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Structural dependence of electrosynthesized
cobalt phosphide/black phosphorus pre-catalyst
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The integration of black phosphorus (BP) with metal phosphides is known to produce high-performance
electrocatalysts for oxygen evolution reduction (OER), although increased stability and prevention of the
degradation of their lone pairs would be desirable improvements. In this work, cobalt phosphide (CoP)/BP
heterostructures were electrochemically synthesized with a two-electrode system, where cobalt ions
were generated in situ at a Co anode, and non-aggregated BP nanosheets (NSs) were exfoliated from the
bulky BP cathode. With an electrolysis voltage of 30 V, the CoP/BP heterostructure exhibited a superior

2

and stable OER performance (e.g., an overpotential of 300 mV at 10 mA cm™<, which is 41 mV lower than
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that obtained with a RuO, catalyst). The CoO, formed in situ during the OER catalysis and remaining CoP
synergistically contributed to the enhanced OER performance. The present strategy provides a new elec-
trosynthetic method to prepare stable BP electrocatalysts and also further expands their electrochemical
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Introduction

Electrochemical water splitting is a promising approach to
produce clean energy sources such as hydrogen, and it is a
technique that is expected to tremendously alleviate the energy
crisis."'® However, it is inevitably restricted by the oxygen
evolution reaction (OER), a stepwise four-electron or a two-
step-two-electron transfer process. During the OER process,
the breaking of an O-H bond and O-O formation occur. In
other words, high energy barriers need to be overwhelmed,
and a large amount of applied energy is lost.""'* To reduce
such energy barriers for both processes, various noble metal
oxides such as IrO, and RuO, have been utilized as OER cata-
lysts. Unfortunately, their scarcity and high cost hinder their
production on a large scale as well as their practical appli-
cations."® Science and industry would greatly benefit if alterna-
tive OER electrocatalysts could be synthesized and if expensive
noble catalysts could be replaced.
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Layered black phosphorus (BP) is a potential OER electroca-
talyst whose effectiveness has recently been demonstrated. It is
a two-dimensional (2D) material that features a tunable direct
band gap, unique anisotropic properties, strong optical
absorption, and high carrier mobility."*! Unfortunately, the
active lone pairs of BP degrade, and thus, the stability of BP
catalysts is quite poor during the OER process.">?* To increase
the stability of BP catalysts for the OER, passivation is required
for exposed lone pairs. For example, the coupling of BP with a
metal element (e.g., Co) or its derivations is a promising
approach. Because the Fermi level of BP is higher than that of
Co or its derivations, electron migration occurs from BP to Co
or its derivations.">?>

Once defect-rich BP such as a BP nanosheet (NS) is utilized,
the active lone pairs preferentially transfer over its entire
surface. In this way, the degradation of the BP catalyst is
efficiently hindered or the stability of the BP electrocatalyst is
effectively increased. Moreover, the integration of a metal
element (e.g., Co) or its derivations with BP NSs leads to the
generation of a large number of active sites and an increase in
the electrical conductivity of BP, eventually resulting in the
production of high-performance OER catalysts.'>*>** Cobalt
phosphide (CoP) is also a promising candidate as an OER elec-
trocatalyst because of a variety of valences of this interstitial
compound, and thus, it exhibits metallic alloy properties and
an extremely high electrical conductivity.>* >’

Among the reported catalysts, wet chemical routes are gen-
erally employed to synthesize cobalt nanoparticles or CoP on
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exfoliated BP. The drawbacks of these wet chemical routes are
quite obvious, such as a long reaction time and a multistep
process. Thus, fine control during the synthesis of these cata-
lysts is impossible. The obtained catalysts are not pure in most
cases, and the used cobalt slats are expensive.

In this study, we attempted to develop a facile approach to
prepare stable and pure OER catalysts from cobalt compounds
and BP NSs. With respect to BP NSs, they are electrochemically
exfoliated from bulky BP in solution.*® The thicknesses and exfo-
liation efficiencies of these BP NSs are finely tuned through the
adjustment of applied anodic or cathodic potentials during an
electrochemical exfoliation process.*®*?° In the proposed two-elec-
trode system, cobalt metal is applied as the anode. When the
applied voltage exceeds the dissolution onset potential of this
cobalt anode, cobalt metal dissolves as cobalt ions into solu-
tion.*® Then, further reaction between metal ions and exfoliated
BP NPs occurs, and consequently, the composites (in most cases,
so-named as heterojunctions) of cobalt ions and BP NSs are syn-
thesized. To the best of our knowledge, such a two-step approach
to electrosynthesize cobalt phosphide/black phosphorus (CoP/
BP) heterojunctions has not been previously reported.

Herein, we report the details regarding the electrosynthesis
of CoP/BP heterostructures and further refine their OER per-
formance. Of special interest, the dependence of the OER
activity on structure was investigated to further examine these
CoP/BP heterostructures.

Experimental
Chemicals and materials

Cobalt wire was purchased from Runde Metal Material
Company. Bulk black phosphorous was purchased from
Kunming Black Phosphorous Company. Tetrabutylammonium
tetrafluoroborate (TBABF,, 98%, powder) and proprylene car-
bonate (PC, >99.9%) were purchased from Aladdin. Anhydrous
ethanol (99.5%) was purchased from Woke Company. Other
chemicals were analytical grade and used as received without
further purification.

Preparation of CoP/BP heterojunctions

The steps for electrosynthesis of the CoP/BP heterojunctions
are schematically shown in Fig. 1. A two-electrode system was
developed. In the first step, 40 mg of black phosphorous was
added to a porous plastic tube that was sealed, and a platinum
plate was inserted to serve as the cathode. A cobalt wire was
used as the anode. The electrolyte used was 0.1 M tetrabutyl-
ammonium tetrafluoroborate (TBABF,) dissolved in proprylene
carbonate (PC) solvent. Unlike acidic or alkali ions, organic
tetrabutylammonium cations (TBA') with large diameters are
more beneficial for exfoliating the bulky BP into nanosheets.
At the same time, the organic electrolyte solution can reduce
the oxidation and degradation of black phosphorus, while air
or water can promote oxidation and degradation. Therefore, in
this work, an organic electrolyte solution (0.1 M TBABF, in PC
solvent) was chosen to exfoliate black phosphorus.
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Fig. 1 (a) Schematic plots of electrosynthesis of the CoP/BP hetero-
junctions; (b) XRD patterns of bulky BP, BP NPs electrosynthesized at 30
V, the CoP/BP-30 heterojunction, the CoP/BP-20 heterojunction, and
the CoP/BP-10 heterojunction; (c) Co 2p XPS spectra of the CoP/BP-30,
CoP/BP-20, and CoP/BP-10 heterojunctions; (d) P 2p XPS spectra and
(e) Raman spectra of bulky BP, BP NPs electrosynthesized at 30 V, the
CoP/BP-30 heterojunction, the CoP/BP-20 heterojunction, and the
CoP/BP-10 heterojunction.

Avoltage of 10, 20, and 30 V was applied for 6 h to produce
the CoP/BP-10, CoP/BP-20, and CoP/BP-30 heterojunctions,
respectively. In the second step, the mixture was stirred for
12 h and then transferred to a 100 ml Teflon cup. Inside a
stainless steel autoclave, Ar gas (0.5 h) was continuously
flowed through the Teflon cup until the air was completely
removed. Subsequently, the solution was treated at 160 °C for
12 h. During this process, the solution was stirred with a mag-
netic bar at a speed of 500 rpm. The resultant precipitates were
filtered, washed three times with PC solution and twice with
ethanol, and then dried at 80 °C for 8 h in a vacuum oven.

Characterization

X-ray diffraction (XRD) analysis was conducted on an X-ray diffr-
actometer (Ultima IV-185) with Cu Ka radiation. Raman spectra
were recorded on a Jobin Yvon LabRAM HR800 micro-Raman
spectrometer. X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific) was performed using an Al Ka X-ray source.
Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) images were collected on the FEI Tecnai F20
and JSM-7001F, respectively. The chemical composition (Co) of
the obtained samples was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES).

Electrochemical measurements

All the electrochemical tests were conducted at room tempera-
ture on a CHI 660E electrochemical workstation (CH
Instruments, Inc., Shanghai) using a standard three-electrode
system. A glassy carbon electrode (GCE, 3 mm in diameter),

This journal is © The Royal Society of Chemistry 2021
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Hg/HgO, and a graphite rod were used as working electrode,
reference electrode, and counter electrode, respectively. As-syn-
thesized materials (5 pl ink) were coated drop by drop on a
GCE. Such an ink was prepared by dispersing 5 mg material
and 20 pL Nafion solution in 1 ml of water-ethanol solution
with a volume ratio of 3:1. The OER performance of these
electrodes was tested in O,-saturated 1 M KOH solution. The
linear sweep voltammograms (LSVs) were recorded at a scan
rate of 5 mV s™'. The stability measurements were carried out
by cyclic voltametric scanning at 2000 cycles in the potential
range of 0 to 1.53 V with a scan rate of 50 mV s~ and chrono-
potentiometric curve at 10 mA cm™ > The potential shown in
this study refers to a revisable hydrogen electrode (RHE)
according to the following equation of Erpyp = Epgugo +
0.059 pH + Eﬁlg JHgO? where Egryg is the converted potential vs.
RHE and Epgmgo is the experimental potential measured
against the Hg/HgO reference electrode.

Results and discussion

Different from those previously reported, a two-step electro-
chemical process was developed in this study to synthesize the
CoP/BP heterostructures (Fig. 1a). Here, cobalt ions were gen-
erated from a Co anode in situ, instead of using expensive
cobalt salts dissolved in solution. In greater detail, electro-
chemical exfoliation of a bulky BP cathode and the generation
of Co ions from a Co anode are simultaneously realized in the
first step. During the electrolysis process, bulky BP is exfoliated
into BP NSs. Defects are inevitably generated on these BP NSs,
which result in unsaturated P sites with superior properties
including smaller coordination number, additional lone elec-
trons, and higher reducing activity.>?

The Co ions were dissolved into the electrolyte solution
from the anodic Co wire. Because the defect occupation energy
of Co is lower than the surface adsorption energy,** Co ions in
the electrolyte can be easily reduced to Co atoms on the defect
sites in the subsequent solvothermal process.”” Then, the
newly generated Co atoms can bond with the adjacent defec-
tive P atoms and form CoP. In addition to these defective P
sites, the intrinsic P sites with lone electrons also contribute
to the same influence. To vary the defective sites and the
amount of Co ions during the fabrication of the CoP/BP
heterostructures, the applied voltage in our two-electrode
system can be varied as required. Throughout this article, the
terms CoP/BP-30, CoP/BP-20, and CoP/BP-10 denote the CoP/
BP heterojunctions synthesized under an electrolytic voltage of
30, 20, and 10 V, respectively.

These electrosynthesized BP NSs were initially characterized
using X-ray diffraction (XRD) analysis. As control experiments,
the XRD spectrum of bulky BP was also recorded. In both XRD
spectra (Fig. 1b), patterns appear at 16.9°, 26.4°, 34.1°, 35.0°,
52.3°, 55.8°, and 56.5°, which can be assigned to the (020),
(021), (040), (111), (060), and (061) planes of BP (PDF#65-
2491), respectively. The relatively sharp peaks of BP NSs reveal
the fine crystal quality even after exfoliation. Moreover, the
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CoP/BP-30, CoP/BP-20, and CoP/BP-10 heterojunctions show
the same characteristic peaks as those of BP. Namely, these
CoP/BP heterojunctions remain as crystalline phases of BP.
The slight shift of the (061) peak on these CoP/BP heterojunc-
tions to a small angle results from an enlarged layer-to-layer
spacing as well as the doping of this Co species.>® The XRD
spectra (Fig. 1b) show that the height of the characteristic
peaks over CoP/BP-30 is lower than that of CoP/BP-20 and CoP/
BP-10, indicating that the crystallinity of CoP and BP over CoP/
BP-30 decreases in comparison with CoP/BP-20 and CoP/
BP-10. This also can be concluded from the normalized XRD
spectra (Fig. S17) based on the (040) peak of BP.

The existence of Co, P, and O elements as well as the
amount of Co in the CoP/BP heterojunctions have been con-
firmed by use of X-ray photoelectron spectroscopy (XPS).>* A
comparison of their XPS survey spectra with those of BP NSs
and bulky BP (Fig. S21) clearly indicates the existence of
elemental Co in the CoP/BP heterojunctions. The highest
amount of Co was found in the CoP/BP-30 heterojunction. In
order to further estimate the quantity of Co species over these
CoP/BP heterostructures, the as-obtained inductively coupled
plasma optical emission spectrometry (ICP-OES) results were
combined with the XPS results. The loading amount of Co
species over these CoP/BP heterostructures increases as the
electrolytic voltage increases (Table S1), with 15.96 wt%,
18.76 wt%, and 22.83 wt% for the CoP/BP-10, CoP/BP-20, and
CoP/BP-30 heterojunctions, respectively. It is expected that the
CoP/BP-30 heterojunction will exhibit superior catalytic per-
formance in comparison to other heterojunctions, due to its
largest number of active Co species.

The high-resolution Co 2p XPS spectra of three CoP/BP
heterostructures were further recorded (Fig. 1c). Two peaks
located at 778.2 and 792.9 eV correspond to Co 2p in CoP.*
Two peaks appearing at 781.5 and 798 eV are related to the
inevitably oxidized CoO, (Co>"), while those at 782.9 and 798.6
eV result from oxidized CoO, (Co,'). These results clearly
confirm the generation of CoP on the BP NSs. The high-resolu-
tion P 2p XPS spectra of bulky BP, BP NSs, and three CoP/BP
heterostructures were also recorded (Fig. 1d). In the XPS spec-
trum of bulky BP, three peaks located at 129.6, 130.5, and
133.9 eV correspond to P 2p3j,, P 2p,,, and P-O, respectively.
For the BP NSs, their peaks shift to lower binding energies
when compared with those of bulky BP. This confirms an elec-
tron-rich state of the P atom in BP NSs,** which originates
from the exposure of a larger number of defective edge-sites
during the electrosynthesis (namely, electrochemical exfolia-
tion) of BP NSs. Additionally, the binding energies of P 2p in
three CoP/BP heterojunctions are positively shifted when com-
pared with that of the BP NSs. This phenomenon indicates the
strong electron interaction between CoP and BP. This suggests
that these formed CoP/BP samples are heterostructures, not
simple mixtures. Electrons can migrate from BP NSs to Co
species, and because such electron transformation effectively
suppresses the deterioration of the BP NSs," these electro-
synthesized CoP/BP heterostructures are expected to provide
excellent stability during the OER process.
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The Raman spectra of bulky BP, BP NSs, and three CoP/BP
heterostructures were recorded (Fig. le). In the Raman spec-
trum of bulky BP, three vibrational bands appear at approxi-
mately 366, 443, and 471 cm ™. They correspond to the out-of-
plane A'; mode, in-plane B,,, and A”, vibration modes of BP,
respectively.>**® Compared with those in the Raman spectrum
of bulky BP, the A'y, B,,, and A’, peaks of electrosynthesized
BP NSs were positively shifted, which is an indication of suc-
cessful exfoliation of bulky BP into thin BP NSs.**** In com-
parison with BP NSs, the CoP/BP heterostructures exhibited
even further positive shifts for the A'y, B,,, and A%, character-
istic peaks. The applied solvothermal process is thus also ben-
eficial for the exfoliation of bulky BP into BP NSs. Note that
the characteristic peaks of the CoP/BP heterostructures are
negatively shifted once the Co content is enhanced. This is
attributed to inhibited vibrations, derived from the electron
transfer between Co species and BP.*?

As a case study, the morphology and nanostructures of the
CoP/BP-30 heterojunction were uncovered by means of trans-
mission electron microscopy (TEM), high-resolution TEM
(HRTEM), and scanning TEM (STEM). From one representative
TEM image of the CoP/BP-30 heterojunction (Fig. 2a), one can
see that the CoP/BP-30 heterojunction adequately retains the
typical lamellar structure of the BP NSs. No structural damage
was found (Fig. S31). Numerous small amorphous aggregates
are visible on the surface of the BP NSs (Fig. 2b). This leads to
disappearance of the fine characteristic peaks of CoP or CoO
in the XRD spectrum of the CoP/BP-30 heterojunction. In the
HRTEM image of the CoP/BP-30 heterojunction (Fig. 2c), the
lattice spacing of 0.26 nm is indexed to the (040) plane of a BP
crystal. Additionally, the lattice fringe spacings of 0.24 and
0.28 nm are well matched with the (102) and (002) planes of
the CoP. This indicates that the generated CoP is uniformly
grown on the surface of the BP NSs, but not mixed with the BP

Fig. 2 (a, b) TEM, (c) HRTEM, and (d) STEM images of the CoP/BP-30
heterojunction; (e) EDS mapping of the elements of P, (f) Co and (g) O
in the CoP/BP-30 heterojunction.
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NSs. The elemental mapping of the CoP/BP-30 heterojunction
was further conducted using STEM. Over the scanned area
(Fig. 2d), homogeneous spatial distributions of phosphorus
(Fig. 2e), cobalt (Fig. 2f), and oxygen (Fig. 2g) are seen.
Consequently, CoP is generated and uniformly distributed over
the entire surface of the BP NSs.

As discussed, CoP in the CoP/BP heterostructure occupies
the initial defects of BP NSs or forms bonds with lone pairs. It
thus improves the electrical conductivity and/or increases the
numbers of active electrocatalytic sites on the surface of BP
NSs. Therefore, the CoP/BP heterostructure is expected to be a
stable and excellent OER pre-catalyst.>® The OER activities of
the CoP/BP heterostructures were evaluated in 1.0 M KOH. As
control experiments, the OER performance of bulky BP and BP
NSs was also investigated. In all these cases, the loading
amount of these catalysts was exactly the same. Fig. 3a shows
the related linear sweep voltammograms (LSVs) and Fig. S47
compares the corresponding overpotential values at a current
density of 10 mA cm™ for these catalysts. Clearly, the CoP/
BP-30 heterojunction/catalyst exhibits superior OER catalytic
activity among these used catalysts. Its overpotential at a
current density of 10 mA cm™ is 300 mV (without the iR com-
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Fig. 3 (a) The OER polarization curves of a RuO, catalyst, bulky BP, BP

NSs electrosynthesized at 30 V, the CoP/BP-30 heterojunction, the CoP/
BP-20 heterojunction, and the CoP/BP-10 heterojunction in 1 M KOH
solution. (b) A comparison of LSVs of the CoP/BP-30 heterojunction
before and after 2000 OER cycles. (c) Tafel plots and (d) Nyquist plots of
a RuO, catalyst, bulky BP, BP NSs electrosynthesized at 30 V, the CoP/
BP-30 heterojunction, the CoP/BP-20 heterojunction, and the CoP/
BP-10 heterojunction for OER. (e) The Cy values of the CoP/BP-30,
CoP/BP-20, and CoP/BP-10 heterojunctions. (f) The CVs of BP NSs
electrosynthesized at 30 V as well as the CoP/BP-30, CoP/BP-20, and
CoP/BP-10 heterojunctions at a scan rate of 10 mV s,
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pensation), which is comparable to that of a commercial RuO,
catalyst (341 mvV), and much lower than that of the CoP/
BP-20 heterojunction (350 mV), the CoP/BP-10 heterojunction
(356 mV), BP NSs electrosynthesized at 30 V (435 mV), and
bulky BP (about 520 mV). This lowest OER overpotential on the
CoP/BP-30 heterojunction stems from the Co species inte-
grated with BP NSs in that Co species play the dominant role
in the OER performance of the CoP/BP heterostructures.
Moreover, the CoP/BP-30 heterojunction featured the highest
amount of CoP species, resulting in the strongest OER per-
formance among the studied catalysts in this work.

Mixed CoP/BP samples were also prepared by combining
the commercial CoP with the obtained BP nanosheets based
on the ratio over CoP/BP heterostructures tested by ICP-OES
for comparison. The results (Fig. S5t) suggest that the CoP/
BP-30 exhibits much higher OER performance than the CoP/
BP mixture, indicating that the interaction between CoP and
BP in the CoP/BP heterostructure also contributes to the
enhanced OER performance. To more closely compare the
active sites of the materials, the specific activity was calculated.
CoP/BP-30 exhibited much higher specific activity compared
with CoP/BP-20 and CoP/BP-10 at an overpotential of 300 mV
(Fig. S6T), suggesting that its high intrinsic activity was attribu-
table to a greater number of Co species-doped heterostructures
at high voltage. The calculated TOF of the CoP/BP-30 is
0.02016 s~', which is comparable with the same class of
materials.’’° In addition, the stability of the CoP/
BP-30 heterojunction during the OER process was tested. The
recorded LSVs remained almost unchanged even after 2000
cycling scans (Fig. 3b), and the chronopotentiometric curve
showed a negligible slight decay after a testing period time of
9 h at 10 mA ecm™> (Fig. S71), indicating excellent stability of
the Co/BP heterojunction for the OER.

To obtain insight into the rate-determining step during the
OER process under these conditions, Tafel analysis was con-
ducted.'® It is known that in alkaline solutions, oxygen evol-
ution undergoes a multistep reaction process to convert OH™
to 0,.'"'? If the first electron transfer process of OER is the
rate-determining step, the corresponding Tafel slope is 120 mV
dec™. If the second chemical reaction process is the rate-limit-
ing step, the relevant Tafel slope is 60 mV dec ™. Differently, if
the electron-proton reaction is the rate-limiting step, the Tafel
slope is 40 mV dec™". In our case, the estimated Tafel slope of
BP NSs is 126 mV dec™" (Fig. 3c). This value is similar to
120 mV dec™', suggesting that the electron transport process is
the rate-determining step for the OER on the BP NSs. In con-
trast, the CoP/BP-30 heterojunction displays a Tafel slope of
56 mV dec™'. In other words, a chemical reaction step deter-
mines the OER rate on the CoP/BP-30 heterojunction, instead
of an electron transfer step. The variation in rate-limiting steps
reveals that sufficient electrons aggregate on the CoP/BP
heterojunctions.

To further support such a statement, the Nyquist plots of
used OER catalysts were recorded (Fig. 3d). Three CoP/BP het-
erojunctions exhibited a smaller radius in the semicircles than
bulky BP and BP NSs. Their smaller charge transfer resistances

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

prove that the introduction of CoP into BP increases the con-
ductivities of CoP/BP heterojunctions. Moreover, the reaction
rate of the obtained CoP/BP becomes faster as the electrolytic
voltage increases. This indicates that the reaction rate is fastest
on the CoP/BP-30 heterojunction, and also that a higher
amount of CoP regulates the electronic properties of the CoP/
BP heterojunctions. Furthermore, the electrochemically active
surface area (ECSA) of the used catalysts (Fig. 3e) was deter-
mined with the assistance of their electrochemical double-
layer capacitances (Cq;) (Fig. S87).

In 1.0 M KOH solution, only capacitive currents were
observed for all heterojunctions. The differences in current
density at an overpotential of 0.396 V were plotted against the
scan rates. The as-obtained linear regression enabled us to
estimate the Cq; values of these heterojunctions and determine
their ECSAs using the equation ECSA = Cq)/Cs, where Cs was
assumed to be the same for all heterojunctions. The CoP/
BP-30 heterojunction features the highest ECSA among the
used catalysts in this study, and because it exposes active sites,
it is definitely beneficial for the OER.

To further quantify the enhanced OER activity of the CoP/
BP-30 heterojunction, the faradaic active sites (FASs) on the
surface of the CoP/BP-30 heterojunction were calculated. The
differences from the electrochemically active surface area
(ECSA) based on the specific capacitance reflect the adsorption
capacity of OH* or H,0*, and the faradaic active sites (FASs)
reveal the statistical contribution of the active sites. However,
the statistical contribution of the FASs is quite informative for
evaluating the OER activity of an electrocatalyst.'* The faradaic
contribution can serve as the active sites for water oxidation,
which usually results from the reconstruction of catalytic inter-
faces.! It has been verified that divalent Co," can evolve into
active intermediate CoOOH species during the OER process,
which also serve as the active sites for water oxidation.*® The
intermediate CoOOH species dominates the related OER
activity. In our case, divalent Co," is derived from the CoP and
CoO in the CoP/BP heterojunction, as indicated by its Co 2p
XPS spectrum.

The quantity of FASs of the used catalysts was calculated
based on the redox process of a Co,"/Co®>" couple. In this way,
the OER activity of the used CoP/BP heterojunctions is able to
be revealed.*' In the cyclic voltammograms (CVs) of the CoP/
BP heterojunctions (Fig. 3f), a pair of well-defined redox peaks
is clearly seen in the potential range of 1.0 to 1.3 V (vs. the
reversible hydrogen electrode, RHE), originating from the
reversible faradaic reaction of Co®*+ e~ < Co,". Such waves do
not exist in the CV of BP NSs. Therefore, the CoP/BP hetero-
junctions possess a greater number of FASs. The quantities of
FASs for three CoP/BP heterojunctions were then precisely cal-
culated according to the previously reported method.'* The
charge density under the redox peak (g*, Table S27) of the
CoP/BP-30 heterojunction is 2423.2 mC cm™> mg™", which is
higher than that of the CoP/BP-20 heterojunction (1675.9 mC
em™> mg™!) and the CoP/BP-10 heterojunction (1489.0 mC
em ™~ mg ). Therefore, the CoP/BP-30 heterojunction exhibits
superior OER activity among these used OER catalysts.
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It has been reported that the electrochemical OER activity
of transition metal phosphides (e.g., CoP) originates from the
generation of a thin layer of oxides/oxyhydroxides (e.g., cobalt
oxides) on the surface of the phosphides during the OER
process. The formed oxides/oxyhydroxides provide additional
catalytically active sites for the OER, while the remaining
metal phosphides (e.g., CoP) facilitate the electron transfer for
the OER. Furthermore, the synergistic effect between the CoP
and its oxidized species promotes the OER kinetics."? As a case
study, the XPS spectra and TEM image of the CoP/
BP-30 heterojunction after activation were obtained (named as
CoP/BP-30R). In the high-resolution XPS spectra for Co 2p, P
2p, and O 1s (Fig. S9a and 9bt), the CoP peak disappears and
the intensity of the P-O peak increases, validating the occur-
rence of the oxidation of cobalt phosphides into cobalt oxides/
oxyhydroxides. This was further verified by its O 1s XPS spec-
trum (Fig. S9ct). Two peaks appeared at 531.2 and 532.6 eV,
corresponding to metal-oxide and defect sites, respectively. A
new peak located at 535.3 eV was assigned to hydroxyl species.
Consequently, additional absorbed oxygen species are formed
over the surface of the CoP/BP-30R heterojunction, consistent
with the behavior of Co0O,.%’

The TEM image of the CoP/BP-30R heterojunction (Fig. 4a)
reveals no variation of its morphology after activation.
However, in its HRTEM image (Fig. 4b), lattice fringes appear
that are different from the ones seen before activation. The
d-spacings are 0.24 and 0.29 nm, resulting from the (101) of

Co (o)

———————— 200 nm

200 nm

Fig. 4 (a) TEM, (b, ¢, d) HRTEM, and (e) STEM images of the CoP/
BP-30R heterojunction after activation. (f—-h) EDS mappings of the
elements of (f) P, (g) Co, and (h) O in the CoP/BP-30R heterojunction
after activation.
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CoO and (220) of Coz0,, respectively. Namely, during the OER
process, CoO, species are produced. Some corrugated mor-
phologies of CoP/BP-30R after activation are also observed
(Fig. 4c and d) in comparison with CoP/BP-30, and are prob-
ably due to the lattice dislocation of Co species. Because lattice
dislocations can act as lattice defects,**** they actually serve
as the active sites of the CoP/BP-30 heterojunction for the
OER. The elemental mapping images of the scanned area
(Fig. 4e) over CoP/BP-30R reveal the homogeneous spatial dis-
tributions of phosphorus (Fig. 4f), cobalt (Fig. 4g), and oxygen
(Fig. 4h). These results further indicate that the generated
CoO, species are highly dispersed over the BP NSs.

We also examined the microstructure and composition of
the catalyst after the long-term chronopotentiometric measure-
ment, and compared them with those after activation. The
TEM and XPS (Fig. S10 and S117) results of the catalyst after
OER electrolysis for 9 h show almost the same morphology
and chemical states as those obtained after the OER activation
process. Therefore, we concluded that notwithstanding the
compositional change, excellent performance was achieved by
the OER during the entire long-term stability test.

Based on the above results, the structure-activity depen-
dence of these CoP/BP heterostructures was analyzed. Fig. 5a
summarizes the variation of the content of CoP on these het-
erojunctions, their ECSAs, and FASs, as well as the overpoten-
tial for the OER on these heterojunctions as a function of
applied voltage during the course of electrosynthesis. The total
content of CoP increased with the enhancement of electrolytic
voltage. The CoP/BP-30 with the highest content of CoP
showed the lowest overpotential and most optimal OER
performance.

The reasons for this are summarized as follows. First, the
electron transfer from BP NSs to Co species via this engineered

a 12
10 | 2400 360
|
14 350
94 [—@= Content of CoP and Ci L 2200
[—y— ECSA (cm?) 340
g | 10{——FAS (q* (mC cm® mg™)®
—m— Overpotential (mV) - 2000
330
74 2
9 1800 - 320
6 ad
81 L 1600 310
5 . I 300

T . 1400
10 20 30
Electrolytic voltages (V)

Fig. 5 (a) Relationship between OER activity and the content of CoP on
the CoP/BP heterojunctions electrosynthesized with different electro-
lytic voltage. (b) lllustration of the OER reaction on the CoP/BP
heterojunctions.
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electronic interface not only enhances the OER performance of
the CoP/BP heterostructure (smaller Tafel slope and smaller
charge transfer resistance), but it also increases the stability
through effectively suppressing the degradation of BP NSs
caused by active lone pairs. Moreover, the divalent Co,"
species derived from CoP evolved into active CoO, species,
which serve as active sites for the OER. The synergistic effect
between the active oxidized species and remaining neighbor-
ing CoP further promotes the OER kinetics. The formed CoP
nanoparticles also prevent the aggregation of BP nanosheets. A
higher content of CoP is beneficial to achieve a larger ECSA. It
is understandable that the OER activity of the CoP/BP hetero-
structure is positively related to the quantity of ECSA or FAS
produced by active CoP sites. The OER reaction process is
vividly illustrated in Fig. 5b.

Conclusions

A facile electrolysis-solvothermal method has been established
to electrosynthesize CoP/BP heterostructures. This approach
reduces the oxidation-induced degradation of BP nanosheets
that occurs due to the reduction of the BP cathode.
Simultaneously, cobalt phosphides are formed on the surface
of BP nanosheets and act as the active sites for the OER. The
electronic interface engineered by the growth of CoP on the BP
nanosheets effectively suppresses the degradation of BP NSs
that is caused by active lone pairs and greatly increases the
stability of these heterojunctions. With a voltage of 30 V
during such a process, the obtained CoP/BP-30 pre-catalyst
exhibits excellent OER catalytic activity and stability. Such a
method is thus promising for the large-scale production of BP-
based electrocatalysts for high-performance OER processes.
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