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Co@CoP, core-shell nanochains were prepared via a direct-current arc-discharge method and sub-
sequent phosphorization at 350 °C. The nanochains comprise nanospheres connected to each other with
a length of several micrometers. The amount of CoP, can be easily changed by varying the phosphoriza-
tion time. In the Co@CoP, core—shell structure, Co serves as a conductive channel, which improves the
reaction kinetics of the oxygen evolution process on CoP,. Co metal can also inject electrons into CoP,,
thus changing the work function of CoP, and improving its oxygen evolution efficiency. Based on the
optimized structure, the Co@CoP, nanochains catalyst exhibits excellent oxygen evolution performance.
Co@CoP, achieves an overpotential of 310 mV at a current density of 10 mA cm™2, which is lower than
that of CoP, (418 mV), Co (408 mV), and RuO, (317 mV). Furthermore, Co@CoP, exhibits good durability
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Introduction

Electrochemical water splitting has drawn significant attention
since it is an efficient way to obtain clean hydrogen fuel.' In
electrochemical processes, overpotential is required to drive
the sluggish oxygen evolution reaction (OER), which leads to
significant energy loss.*”” Electrocatalysts with high activity
and durability are anticipated to accelerate the oxygen evolution
process. To date, RuO, and IrO, have been proven as the best
catalysts for the OER; however, their high cost and elemental
scarcity limit their use in commercial applications.®™*°

Over the past decade, several abundant 3d transition metal-
derived materials have shown promising applications in
OER."'® Cobalt-based materials, particularly cobalt phos-
phides, have been widely studied because of their low-cost and
noble metal-like catalytic performance.'®>* However, cobalt
phosphides alone show limited OER catalytic activity because
of their relatively low specific area and charge transfer
efficiency. The preparation of carbon-supported materials is a
strategy generally used to improve the catalytic performance of
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during the long-term electrochemical test.

cobalt phosphides.”*” However, the synthesis of carbon

materials is sometimes complicated. Coupling with metals can
also improve the catalytic activity of the OER catalysts, as pre-
sented in our previous studies.”®**' Conductive metals can
accelerate the electron exchange process between the catalyst
and electrolyte, thus improving the kinetics of the reaction.
Metals can also inject electrons into the catalyst, thus chan-
ging its work function and improving the efficiency of OER.
Preparing nanomaterials with one-dimensional structure is
also an effective way to enhance the activity of OER catalysts
since one-dimensional materials possess high specific surface
areas and charge transfer efficiency.>**

Herein, one-dimensional Co@CoP, core-shell nanochains
were prepared via an arc-discharge method and subsequent phos-
phorization. The nanochains consist of uniform nanospheres
with diameter of 30-50 nm. The length of the nanochains can
extend to several micrometers. The amount of CoP, in Co@CoP,
can be controlled by varying the phosphorization time. The
Co@CoP, nanochains catalyst exhibits excellent catalytic activity
for OER. The optimal sample achieves an overpotential of 310 mV
at a current density of 10 mA em™>, which is superior to that of
Co nanochains (408 mvV), CoP, (418 mV), and RuO, (317 mV).
Co@CoP, also exhibits good durability during the long-term test.

Experimental
Synthesis

The chemicals used in this study were of analytical reagent
grade and used without further purification.
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Synthesis of Co nanochains

Co nanochains were synthesized via a direct current arc-dis-
charge method, which was applied in our previous research
studies.*"***> The anode was a cobalt rod with diameter of
8 mm and the cathode was a pure graphite rod. The two elec-
trodes were installed horizontally. The chamber was first evac-
uated to 3 Pa, and then filled with a gas mixture of He and H,
to 0.08 MPa (pressure ratio, He: H, = 2:1). The reaction was
carried out at 40 A, and the two electrodes were kept 2 mm
away from each other by controlling the cathode.

Synthesis of Co@CoP, nanochains

Initially, 8 mg Co nanochains and 28.8 mg NaH,PO,-H,0 were
placed separately in an evacuated quartz tube. The reaction
was carried out at 350 °C for 15 min, 0.5 h, 1 h, 1.5 h and 2 h
to obtain a series of Co@CoP, core-shell nanochains.

Synthesis of CoP,

CoP, was synthesized the same way as Co@CoP,, except the
amount of NaH,PO,-H,O was increased to 57.6 mg and the
reaction time was extended to 12 h.

Characterization

Transmission electron microscope images (TEM) were
acquired using a JEM-2100 at an accelerating voltage of 200 kV.
Scanning electron microscope (SEM) images were acquired on
a Hitachi S-4800 working at 10 kV. X-ray diffraction (XRD) was
carried out on a Bruker D2 diffractometer using Cu K, radi-
ation (A = 1.5418 A). X-ray photoelectron spectroscopy (XPS)
was carried out on an Axis Ultra Photoelectron Spectrometer
(Kratos Analytical Ltd) using a monochromatized Al K, anode
(225 W, 15 mA, and 15 kV). The C 1s peak with binding energy
of 284.8 eV was used for calibration.

Electrochemical measurement

The catalyst ink was prepared by dispersing 5 mg sample in
1 mL 0.5% Nafion solution under ultrasonic treatment. Then,
10 pL catalyst ink was casted onto a glassy carbon electrode
with diameter of 5 mm The tests were performed on a
CHI660E electrochemical workstation using a three-electrode
system in 0.1 M KOH. The catalyst-modified electrode was
used as the working electrode and Pt wire and Hg/HgO (1 M
NaOH) were used as the counter and reference electrodes,
respectively.

Cyclic voltammetry (CV) was carried out at a scan rate of
50 mV s~ . Linear sweep voltammetry (LSV) data was collected
at a scan rate of 5 mV s~ . Both CV and LSV were performed in
the range of 0 V to 1.0 V. Electrochemical impedance spec-
troscopy (EIS) was carried in the frequency ranging from
0.01 Hz to 100 kHz. Chronopotentiometry was conducted to
evaluate the stability of the catalysts, and the current density
was fixed at 10 mA cm ™2,

The electrochemical active surface area (ECSA) of the cata-
lysts was acquired from a CV test in the region where no redox
reaction occurs (0.05-0.1 V vs. Hg/Hg0).>***” The ECSA is line-
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arly proportional to the double-layer capacitance (Cq4;), which
can be calculated from the CV data.

Since Hg/HgO was used as the reference electrode, the data
was calibrated to the RHE referring to the literature.*® CV was
performed in hydrogen saturated 0.1 M KOH at a scan rate of
1 mV s™'. Platinum wire was used as the working and counter
electrodes and Hg/HgO was used as the reference electrode.
The average of the two potentials at zero current, which was
determined to be 0.866 V, was used to calibrate the data:

E (vs. RHE) = E (vs. Hg/HgO) + 0.866

Results and discussion

The Co@CoP, core-shell nanochains were prepared via the
phosphorization of arc-discharge derived Co nanochains
(Fig. 1a). The Co nanochains and NaH,PO,-H,O were placed
separately in a quartz tube and the experiment was carried out
at 350 °C. Fig. 1b shows the XRD patterns of Co@CoP, and Co
nanochains (prepared under 1 h). The XRD pattern of the Co
nanochains show diffraction peaks at 44.2°, 51.5° and 75.8°,
which are indexed to the (111), (200) and (220) planes of Co
with a face-centered cubic structure, respectively (JCPDS Card
no. 15-0806). After phosphorization, new diffraction peaks
appeared at 40.7°, 43.3° and 52.0°, which are assigned to the
(121), (211) and (002) planes of Co,P, respectively (JCPDS Card
no. 32-0306). The small peaks at 31.6° and 48.1° can be
assigned to CoP (JCPDS Card no. 29-0497).

SEM and TEM were used to study the detailed morphology
of the samples. Co@CoP, exhibits a nanochain structure
(Fig. 2a), which is similar to Co (Fig. S17), indicating the reten-
tion of the structural integrity after phosphorization. The
Co@CoP, nanochains exhibit a diameter of 50-60 nm and
length of up to several micrometers. The TEM image (Fig. 2c)
also indicates that the Co@CoP, nanochains possess a core-
shell structure with shell thickness of about 10 nm. The shell
of Co@CoP, does not show distinct lattice fringes because of
the poor crystallinity of CoP,.

Co@CoP, nanochains with phosphorization time of
15 min, 0.5 h, 1.5 h and 2 h were also prepared. The diffraction
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Fig. 1 (a) Schematic illustration of the synthesis of the Co@CoP, nano-

chains. (b) XRD patterns of Co and Co@CoP, nanochains (prepared
under 1 h).
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Fig. 2 (a) SEM image of the Co@CoP, nanochains (prepared under 1 h).
(b—c) TEM and (d) HRTEM images of Co@CoP, nanochains (prepared
under 1 h).

peak intensity and shell thickness of CoP, increase as the
phosphorization time increased from 15 min to 2 h (Fig. S27).
The perfect core-shell nanochains were acquired at prepa-
ration times ranging from 15 min to 1 h (Fig. S3 and S4}). On
extending the phosphorization time, some pores appeared,
and the connection between the Co nanospheres was severed
because of the consumption of Co, which may influence the
conductivity of the nanochains and their application in
electrocatalysis.

XPS was performed to analyze the composition and valence
state of Co@CoP,. The Co 2p spectrum can be deconvoluted
into three spin-orbit doublets and two shakeup satellites
(denoted as Sat.). The peaks located at 778.7 eV and 793.8 eV
are assigned to the 2p;,, and 2py,, states of Co°, respectively.
The doublets located at 781.9 and 797.8 eV can be attributed
to the 2p;/, and 2p,, states of Co bonded to P, while the doub-
lets appearing at 783.55 and 799.6 eV can be ascribed to the
2ps), and 2p;, states of Co bonded to O, respectively.**™** The
satellite peaks appear at 786.0 and 803.7 eV. Fig. 3b shows the
P 2p XPS spectrum, which can be deconvoluted into three
peaks. The peaks at 129.6 and 132.7 eV can be ascribed to the
2pss» and 2p4, core levels of P in CoP,, respectively. The peak
at 134.55 eV can be assigned to the oxidized P since the cata-
lyst was exposed to air.

The OER catalytic performance of the Co@CoP, nanochains
catalyst was studied using a three-electrode system in 0.1 M
KOH, and the iR-corrected polarization curves were recorded.
The CV curve of Co@CoP, displays distinct redox peaks before
oxygen evolution (Fig. S6at). The first redox couple (Oy/R;) can
be assigned to Co®>*/Co>", and the second redox couple (Oy/Ry;)
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Fig. 3 (a) Co 2p and (b) P 2p high resolution XPS spectra of Co@CoP,.

can be assigned to Co**/Co*". For comparison, the perform-
ances of CoP,, Co and RuO, were also acquired in the same
way. As shown in Fig. 4a, the Co@CoP, nanochains show
superior performance to the Co nanochains and CoP, with
higher current density and lower onset potential. When the
current increases to 10 mA cm 2, the Co@CoP, nanochains
present an overpotential of 312 mV, which is much better than
that of Co (408 mV), CoP, (310 mV) and also slightly superior
to that of the RuO, catalyst (317 mV). The Co@CoP, nano-
chains exhibit a Tafel slope of 81.7 mV dec™, which is lower
than that of Co (120 mV dec™") and CoP, (87.0 mV dec™"), indi-
cating its high OER kinetics. Since the catalytic process
involves a valence state change in Co, the intense redox peak
of Co@CoP, at 1.2 V also indicates that Co@CoP, has more
catalytic sites than Co and CoP,. The excellent OER perform-
ance of the Co@CoP, nanochains can be attributed to the
synergistic effect between Co and CoP,. CoP, is the catalytically
active phase for OER, while the Co nanochains act as an elec-
trical conductive channel, which promotes efficient electron
exchange between the surface CoP, and the electrolyte. In
addition to the synergistic effect, the electron injection process
between Co and CoP, may also improve the OER performance
of CoP, (Fig. 4c and d). The Fermi level of Co is higher than
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Fig. 4 (a) Polarization curves and (b) Tafel plots of Co, CoP,, Co@CoP,

and RuO;. (c), (d) schematic illustration of the electron injection process
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that of CoP,; thus, Co can inject electrons into CoP, and build
up an internal electric field in their interface until they achieve
the same Fermi level. This process manipulates the work func-
tion of CoP, and reduces the overpotential needed to drive
OER. The electron injection-promoted oxygen evolution
process has been proven in our previous studies on metal-
oxide and metal-sulfide heterostructures.”®*® DFT calculations
have proven that coupling with metals can change the adsorp-
tion energy of the reaction intermediates on oxides or sulfides,
and thus change the rate determining step of the oxygen evol-
ution process.****

To estimate the exposure of ion-accessible sites, the electro-
chemically active surface area (ECSA) was measured. The ECSA
is linearly proportional to the electrochemical double layer
capacitance (Cgq;), which can be calculated from the cyclic
voltammograms recorded in the region where no redox reaction
occurs.*®*” The CV curves of Co@CoP, are presented in Fig. 5a
and the CV curves of Co and CoP, are presented in Fig. S6.f
Cq; was acquired by plotting j ( j,—j.) at 0.94 V (vs. RHE) against
the scan rate, the slope of which is twice the Cq;. The result
indicates that Co@CoP, has much larger ECSA than CoP,.
CoP, in Co@CoP, is supported by Co nanochains, which can
prevent CoP, from aggregation during the reaction. A high
ECSA means more catalytic active sites, which also contribute
to the excellent OER performance of Co@CoP,.

The effect of the CoP, shell thickness on the OER activity
of Co@CoP, was also studied. The polarization curves of
Co@CoP, prepared with different phosphorization times are
shown in Fig. 5c. CoP, is the catalytically active phase in
Co@CoP,; thus, the OER performance initially improved with
an increase in the amount of CoP, and the sample prepared
for 1 h shows the best catalytic activity. When the reaction
time was further extended, the thickness of CoP, increased
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Fig. 5 (a) Cyclic voltammetry curves of Co@CoP, in the region where
no redox reaction occurs; the scan rates are 10, 8, 6, 4, and 2 mV s~ (b)
Current density as a function of the scan rate for the Co nanochains,
CoP, and Co@CoP, nanochains. (c) Polarization curves of the samples
prepared under different phosphorization times. (d)
Chronopotentiometry curves of Co@CoP, and RuOs,.
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and the interaction between Co and CoP, decayed rapidly. The
sample with long phosphorization time also show some pores
in the Co nanochains (Fig. S47). The electron transfer path was
blocked by these pores, which reduced the electrical conduc-
tivity of the Co@CoP, nanochains. Consequently, the catalytic
performance of the samples prepared with longer reaction
time decreased. The sample prepared for 1 h has the optimal
structure and exhibits the best OER performance. Apart from
its high catalytic activity, the Co@CoP, composite also shows
excellent durability for the OER. Fig. 5d shows the long-term
chronopotentiometry test of Co@CoP, and RuO,. The perform-
ance of Co@CoP, shows only a slight decay, while the over-
potential of RuO, increased significantly since the surface RuO,
is easily oxidized into water soluble RuO,>~.*>** The polariz-
ation curves and SEM image of Co@CoP, after the stability test
also indicate that the morphology of the sample changes only
slightly during the oxygen evolution process (Fig. S8 and S97).

Conclusions

In summary, Co@CoP, core-shell nanochains were syn-
thesized via an arc-discharge method and subsequent phos-
phorization process. The thickness of the CoP, shell can be
altered by controlling the phosphorization time. The sample
prepared under 1 h exhibits optimal OER performance with an
overpotential of 310 mV at the current density of 10 mA cm ™2,
which is better than that of CoP, (370 mV), Co (408 mV), and
RuO, (317 mV). The high catalytic activity of Co@CoP, can be
attributed to the synergistic effect between Co and CoP,. The
highly conductive Co nanochains improve the kinetics of the
OER on CoP,, and the electron injection process from Co to
CoP, reduces the overpotential of OER. Apart from its high
OER catalytic performance, the Co@CoP, nanochains also
exhibited good durability during the long-term test.
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