEM characterization. The lattice spacing of 0.27 nm and Fast Fourier

transformation (FFT) image in Figure 1d index to the (101) facet of NiFe hydroxide.*
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Figure 2. Electrochemical tuning and OER durability. (a) The first 50 CV cycles and (b) the

entire 500 CV cycles for NiFe-OH-F. (¢) Durability test of the post-cycling NiFe-OH-F electrode

at j = 50 mA cm™ for over 165 h in a new electrolyte (1M KOH).

To preliminarily investigate the OER performance and stability of NiFe-OH-F, a typical cyclic
voltammetry (CV) cycling was carried out in 1M KOH medium at a scan rate of 5 mV s! without
iR-compensation. Unexpectedly, the OER current and the areas of Ni oxidation (Ni(OH)2/NiOOH)
peak increase gradually following the cycling in the first 50 cycles (Figure 2a). To exclude the
interference of Ni foam substrate, we then cycled the bare Ni foam for 50 cycles under the same
conditions and did not found significant OER current in this potential range (Figure S4). As NiFe-

OH is a well-known stable OER electrocatalyst under alkaline condition,”!3!-3? the phenomenon



here on NiFe-OH-F is interesting and needs to be further investigated. Thus, the electrode was
furtherly cycled at the same conditions until the OER current became stable. As shown in Figure
2b, the OER current increases rapidly before the 150" cycle and stabilizes after 400 cycles.
Compared to the current density at the 1% cycle, the OER current densities at the 50" cycle (18.9
mA cm), 100" cycle (48.3 mA cm™), and 500" cycle (76.8 mA cm™) were increased by about
14, 36, and 58 folds, respectively, at # = 220 mV. More interestingly, dramatic increases in the Ni
oxidation peak area can be observed from Figure 2b as well as the significant negative shifts in the
onset potential. The oxidation peak area can be integrated and assigned to the total charge transfer
to determine the extent of the Ni(OH)2/NiOOH transformation. This result indicates that the
Ni(OH)2/NiOOH transformation was dramatically increased for the post-cycling NiFe-OH-F. The
resultant NiIOOH phase after Ni(OH)2/NiOOH oxidation is believed to be crucial to the active sites
of NiFe hydroxide for OER (Figure 2a and b).>*3¢ In Figure 2b, the oxidation peak of
Ni(OH)2/NiOOH shifts significantly towards higher potential in the CV cycling, indicating that
the CV cycling alters the oxidation properties of Ni (i.e. the average valence of Ni) and then lead

to a concurrent increase of catalysis activity of Ni cations toward the OER.*®

The stability of the post-cycling NiFe-OH-F was tested and shown in Figure 2c. In 1M KOH, the
potential required to deliver a current density of 50 mA cm™? is ~ 1.43 V vs RHE, and stabilizes
around this value for over 165 h, with very small potential fluctuations (< 10 mV). After the long-
term stability test, [CP-MS was used to measure the corresponding electrolyte as well. As shown
in Table S1, no Fe element was detected in the electrolyte and the amount of Ni element is
negligible. The stabilized OER performance and the excellent stability demonstrated by the post-

cycling NiFe-OH-F outperformed most recently reported OER electrocatalysts (see Table S2).
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Figure 3. Characterizations of NiFe-OH-F-SR and NiFe-OH-F. (a) SEM images and (b-d)
HAADF-STEM images of NiFe-OH-F-SR; Insets in (a) and (d) are the side-view of NiFe-OH-F-
SR layer and the FFT image, respectively. (e) Elemental mapping images and (f) EDX spectra.
The scale bars in the HAADF-STEM images of NiFe-OH-F-SR and NiFe-OH-F in (e) are 400 nm
and 100 nm, respectively. (g-1) High resolution XPS spectra of F 1s, Ni 2p, and O 1s. (j) XRD

patterns showing weaker peaks in NiFe-OH-F-SR compared to NiFe-OH-F.




To investigate the changes happened in the post-cycling NiFe-OH-F nanosheets, the material’s
morphology was firstly characterized by SEM and HAADF-STEM. As shown in Figure 3a-e and
Figure S5, the post-cycling electrode maintains the overall nanosheets morphology of NiFe-OH-F
but its surface becomes rough in nanoscale. The HAADF-STEM images in Figure 3b-d further
revealed the highly porous and sponge-like morphology of the post-cycling NiFe-OH-F nanosheet.
The high-resolution HAADF-STEM images in Figure 3d and the corresponding FFT image
suggest that the crystalline NiFe hydroxide was transformed into amorphous after surface
reconstruction that occurred in the electrochemical tuning process. This NiFe-OH-F derived
material NiFe-OH-F-SR (we use “SR” to designate the surface reconstruction from here on) was

further characterized.

Energy Dispersive X-ray (EDX) elemental mapping and spectrum were employed to examine the
composition before and after surface reconstruction. After transforming from NiFe-OH-F to NiFe-
OH-F-SR, the elements of Ni, Fe, and O remained homogeneously distributed, however significant
amount of fluoride was removed (Figure 3e). Note that part of the red spots in the mapping images
of fluoride might be originated from Fe because their energy positions are very close (F Ka: 0.677
KeV, Fe La: 0.705 eV). Based on the EDX spectrum analysis (Figure 3f), the fluoride content
decreased from 15.5 a.t.% in NiFe-OH-F to 0.57 a.t.% in NiFe-OH-F-SR, and the Ni/Fe ratio in
NiFe-OH-F (27.7/11.2 = 2.47) is consistent with that in NiFe-OH-F-SR (34.1/13.5 = 2.52). As the
fluoride cannot be detected by ICP-MS, the compositional change was further confirmed by the
sensitive X-ray photoelectron spectroscopy (XPS) spectra. On the basis of the XPS spectra, the
atomic ratio of Ni/Fe/F in NiFe-OH-F is about 1.80/0.73/1 (the ratio was normalized by F°), in
agreement with the above EDX results. The F 1s peak vanished (Figure 3g) while some other peak

appeared in Ols spectra (Figure 3i) of NiFe-OH-F-SR.*’ The disappearance of fluoride illustrates
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that the in situ surface reconstruction during electrochemical tuning might be induced by fluoride
leaching. The peaks of Ni 2p3,» were located at 856.4 eV and 862.0 eV (satellite), attributed to Ni
(I)-OH.”*'*® The small peak at about 853.4 eV appeared in Ni 2p3,2 can be assigned to metallic
Ni® from Ni foam substrate.!” Compared to the main peak of —OH (530.6 eV) in NiFe-OH-F, the
emergence of the peak at 527.8 eV is corresponding to metal oxide (NiFeOy) in NiFe-OH-F-SR.?
The derived NiFeOx can be assigned to the chemical evolution that was aroused by fluoride
leaching in NiFe-OH-F. The vanishing of fluoride was further confirmed by the XPS survey
spectra in Figure S6a. XPS spectra of Fe 2p (Figure S6b) did not showed apparent change before
and after the electrochemical tuning. Moreover, X-ray diffraction (XRD) was carried out to further
reveal the evolution process. As shown in Figure 3j, the incorporation of fluoride does not affect
the hydroxide nature of NiFe-OH-F: the peaks locate at 11.8°, 23.6°, 33.7°, 34.5°, 38.9°, 46.9°,
59.8°, 61.4° are well indexed to the facets of (003), (006), (101), (012), (015), (018), (110), (113)
of NiFe hydroxide,?®? respectively. The (101) facet in XRD pattern is consistent with the observed
lattice spacing in the high resolution HAADF-STEM image of NiFe-OH-F (Figure 1d). The three
major peaks at 44.7°, 52°, and 76.5° are originated from the bottom Ni foam substrate. However,
the NiFe-OH-F-SR shows much weaker crystalline features, consistent with the observed
amorphous surface by STEM (Figure 3d). We also synthesized NiFe-OH-CI and Co-OH-F on Ni
foams by the similar hydrothermal method and cycled them in 1M KOH, but no significant
improvements of the OER performance were observed (Figure S7). Based on the above analysis,
we can safely conclude that the surface crystalline NiFe-OH-F has been converted into amorphous
oxide. The HAADF-STEM image of the post-cycling NiFe-OH-F-SR shown in Figure S8 further
confirms its core-shell structure, with the thickness of the surface amorphous layer measured as

~35 nm. It is difficult to completely convert the as-synthesized NiFe-OH-F into the amorphous
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sponge-like structure due to the electrical/diffusional limitations. These limitations generally
depend on the conductivity, porosity, thickness etc. of the electrocatalyst.*” It is important to note
that owing to its weak mechanical stability, a completely converted sponge-like nanostructure is
less desirable than the as-obtained core-shell nanostructure. Moreover, the interface effect between
original NiFe-OH-F core and the reconstructed layer can be excluded from the reasons that
responsible for the high activity because the hetero-interface was formed in the 1 CV cycle and
existed in the whole increase process of OER activity (Figure 2a and b). The NiFe-OH-F-SR
nanosheets therefore demonstrate lower degree of crystallinity, different chemical composition,
and more porous characteristics than NiFe-OH-F, indicating that the in sifu dynamic surface self-
reconstruction induced by fluoride leaching has great impacts on the crystallinity, chemical

composition, and morphology of nanomaterials.

As the ratio of metal cation to fluoride may influence the catalytic performance and various ratios
were reported for hydrothermally synthesized metal hydroxides nanostructures,'®*34042 the
influence of different NH4F amounts on the OER performances of surface-reconstructed NiFe
hydroxide needs to be studied. Note that no NH4" or N element was included in the hydrothermal
product of NiFe-OH-F. We initially reduced the amount of fluoride to 1/4 of that in the above
NiFe-OH-F without altering the total amount of metal cations and then recorded the corresponding
electrode’s OER plots after 500 CV cycles (see details from the experimental methods). As shown
in Figure S9, the OER activity and onset potential of the 1/4 x fluoride electrode is slightly lower
than the NiFe-OH-F-SR electrode (1 x fluoride). We then increased the amount of NH4F to 2 and
3 folds, respectively, and found that the OER activities of the 2 x fluoride and 3 x fluoride

electrodes are much lower than NiFe-OH-F-SR even after 500 CV cycles (Figure S9). To further

confirm the effects of fluoride in the electrochemical surface reconstruction, we synthesized NiFe
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hydroxide (NiFe-OH) nanosheets on Ni foam without incorporating fluoride and conducted the
electrochemical test under the same conditions. Figure S10a reveals that the morphology of NiFe-
OH layer is similar with NiFe-OH-F. We performed the same CV cycling with NiFe-OH electrode
but observed very different results than that on NiFe-OH-F. As shown in the Figure S10b, the
oxidative peak gradually increased only in the first 8 cycles and then started decreasing from the
9t cycles until the peak was unnoticeable. This decrease is consistent with the reported
phenomenon in Ni(Fe)OOH.* Moreover, the overall OER current density is relatively stable
during the whole cycling process. Its OER current density at # =220 mV (~ 7.4 mA ¢cm™) is much
lower than NiFe-OH-F-SR (76.8 mA c¢m), despite the as-synthesized NiFe-OH shows a slightly
better OER performance than that of the as-synthesized NiFe-OH-F. We then measured the
electrochemical impedance spectroscopy (EIS) of NiFe-OH and NiFe-OH-F electrodes at the
potential of 1.55 V vs RHE, respectively. The Nyquist plot of NiFe-OH shows a slightly smaller
semicircle in the low-frequency region compared to NiFe-OH-F (Figure S10c), revealing that the
NiFe-OH electrode has lower charge transfer resistance during the OER process. Compared to the
NiFe-OH-F electrode, the slightly higher performance of the as-synthesized NiFe-OH might be
originated from the higher charger transfer ability. Finally, the XRD measurements were
conducted, the peak intensity difference between the as-synthesized NiFe-OH and post-cycling
NiFe-OH are negligible (Figure S10d). The OER performance and good stability of NiFe-OH are
consistent with previous reports.”!33 The significant differences in the post-cycling NiFe-OH and
post-cycling NiFe-OH-F (NiFe-OH-F-SR) demonstrates the crucial role of fluoride in surface self-

reconstruction.
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Figure 4. Electrochemical characterizations and Brunauer—-Emmett—Teller tests. (a) CV/LSV
plots; (b) n required for j = 10 mA cm; and (c) Tafel slopes of NiFe-OH-F-SR, NiFe-OH-F, RuO,,
and Ni foam. (d) Comparison with state-of-the-art OER electrocatalysts. () EIS curves recorded

at 1.55 Vrue. (f) Specific surface area and average pore size of NiFe-OH-F-SR and NiFe-OH-F.
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The electrocatalytic activities of NiFe-OH-F-SR, NiFe-OH-F, RuO,, and Ni foam towards OER
in 1M KOH were measured and compared. As shown in Figure 4a, NiFe-OH-F-SR is the best
catalyst, giving much higher current density at the same overpotential. To reach the j = 10 mA cm”
2, NiFe-OH-F-SR required an extremely low overpotential of 181 mV (calculated from CV), which
was 62, 89, and 148 mV less than that of NiFe-OH-F, RuO», and Ni foam, respectively (Figure
4b). At the j = 100 mA cm™, a low overpotential of 228 mV was needed by NiFe-OH-F-SR. A
slightly lower overpotential of ~ 176 mV at 10 mA cm™ was measured by a constant current
method, as shown in the Figure S11. By plotting # against log (j), the kinetic parameter (Tafel
slope) of OER by the four catalysts were calculated (Figure 4c). The NiFe-OH-F-SR has the lowest
Tafel slope of 22.6 mV dec! compared to the other catalysts (42.9 ~ 164.1 mV dec™). In fact, as
shown in Figure 4d (see details in Table S2), both the overpotential and Tafel slope of NiFe-OH-

F-SR are superior to the reported state-of-the-art OER electrocatalysts.

To gain more insights into the OER reaction kinetics, EIS tests were performed as well. The
Nyquist plot of NiFe-OH-F-SR shows a much smaller semicircle in the low-frequency region
compared to NiFe-OH-F (Figure 4e), revealing that the dynamic surface self-reconstruction
lowered the charge transfer resistance during the OER process. The intercept of the Nyquist plot
with the real axis (- Z’) in the high-frequency region represents the ohmic resistance (Rq), which
is the sum of the electrode and solution resistances. We can observe that the Rq of NiFe-OH-F-SR
electrode is smaller than that of NiFe-OH-F, revealing that the NiFe-OH-F-SR electrode has higher
electrical conductivity than NiFe-OH-F.!* To exclude the effect from Ni foam substrate, we also
tested its EIS plots before and after the CV cycling at 1.5 and 1.6 Vrae, respectively, and did not
observed significant differences, as shown in Figure S12. This result suggests that the increased

electrical conductivity in NiFe-OH-F-SR electrode is aroused by the reconstructed surface layer
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rather than Ni foam substrate. The surface amorphous layer plays an important role in improving
the conductivity of the NiFe-OH-F-SR as compared to the crystalline NiFe-OH-F. This is because
the amorphous phase is defect-rich and the high defect concentration has been shown to greatly
enhance the electrical conductivity of metal hydroxides.****> In summary, we can conclude that the
surface self-reconstruction enhances charge transfer during OER and the electrical conductivity of
NiFe-OH-F-SR. The efficient OER activity of NiFe-OH-F-SR can be partially ascribed to these

benefits.

We then compared the electrochemical surface area (ECSA) by estimating the double layer
capacitance (Cai) of the electrodes (see details from the supporting information) owing to the
exposed surface sites to electrolyte can reflect the real surface area.'®*?> As shown in Figure S13,
NiFe-OH-F shows a slightly lower ECSA (0.18 mF cm) than bare Ni foam (0.25 mF ¢cm™). The
reason for this behavior is that the NiFe-OH-F layer has low conductivity in the potential range we
measured, and then the good permeability of the NiFe-OH-F layer enables the direct polarization
of ions in the electrolyte against the Ni foam substrate.*® After the surface self-reconstruction, the
measured ECSA of NiFe-OH-F-SR was improved to 0.85 mF cm™ that can be ascribed to the
enhanced conductivity. To further clarify the effects of surface area, we tested the Brunauer-
Emmett-Teller (BET) surface area of NiFe-OH-F-SR and NiFe-OH-F. From NiFe-OH-F to NiFe-
OH-F-SR, the BET surface area was improved from 207.7 m? g'! to 873.1 m? g'! and the average
pore size decreased by over 50% (Figure S14a and Figure 4f). The mesoporous feature is further
demonstrated by the pore-size distribution curves of the NiFe-OH-F-SR, as shown in the Figure
S14b. However, the fact that ECSA/BET surface area of NiFe-OH-F-SR is 4 ~ 5 times that of the
NiFe-OH-F cannot be solely accountable for the 58-fold higher catalytic activity of the former. As

BET surface area/ECSA (Cq1) normalized activities are believed to provide meaningful measures
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1147-50 e then normalized the polarization curves of NiFe-OH-F-SR and

for the catalytic activities,
NiFe-OH-F by their ECSA/BET surface areas even if the ECSA of NiFe-OH-F might be higher
than the measured value. As shown in Figure S15, the normalized intrinsic activity of NiFe-OH-
F-SR is at least an order of magnitude higher than that of NiFe-OH-F. The capacitance charge
density normalized activity is another widely used method for comparing the intrinsic activity as
well, we then normalized the OER polarization curves of NiFe-OH-F and NiFe-OH-F-SR by their
capacitance charger densities which calculated from the reduction peaks (see detail from the Figure
S16).°1%2 However, the Figure S15b shows that the normalized OER activity of NiFe-OH-F is
much higher than that of NiFe-OH-F-SR. As shown in the Figure S17, the OER current densities
increase slightly from the 150" to 500™ CV cycle but the capacitance charger densities increase
significantly. Therefore, we can conclude that no linear correlation exists between the capacitance
charge density and OER activity. This result is understandable due to: (1) the reduction peak area
of Ni-based material is not only sensitive to the surface area but also the electrical conductivity,
composition, etc.>*>7 (2) Both the Ni and Fe are thought of as the active centers in NiFeOxHy,>*-"-
59 its active surface area could not be solely reflected by the capacitance charger density of
Ni**/Ni** peak. Despite we cannot compare the intrinsic activity by the capacitance charger density

normalization in NiFeOxHy, our analysis provides a reference for the selection of normalization

method.

Excepting the BET surface area/ECSA (Ca) normalized activities, the onset potential is another
important parameter in judging the intrinsic activities of catalysts because it is not easy to be
affected only by adjusting the surface area.’*-%* Thus, the improvement of intrinsic activity of NiFe-
OH-F-SR can be reflected in the significantly reduced onset potential (> 50 mV, Figure 4a)

compared to NiFe-OH-F, even if we calculate the onset potential by different ways.5>% As the
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transformations in phase, composition, and structural size can significantly alter the intrinsic
activity of catalysts,!** the improvement of intrinsic activity in the dynamic surface reconstruction
process can be understood. According to above analysis, the superior electrocatalytic activity of
NiFe-OH-F-SR can be ascribed to the increased surface area, desirable nanostructure, the

improved charger transfer ability, and the enhanced intrinsic activity.

For an electrocatalyst, the structural porosity, active sites, and electric conductivity are the critical
factors for its catalytic performances. In the case of NiFe-OH-F-SR, there is no doubt that the
intrinsic merits of all these factors greatly contribute to its excellent activity. The NiFe-OH-F-SR
electrode is comprised of three levels of porous structures including the supporting
supermacroporous nickel foam substrate (~ 300 um), the vertically grown nanosheet arrays (300
~ 500 nm), and the topmost in situ converted mesoporous network. After the in situ surface
reconstruction, a high specific surface area of 873.1 m? g'! was achieved on NiFe-OH-F-SR. One
of the major challenges of porous catalysts for electrocatalysis is that the very small pore size
impedes the effective mass transport to the active sites and the diffusion of products, leading to
limited electrode activity. The accumulation of product gas can block the active sites and then
result in the structural collapse of the catalysts. Herein, the NiFe-OH-F-SR electrode has three
levels of porosity and this hierarchical framework is beneficial for exposing catalytic active sites,
enhancing mass transport, and accelerating dissipation of product bubbles and therefore assuring
the high activity and durability. Besides, the conductivity and charge transfer ability are enhanced

by the in situ surface reconstruction, as evidenced by the high kinetics and Nyquist plots.

In summary, using NiFe-OH-F as a representative example of transition metal hydroxide, we show
that the fluoride leaching can trigger in situ dynamic surface self-reconstruction and convert the

original NiFe-OH-F into highly porous and amorphous metal oxide under OER conditions. A
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current density of 10 mA cm™ is obtained at an overpotential of 176 mV in 1M KOH using the
surface reconstructed NiFe-OH-F (NiFe-OH-F-SR) as the catalyst, making it one of the most
active OER catalysts reported to date. This simple and scalable approach described here might be
applicable for the synthesis of other amorphous metal oxide-based nanomaterials and provide a
strategy to create highly active OER catalyst to enable the development of efficient water splitting
systems, fuel cells, rechargeable metal-air batteries, and other energy conversion and storage

devices.
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