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ABSTRACT

Sluggish reaction kinetic and large overpotential of the oxygen evolution reaction
(OER) result in low energy efficiencies of different OER related devices. To solve
these challenges, an OER electrocatalyst is constructed by coupling black phosphorus
with Co/Ni nanosheets during a facile electrolysis-solvothermal process, where the
bulky BP is successfully exfoliated into BP sheets (BP NSs) and the Co or Ni
precursors are generated via anodic oxidation. Then, BP sheets are combined with
Co-Ni species and finally formed into Co-Ni/BP composite via subsequent
solvothermal process. The OER tests on this composite show the overpotential is 292
mV at 10 mA cm™>, much lower than that (341 mV) on a RuO> catalyst. The TOF

value of this composite is 0.71 s at 1.8 V (vs. RHE), 14.2 times higher than that of
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Co/BP (0.05 s') and 23.7 times higher than Ni/BP (0.03 s™!). Operando structure
characterizations of this composite reveal that Co?*-Ni** dual-sites are formed on
Co-Ni/BP and electrons are transferred from Ni to Co via a P bridge. These Co*"-Ni**
dual-sites evolve into Co®*-Ni*" dual-sites during the OER, where NizP is formed into
NiOOH and CoP turns into C0304. The Ni-Px-Co bridge is finally transformed into a
heterogeneous Co0304/NiOOH structure. This heterostructure efficiently regulates
electronic structure of Co and Ni sites, resulting in the favorable adsorption of OH*,
conversion of rate-determining step, reduced activation energy of the whole reaction,
and eventually enhanced intrinsic activity toward the OER. This work provides a
guidance to explore operando reconstruction mechanism of black phosphorus based

electrocatalysts during electrocatalytic reactions.

KEYWORDS: Electrolytic synthesis, Oxygen evolution reaction, Reconstruction

effect, Ni-Co dual-cation, Black phosphorus



1. Introduction

The oxygen evolution reaction (OER) is well-known to feature sluggish reaction
kinetics and large overpotentials, leading to energy loss and eventually low energy
efficiencies of different electrochemical technologies such as rechargeable metal-air
batteries, water splitting devices, and unitized regenerative fuel cells. To promote the
OER kinetics, numerous electrocatalysts have been designed and synthesized together
with different catalyst supports [1-6]. With respect to widely utilized supports, black
phosphorus (BP) is chosen owing to its high surface area and high carrier mobility [7—
9]. As for catalysts, Fe group metals (e.g., Fe, Co, Ni) have been extensively
employed, due to their unique d-orbital structures [10—16]. The coupling of Fe group
metals with black phosphorus is thus expected to obtain efficient OER
electrocatalysts.

On the other hand, reconstruction phenomenon has been noticed during the
electrocatalytic reactions [17-24]. Reconstruction of a pre-catalyst makes a crucial
effect on intrinsic properties and electrical structures of catalytic materials, which
directly decide the energy barrier and kinetics of studied catalytic reactions [25-30].
In this context, the investigation of original reconstruction is important to comprehend
reconstruction processes. Reconstruction phenomena of a catalysts might be possible
even during the OER. This is because oxygenic intermediates are inevitably generated
on the electrocatalysts during this process, especially for nonprecious metal materials.
Such structural evolutions are recognized to proceed preferably towards superior

reaction-states. Meanwhile, the stability performance of such reconstructed species



might be promoted.

Taking black phosphorus-based materials as the example, they are easily oxidized
due to their active lone electrons in the surface. Their reconstruction, especially for
during the OER is thus susceptible [7,31]. For example, two-dimensional (2D)
materials, namely BP nanosheets and Ni(OH), nanosheets have been combined for the
promoted OER [31]. The as-obtained overpotential on this catalyst was 297 mV at 10
mA cm. The reconstruction phenomena of this catalyst were revealed by use of
theoretical calculation and experimental methods. Surface oxidization of BP
nanosheets into P-OH was found together with phase conversion of Ni(OH):
nanosheets into NiOOH oxyhydroxide at the initial reconstruction stage. Such a
reconstruction process greatly reduced the overpotential of the OER or enhanced
kinetics of the OER. It has to highlight here that the study of reconstruction process of
an electrocatalyst or to reveal the change of surface composition and structure of an
electrocatalyst is benefit to reveal real active sites and catalytic mechanisms of
different reactions. Surface reconstruction of an electrocatalyst is expectedly regulated
to create its more active sites and eventually improve its catalytic activity. For
example, the reconstructed interface of a heterostructure accelerates proton/electron
transfer and product separation, reduces activation energy barrier, and further
improves the intrinsic activity for the OER. Surprisingly, the studies about such
reconstruction mechanisms are rare in the literature.

As for traditional synthesis methods, BP NSs and Co-Ni species are synthesized

individually. To reduce preparation processes, a facile three-electrode (single



cathode-double anodes) system is constructed to synthesize Co-Ni/BP hybrid (Co—
Ni/BP). Here, we couple the hybrid of black phosphorus nanosheets with Co-Ni
(Co-Ni/BP) by use of a simple three-electrode method. The surface reconstruction
mechanism of this Co-Ni/BP catalyst is revealed using different characterization
techniques. The reconstruction effect on the reaction mechanism of the OER is
systematically studied, including adsorption of intermediators, activation energies,
and the rate-determining step during the OER. A synergistic catalytic mechanism of

Ni-Co dual-cation is also proposed.

2. Experimental

2.1 Chemicals and materials

Bulky BP was purchased from Kunming Black Phosphorous Company (China). A
nickel wire and a cobalt wire were bought from Runde Metal Material Company
(China). Chemicals such as tetrabutylammonium trifluoromethanesulfonate

(TBACF3S03, 99%) and propylene carbonate (PC, 99.9%) were bought from Aladdin.

2.2 Preparation of Co-Ni/BP heterostructures

Here three-electrode method was wused to synthesize these black
phosphorus-based samples. Bulky black phosphorus was served as cathode while
cobalt wire and nickel wire were both supported as anodes. These three electrodes
were immersed in PC solvent containing 0.1 M TBACF3SOs;. This electrolysis

experiment was carried out at the voltage of 30 V. This nickel wire was electrolyzed



for 30 min, then this nickel wire anode was replaced by two cobalt wires electrolyzed
for another 30 min. These exfoliated BP sheets were taken out from cathode and
dispersed into electrolyte solution. This obtained solution was ultrasounded in an ice
water bath for 2 h. Then this mixed solution was transferred to an 80 mL Teflon-lined
container for solvothermal treatment at 160 °C in the Ar atmosphere for 12 h. The
obtained composite was washed with PC solvent and ethanol, then dried at 60 °C for 6
h. This obtained composite is defined as Co-Ni/BP. For comparison, these catalysts
prepared only using cobalt wire anode or nickel wire anode are defined as Co/BP and

Ni/BP, respectively.

2.3 Materials characterization

Crystalline phase analysis of different samples was conducted using an X-ray
diffractometer (Ultima IV-185) with Cu Ko radiation. The oxidation states and
chemical composition of as-prepared samples were examined by use of X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific) applying an Al Ka X-ray
source. The morphologies and structures of as-prepared samples were measured with
high-resolution transmission electron microscopy (HRTEM), transmission electron
microscopy (TEM), and scanning electron microscopy (SEM) on the FEI Tecnai F20

and JSM-7001F, respectively.

2.4 Electrochemical measurements

The OER performance of as-prepared samples were tested in 1 M KOH solution on a



CHI 660E electrochemical workstation (CH Instruments, Inc., Shanghai, China). In a
traditional three-electrode system, working electrode, counter electrode and reference
electrode were a glassy carbon electrode (GCE, 3 mm in diameter), a graphite rod,
and a Hg/HgO electrode, respectively. To load an electrocatalyst, 5 pL of its ink was
coated on the GCE. The overpotential was measured by means of linear sweep
voltammetry within the potential range from 0 to 1 V (vs. Hg/HgO) at a scan rate of 5
mV s!. The Tafel plots were re-plotted based on as-obtained linear sweep
voltammograms (LSVs) and the Tafel equation. The electrochemical impedance
spectroscopy (EIS) was carried out within a frequency range from 10° to 1 Hz at a
current density 10 mA cm™. All potentials in this work were converted into reversible
hydrogen electrode (RHE) using the equation of Erug = Engngo + 0.059 pH +

Ee Hg/HgO-

3. Results and discussion

Fig. 1 Schematic of the preparation process for Co-Ni/BP.

Here the Co-Ni/BP composite was synthesized via a facile



electrolysis-solvothermal process (Fig. 1). In the first electrolysis process, the bulky
BP is exfoliated into BP sheets (BP NSs) while the Co or Ni precursors are formed via
anodic oxidation. The BP NSs are coupled with Co-Ni species and finally formed into
Co-Ni/BP composite via the second solvothermal process. As is expected, this method
not only offers high-surface area supporter via exfoliation process, but also constructs
multivalence Co-Ni dual-cations for OER.

The morphology and nanostructures of as-prepared samples were firstly
investigated with transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM). It’s seen that the raw bulky BP shows the morphology of thick blocky
structure (Fig. S1). Via the electrochemical exfoliation, the obtained BP NSs display
much thinner lamellar structure (Fig. 2a). Moreover, the surface of these BP NSs is
smoothy before OER tests. Their crystal plane of (040) possesses an interplanar
distance of 0.263 nm (Fig. 2b). Different from BP NSs, more irregular aggregations
are formed over Ni/BP (Fig. 2¢). From the HRTEM images of Ni/BP catalyst (Fig.
2d-2e), it’s found the emerging lattice fringe spacings are 0.192 and 0.155 nm, well
match with (210) plane of Ni;P and (300) of Ni(OH), respectively. They verify the
successful formation of Ni2P and Ni(OH): over the Ni/BP catalyst. For the Co/BP
catalyst (Fig. 2f), low-crystalline aggregates are dispersed on lamellar BP nanosheet.
Its lattice fringe spacings of 0.245 nm and 0.200 nm are associated with the (101)
plane of the CoO and (210) plane of the CoP (Fig. 2g-2h), respectively. Similar to
Ni/BP and Co/BP, Co-Ni/BP also displays the low-crystalline aggregated morphology,

indicating decreased crystallinity due to introduction of Co/Ni (Fig. 2i). Inferred from



HRTEM images of Co-Ni/BP catalyst (Fig. 2j-21), the (101) plane of CoO, the (200)
plane of CoP, the (110) plane of Ni(OH)z and the (201) plane of Ni;P are identified,
indicating both Co species and Ni species are co-loaded on the BP NSs, solidly

confirming the formation of the Co-Ni/BP catalyst.
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Fig. 2 (a) Representative TEM image and (b) representative HRTEM image of BP
NSs; (c) representative TEM and (d,e) HRTEM images of the Ni/BP catalyst; (f)
representative  TEM and (g,h) HRTEM images of the Co/BP catalyst; (i)
representative TEM and (j,k-1,k-2,k-3,k-4,) HRTEM images of the Co-Ni/BP

catalyst.

To identify the oxidation states of as-prepared catalysts, their cyclic

voltammograms (CVs) were recorded and related oxidation-reduction peaks were



analyzed. In the CV curve of the Co/BP catalyst, an oxidation peak of Co*" to Co>"
appears at 1.22 eV (Fig. 3a), while the CV curve of the Ni/BP catalyst shows an
oxidation peak of Ni* to NiOOH (Ni*") at 1.50 V (Fig. 3b). Compared the peaks of
the Co-Ni/BP catalysts with those of the Co/BP catalyst or the Ni/BP catalyst (Fig. 3¢),
an obvious shift of oxidation peak potential is found. For the Co-Ni/BP catalyst, the
Co**-to-Co®" peak positively shifts by 0.7 V, while the Ni*>"-to-NiOOH peak
negatively shift by 0.4 V. These results indicate the formation of a new Ni-Co
structure rather than single Ni or Co structure. No peak belonging to BP is observed,
because this formed peak is assigned to oxidation peak of metal (Fig. S2). Noticeably,
operando reconstruction phenomenon was observed in the Co-Ni/BP catalyst (Fig.
3d). This is because the oxidation peaks of both Co?"-to-Co** and Ni**-to-NiOOH
almost disappear only after the first cycle. It is thus assumed that the original structure
of the Co-Ni/BP catalyst mainly shows the Co?*-Ni** dual-sites, which evolve into
Co**-Ni** dual-sites together with the occurrence of oxidation reactions of metal
centers. In other words, both Co®" and Ni** are real active sites for the observed
electrocatalytic OER. The interaction between Co** and Ni** is further expected to
efficiently adjust the electron structure of Co-Ni dual active sites on the Co-Ni/BP

catalyst.
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Fig. 3 One single cyclic voltammogram of the (a) Co/BP, (b) Ni/BP, and (¢) Co-Ni/BP
catalysts; (d) three cycles of the Co-Ni/BP catalyst. The electrolyte is 1.0 M KOH and

the scan rate is 10 mV s\

To obtain the structural details of the BP, Ni/BP, Co/BP and Co-Ni/BP, their
XRD patterns were recorded and compared (Fig. S3). In the XRD spectrum of BP,
three main characteristic peaks are located at 16.9°, 34.1°, and 52.3°. They are
assigned to the (020), (040), (060) planes of BP, respectively (PDF#73-1358). The
small peaks at 26.4°, 35.0°, 40.0°, 43.0° 50.8 °, 55.8°, 56.7° are assigned to (021),
(111), (041), (131), (112), (200), and (132) of BP. Despite of characteristic peaks
assigned to BP, Ni/BP shows three peaks at 40.6°, 44.5° and 47.3°, corresponding to
(111), (021), (210) of Ni2P (PDF#65-3544). This indicates Ni2P is formed on Ni/BP.
Different from Ni/BP, as for Co/BP and Co-Ni/BP, there are no obvious diffraction

peaks corresponding to cobalt or nickel species. It can be thus concluded that the
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Co-Ni/BP mainly displays the phase of BP and crystallinity of formed nickel or/and
cobalt species is extremely low, which is probably due to amorphous doping, minimal
size or mixcrystal structure.

To reveal as-discussed oxidation states, electron structures and reconstruction
phenomenon, these catalysts were examined by means of XPS. In the XPS survey
spectrum of these as-prepared catalysts (Fig. S4), the presence of Ni, Co, O and P
elements are confirmed. In the Co 2p XPS spectrum of the Co/BP catalyst (Fig. 4a),
the characterization peaks are located at 778.7 and 793.5 eV. Moreover, the CoOx
species, including Co®" (781.3 and 797.2 eV) and Co*" (783.1 and 799.0 eV) are
distinguished. In the XPS spectrum of the Co-Ni/BP catalyst, the XPS peaks of CoOx
species almost remain the original positions in comparison with those of the Co/BP
catalyst, while the peaks of CoP negatively shift. This indicates that the Co species
gain more electrons than the Ni species. Meanwhile, in the Ni 2p XPS spectra of the
Ni/BP and Co-Ni/BP catalyst (Fig. 4b), the peaks of both Ni(Il) species and NixP
species are seen. The incorporation of Co into the Ni/BP catalyst is then expected to
make the binding energy of NixP in the Co-Ni/BP catalyst shift towards a higher
value. Namely, electrons are transferred out from the Ni species. Different from
obvious variation of the NixP species, the Ni(Il) species on the Co-Ni/BP catalyst
almost remain their original structure. The high-resolution P 2p XPS spectra of these
catalysts were also recorded, including BP NSs as well as the Co/BP, Fe/BP and
Co-Fe/BP catalysts (Fig. S5). For BP NSs, three peaks are present at 129.8, 130.6, and

133.6 eV, which are assigned to P 2ps», P2pi1, and P-O, respectively. While the
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binding energies of P 2p in the Co/BP, Fe/BP and Co-Fe/BP catalysts are shifted
toward lower binder energies when compared with that of BP NSs, indicating strong
electron interactions between Co (or Fe) and BP. Except the peaks of P 2p3p2, P2p12
and P-O species, P-metal (P-M) peak is also found and fitted. As observed, this fitted
P-M peak (129.2 eV) in Co-Ni/BP is just present at the medium position between
Co/BP (129.0 eV) and Ni/BP (129.4 ¢V). Combining P 2p XPS spectra with Co 2p
XPS spectra as well as Ni 2p XPS spectra, it’s concluded that Co-P-Ni interfacial
species are generated. Electron migration from Ni to Co along the way of P bridge via
the interface, could effectively regulate the electronic structure, which in turn
optimizes the adsorption and enhances electrochemical behavior of Co-Ni/BP. Such
BP interfacial charge transfer is also observed in BP-based compound[32-36].

Such a metal interaction or the Ni-Px-Co structure was then verified by analyzing
the Raman spectra of BP, Ni/BP, Co/BP and Co-Ni/BP. In the Raman spectrum of BP
NSs (Fig. 4c), three vibration bands appear at about 361.5, 438.3, and 466.9 cm .
They correspond to the out-of-plane A'y mode, in-plane B and AZ, vibration modes,
respectively [8,37-39]. In comparison with the peaks of BP NSs, those of the Ni/BP,
Co/BP and Co-Ni/BP catalysts are negatively shifted. It is probably caused by the
electron transfer between the Co (Ni) species and BP. Noticeably, the A%, peak of the
Co-Ni/BP catalyst is just present between that of Ni/BP catalyst and Co/BP catalyst.
This indicates the bonding strength of formed P-metal is between P-Co and P-Ni.
That’s to say, Ni-P-Co structure is generated, as already demonstrated from XPS

results of the Co-Ni/BP catalysts.
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Fig. 4 (a) Co 2p XPS spectra of the Co-Ni/BP and Co/BP catalysts; (b) Ni 2p XPS
spectra of the Co-Ni/BP and Ni/BP catalysts;(c) Raman spectra of the Co-Ni/BP,
Co/BP, Ni/BP and BP NS catalysts.

The composition of the Co-Ni/BP catalyst was optimized by applied different
electrolysis voltages (Fig. S6) and electrolysis times (Fig. S7). The OER performance
of these Co-Ni/BP composites was further tested. The best Co-Ni/BP composite that
was synthesized using an electrolysis voltage of 30 V and an electrolysis time of 30
min shows the overpotential of 292 mV (without iR compensation) at 10 mA cm™,
superior to that (341 mV) of the typical OER catalyst - RuO>. This obtained Co-Ni/BP
also displays competitive electrocatalytic activity towards alkaline OER in
comparison with BP-based materials (Table S1) [7,8,31,37,39,40]. To reveal
component synergy of Co and Ni, the linear sweep voltammograms (LSVs) of BP
NSs, Ni/BP and Co/BP catalysts were recorded in 1 M KOH (Fig. 5a). The
overpotentials at 10 mA cm > (without iR compensation) follows the order of

Co-Ni/BP (292 mV) < Co/BP (365 mV) < Ni/BP (380 mV) < BP NSs (> 500 mV)
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(Fig. Sb). This indicates that both Co species and Ni species contribute to the OER
activity of as-synthesized catalysts. The Co species seems to exhibit higher OER

performance than Ni species.
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Fig. 5 (a) Linear sweep voltammograms, (b) Overpotential comparison, (c) Tafel plots,
(d) Nyquist plots and (e) Cai values of BP NSs, Ni/BP, Co/BP, Co-Ni/BP catalysts in 1
M KOH; (f) Chronoamperometric curve of Co-Ni/BP catalyst at the constant potential

of 1.52 V.

The Tafel analysis was then applied to ensure the rate-determining step (RDS) of

this alkaline OER on these catalysts. It is known that the evolution of OH™ into O:

1

contains a multistep reaction process: a) a Tafel slope of 120 mV dec " indicates that

1

the RDS is the first electron transfer process; b) a Tafel slope of 60 mV dec™ indicates

that the RDS is the second chemical reaction process; c¢) a Tafel slope of 40 mV dec™!
suggests that the electron—proton reaction is the RDS[7]. In our study, the Tafel slopes

for the Ni/BP and Co/BP catalysts are 153 and 76 mV dec ™! (Fig. 5¢) respectively. The
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Tafel slope of the Co-Ni/BP catalyst is only 53 mV dec™'. Consequently, the RDS of
the OER on the Ni/BP and Co/BP catalysts has been transferred from an electron
transfer process or a chemical reaction process to an electron-proton reaction on the
Co-Ni/BP catalyst. Thus, electron—proton reaction process (formation of HOO*) is
considered as the RDS over Co-Ni/BP catalyst. The RDS conversion of the this
alkaline OER confirms the promotion of electron transfer and the optimized
adsorption properties of the Co-Ni/BP catalyst. Such electron-transfer properties of
these catalysts were further verified from their Nyquist plots (Fig. 5d) since the
Co-Ni/BP catalyst shows smaller radius in the semicircle of its Nyquist plot than both
Ni/BP and Co/BP catalysts. Further analysis of the impedance data is carried out by
taking a fitting based on the Randles circuit to obtain the charge-transfer resistance
values. The Ret value is 33.9 Q for Co-Ni/BP, lower than that of BP NSs (68.3 Q),
Ni/BP (35.6 Q) and Co/BP (48.8 Q). This indicates that both Ni and Co promote the
rates of electron transfer, leading to enhanced OER performance of the Co-Ni/BP
catalyst. Namely, both Ni and Co promote the rates of electron transfer, leading to
enhanced OER performance of the Co-Ni/BP catalyst.

To further support this statement, the component synergy of the Co-Ni/BP was
investigated, namely the comparison of electrochemically active surface areas
(ECSAs) of the studied catalysts. The electrochemical double-layer capacitances (Car)
of different catalysts (Fig. Se) were calculated from their cyclic voltammograms that
were recorded within non-faradaic domains at different scan rates (Fig. S8). The

Co-Ni/BP catalyst possesses a Cai value of 10.88 mFem™, higher than those of both
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Ni/BP (0.17 mFem2) and Co/BP (3.5 mFem™) catalysts. In other words, the Co-Ni/BP
catalyst is expected to exposes more active sites than both Ni/BP and Co/BP catalysts,
leading to its enhanced OER performance. In addition, these obtained
ECSA-normalized current densities of different samples are shown in Fig. S9. It’s
seen that Ni/BP shows the highest ECSA-normalized current density among these
samples, due to its lowest ECSA. While for Co-Ni/BP, it displays higher
ECSA-normalized current density than Co/BP and BP. The Co-Ni/BP catalyst exhibits
high stability during the OER, as confirmed from a chronoamperometric test for 23 h
(Fig. 5f). Noticeably, as the reaction goes on, the current is enhanced when compared
with its initial current, probably due to an activation process of the Co-Ni/BP catalyst.
The XPS technique was further applied to uncover the reconstruction of
Co-Ni/BP during the OER, namely the variation of oxidation states of the Ni and Co
species before and after the OER. In the Co 2p (Fig. 6a) and Ni 2p (Fig. 6b) XPS
spectra after the OER test, both NixP peak and CoP peak disappear, while the amounts
of both Ni** and Co’" species increase. Combining with the voltametric results, it can
be inferred that either Ni or Co in the original Ni-Px-Co structure is present with an
oxidation valence of 2+, namely a Ni**-Px-Co?" structure. After the OER test, NixP is
oxidized into NiIOOH while CoP turns into CoOx. Finally, a heterogeneous structure

of CoOx-NiOOH is formed.
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before and after the CV test.

To further reveal evolution process of Co species and Ni species after the OER,
the TEM and HRTEM analysis of the studied catalysts was carried out. TEM image
(Fig. 7a) of Co-Ni/BP catalyst suggests oxidation process intensifies the aggregation
of surface species. In the HRTEM images of the Co-Ni/BP catalyst (Fig. 7b-7e), the
generation of more crystalline phases of Co0304 and NiOOH is found or a
heterostructure of C0304-NiOOH is formed. From the view of thermodynamic
stability, the corresponding oxides or (oxy)hydroxides are the most stable states under
oxidation conditions. This formed heterostructure of C0304-NiOOH is thus expected
to efficiently adjust electronic structures of both Co sites and Ni sites, then optimize
the adsorption performance of the Co-Ni/BP catalyst, and finally boost its OER
performance. Moreover, HAADF-STEM image of the Co-Ni/BP catalyst after the
OER test (Fig. 7f) and corresponding elemental mapping images (Fig. 7g-7j) suggest
uniform distribution of P, Ni, Co and O elements, demonstrating the unform formation

of the CoNi species on the BP NSs, consistent with XPS results.
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Fig. 7 (a) Representative TEM and (b,c-1,c-2,d,e-1,e-2) HRTEM images of the
Co-Ni/BP catalyst after the OER test at different resolutions; (f) HAADF-STEM

image and (g-j) EDS mapping images of the Co-Ni/BP catalyst.

It is known that the adsorption of OH™ and subsequent formation of OH* is the
initial step in the complicated OER process. The bonding strength of absorbed OH*
over these obtained catalysts subsequently decides the formed oxygen intermediates
(e.g., O* and OOH*) and the whole OER performance [10,12,41,42]. In other words, a
desired OER catalyst must own a favorable bonding strength of OH*. On the other hand,
the amount of OH* is possible to be detected by methanol oxidation reaction (MOR)
under the same condition for the OER. This is because the OH* intermediate is
electrophilic and can be detected by nucleophiles such as methanol molecule [43,44].
The degree of surface OH* coverage can be reflected in the form of the current
difference that is resulted from MOR and OER, which further expresses the OH*
adsorption ability. In our case (Fig. 8), the current difference (filled area) decreases as
follows: Scopp (6.30) > Sco-nisp (5.82) >Snisp (0.78) > Sppns (0.031), demonstrating that
the adsorption strength toward OH* varies in the trend: Co/BP > Co-Ni/BP > Ni/BP >
BP NS. Noticeably, introduction of Co or Ni to BP strengthens the OH* adsorption and
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the adsorption strengthen of Co site is stronger than that of Ni site. Among these

obtained catalysts, the Co-Ni/BP catalyst exhibits the appropriate adsorption of OH*,

leading to its improved catalytic OER performance.
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Fig. 8 LSVs of oxygen intermediates during methanol oxidation on BP NSs (a),

Co/BP (b), Ni/BP (c) and Co-Ni/BP in 1 M KOH (black) and 1 M KOH + CH3;0H

(purple) at a scan rate of 50 mV s~ !. These filled areas are the current difference that is

caused by MOR.

The activation energy (E.) for the OER on the Co-Ni/BP catalyst was also

estimated (Fig. 9), since it is an intrinsic indicator to describe catalytic activity of a

catalyst. With aid of Arrhenius equation, the E, value was calculated by analyzing

LSVs recorded at different temperatures (Fig. S10) [45]. The E. value of the

Co-Ni/BP catalyst is 35.36 kJ mol™!, much lower than that of the Co/BP catalyst
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(45.05 kJ mol ™), the Ni/BP catalyst (49.71 kJ mol '), and the BP NS catalyst (56.21 kJ

mol™!). These values demonstrate that the water oxidation kinetics on the Co-Ni/BP

catalyst is substantially improved. The intercomponent synergy significantly alters the

intrinsic properties of this catalyst. The turnover frequency (TOF) value of the

Co-Ni/BP catalyst toward the OER is 0.71 s at 1.807 V (vs. RHE), more than that of

the Co/BP catalyst (0.05 s') and the Ni/BP catalyst (0.03 s'). The constructed

heterostructure of Co304-NiOOH thus effectively improves the intrinsic activity of the

Co-Ni/BP for the OER.
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Fig. 9 Typical Arrhenius plots for the BP NSs (a), Co/BP (b), Ni/BP (c), Co-Ni/BP (d)

catalysts; corresponding comparative E, values (e); TOF values (f) of the Co/BP,

Ni/BP and Co-Ni/BP catalysts.
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Fig. 10 Proposed theoretical models (upper) and steps (lower) for OER reaction over

Co-Ni/BP.

As discussed, the pre-catalyst of Co-Ni/BP was synthesized by a facile
electrochemical process with raw materials of bulky BP, a Co wire and a Ni wire. The
characterization and OER activity results suggest the initial active centers of the
Co-Ni/BP catalyst are Co®" and Ni*" sites. These sites form into a Ni-Pyx-Co
heterostructure, where electrons transfer from the Ni species to a Co species via a P
bridge. During the OER process, the OH species are adsorbed on Co?" and Ni** sites
and evolve into OH*. Meanwhile, Co>" and Ni?" sites are converted into Co’" and
Ni** sites, which supports the real active sites for OER and contributes to superior
OER performance (Fig. 10). It means metal sites contribute to OER activity rather

than lattice oxygen. Thus, here the OER pathway is followed by AEM mechanism. As
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a typical OER process, it contains a continuous process of OH*-O*-OOH*-O,. OH"
species first adsorb on the active sites. Then the adsorbed OH (HO* species)
experiences subsequent deprotonation to form O*. The following step of O-O bond
formation makes O* react with another OH™ to generate the HOO* intermediate. In
the final step, Oz is evolved by deprotonation of HOO* with the regeneration of the
active site. The reconstruction of the Co-Ni/BP catalyst not only regulates the
adsorption strength of OH*, but also makes RDS converted from an electron transfer
process or a chemical reaction process to an electron-proton reaction. In this way, the

activation energy of whole reaction is reduced, and the OER activity is promoted.

4. Conclusion

In summary, the Co-Ni/BP catalyst has been synthesized by a facile
electrolysis-solvothermal process. It shows high OER performance, such as low
overpotential and high stability. More importantly, operando reconstruction of the
Co-Ni/BP catalyst has been revealed. Before the OER test, the original Ni-Px-Co
structure was formed, where electrons are transferred from the Ni species to the Co
species via P bridge. After the OER test, Ni;P is formed into NiOOH and CoP into
Co0304, where a heterogeneous structure of Co304-NiOOH is generated. The original
active sites of the Co-Ni/BP catalyst are the Co**-Ni** dual-sites before the OER,
which evolving into Co**-Ni** dual-sites after the OER. This formed heterostructure
of Co304-NiOOH efficiently adjusts electronic structures of both Co and Ni sites, then

optimizes the adsorption performance, namely the appropriate adsorption ability
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toward OH* intermediates. This makes the RDS of the OER converted from an
electron transfer process or a chemical reaction process to an electron-proton reaction.
Therefore, this work might shed some new insights into operando reconstruction of
the Co-Ni/BP catalyst on its catalytic activity toward the OER. It is expected to be a

new way to design efficient BP-based heterostructures for the OER.
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