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Developing active multifunctional electrocatalysts composed of earth-abundant and cheap elements is an
urgent demand in energy conversion applications. This study presents a facile approach for the scalable
synthesis of nanostructured cobalt phosphide embedded in carbon nanosheets (CoP NPs/CNSs). The
hybrid structures show highly efficient trifunctional electrocatalytic activities toward the oxygen
reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER) under
alkaline condition. The catalytic performances, which are remarkably superior to those of the previously
reported CoP nanostructures enclosed by single or a few low index facets, can be attributed to the
nearly spherical shape of the CoP nanoparticles with many more exposed crystal planes. Density
functional theory (DFT) computations are performed to investigate the facet effects of CoP on
electrocatalytic activity, and they reveal the relatively low overpotentials of (101) facets towards the OER
and the free energy of water dissociation (AGh,0) and adsorbed H intermediates (AGy-) of (311) toward
the HER being close to thermoneutral. This work is expected to inspire the design and fabrication of
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Introduction

Energy conversion electrocatalysis processes, such as the
oxygen reduction reaction (ORR), oxygen evolution reaction
(OER), and hydrogen evolution reaction (HER), have attracted
intense attention because of their prime roles in fuel cells,
rechargeable metal-air batteries, and water splitting."* HER and
OER are the two key half-reactions for water splitting, while the
combination of OER and ORR is required in rechargeable
metal-air batteries. If trifunctional electrocatalysts toward the
ORR, HER, and OER can be further realized simultaneously in
the same alkaline solution, integrated metal-air battery-
powered overall water splitting systems can be designed to
produce H, and O, for the renewable energy industry. However,
the sluggish kinetics and the complicated reaction pathways of
the ORR/OER/HER together with the dependency on expensive
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multifunctional and high-efficiency electrocatalysts by selectively exposing specific crystal planes.

noble metal catalysts (e.g., Pt or RuO,) obstruct their large-scale
applications. Hence, the search for cheaper, operationally
stable, and high-efficiency trifunctional electrocatalysts for
ORR/OER/HER is highly desired and challenging.”

Presently, transition metal-phosphides-based materials
(TMPs) have attracted considerable attention due to their
outstanding catalyst performance in electrochemical energy
conversion and storage technologies.>*” The morphology and
electrical conductivity of electrocatalysts are important factors to
affect electrocatalytic performance. The studies for improving the
catalytic performance of TMPs also mainly track two ways: (a)
increasing the number of active sites of the catalyst via
morphology control, and (b) improving the electrical contact to
these active sites. For instance, density functional theory calcu-
lations showed that the exposed Ni and P sites of Ni,P (001)
surface serve as hydride acceptor and proton-acceptor center,
respectively, promoting HER performance.’ The Tafel slope of the
nanostructured Ni,P (001) was experimentally observed at 46 mV
per decade with an exchange current density of 3.3 x 107> A
cm 2 in 0.50 M H,SO,, which is among the highest HER activity
of any non-noble metal electrocatalyst reported to date. The
crystal facet-dependent electrocatalytic activities are also widely
observed in cobalt phosphide (CoP). In particular, ultrathin CoP
nanosheets with exposed (200) crystal facets exhibit a low over-
potential (only 56 and 131 mV are required for current densities
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of 10 and 100 mA cm 2, respectively) and a small Tafel slope of
44 mvV per decade in acidic condition.” Single-crystalline CoP
nanowires with side facets (200) have been found to be bifunc-
tional electrocatalysts, which not only demonstrate superior
catalytic activity for HER in 1.0 M KOH (an overpotential of
244 mV at 100 mA cm™?), but also exhibit exceptional electro-
catalytic performance for OER in the same electrolyte (an over-
potential of merely 300 mV at 100 mA cm™ > and a small Tafel
slope of 78 mV dec™ '), ranking among the top-performing non-
precious OER catalysts.” Urchin-like CoP nanocrystals enclosed
with (011) facets have presented excellent HER catalytic perfor-
mance in 0.5 M H,SO, (a low onset overpotential of 50 mV,
a small Tafel slope of 46 mV per decade) and remarkable ORR
catalytic activity (a half-potential of 0.7 V and an onset potential
of 0.8 V at 1600 rpm and a scan rate of 5 mV s~ ') in 0.1 M KOH.®
CoP nanocrystals with abundant surface phosphide atoms on
exposed (211) crystal planes are bifunctional catalysts for ORR
(an onset potential of 0.92 V with a Tafel slope at 72.1 mV dec™ )
and HER (a small overpotential of 62.5 mV at a current density of
10 mA ecm %) in 1 M KOH solution.® The most common way to
improve electrical conductivity of electrocatalysts is to introduce
carbon nanostructures to form catalyst/carbon hybrids in order
to enrich catalytic active sites and improve electrical coupling.**"
The CoP nanoparticles/defective carbon hybrids have exhibited
better ORR and OER activities in 0.1 M KOH solution comparing
to the single component, which is attributed to the interfacial
charge polarization with electrons gathering at the defective
carbon surface and holes at the CoP surface facilitating ORR and
OER."

Despite the huge progress in TMPs-based electrocatalysts,
few TMPs have been reported to demonstrate highly efficient
multi-activities towards ORR, OER and HER concurrently in the
same alkaline solution. The reason lays in the facts that the real
adsorption sites of TMPs for HER and active sites for ORR and
OER are still in debate, and that the difference of active sites
and reaction pathways toward HER/ORR/OER does exist. In the
present work, CoP nanoparticles embedded in carbon nano-
sheets (CoP NPs/CNSs) were synthesized via a one-step self-
templating route."® The as-synthesized sample exhibits as an
excellent trifunctional electrocatalyst for ORR/OER/HER in
alkaline media. Remarkably, the electrocatalytic activities of
CoP NPs/CNSs towards ORR and OER are comparable or supe-
rior to the state-of-the-art expensive metal catalysts. By
comparison to the catalytic performances and surface struc-
tures of the existing CoP counterparts®*'** and aided by
density functional theory calculations, we showed that the near-
sphere shape of CoP with richly exposed planes are responsible
for the outstanding catalytic properties, identifying the detailed
facets facilitating HER/OER/ORR. Our studies provide guidance
on the development of multifunctional electrocatalysts by
exposing the specific crystal planes.

Experimental section
Synthesis of materials

CoP nanoparticles embedded in carbon nanosheets (CoP NPs/
CNSs) were fabricated in one-step via a self-templating and
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recrystallization-self-assembly route.”® In a typical synthesis,
0.249 g Co(CH3CO0O0),-4H,0 (AR 99.5%) and 1.261 g melamine
(MA, 99%) were mixed in a beaker. Subsequently, the mixture
was stirred with 3 mL phytic acid solution until it was changed
from a slurry to a solid sample. The precipitate was dried in an
oven at 70 °C overnight and then calcined at 900 °C in flowing
high-pure Ar atmosphere for 2 h to yield the final crystalline
products.

Characterization of CoP NPs/CNSs

Powder X-ray diffraction (XRD, Rint-2000, Rigaku, Cu Ko radi-
ation, 1 = 1.5418 A) was used to characterize the crystalline
structure of the samples. Scanning electron microscope (SEM,
JEOL-7100F, 20 kV), transmission electron microscopy (TEM),
high-resolution TEM (HRTEM) and HAADF-STEM SAED (JEM-
2100F/Titan G260-300 transmission electron microscope) were
used to obtain the morphology and structure information. EDX
analysis was conducted using an FEI Talos F200X TEM at an
acceleration voltage of 200 kV. X-ray photoelectron spectrom-
eter (XPS, Kratos Model XSAMS800) equipped with an Mg Ka
achromatic X-ray source (1235.6 e€V) was used to explore the
surface elemental status. Nitrogen adsorption-desorption
isotherms (a Tristar-3020 instrument) was used to determine
the surface area of the hybrid structures.

Electrochemical measurement

All ORR, OER and HER measurements were conducted with
a three-electrode system by CHI 760D electrochemical work-
station (Chenhua, China) at room temperature. Glassy carbon
electrode (GCE) with a diameter of 5 mm was used as the
working electrode. For ORR and OER, a platinum wire electrode
and saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. For HER, graphite elec-
trode was used as the counter electrode.

CoP NPs/CNSs electrode fabrication: 5 mg of catalyst CoP
NPs/CNSs was suspended in a stock solution containing 50 pL
of 5 wt% Nafion, 800 pL of isopropanol and 150 pL of deionized
water by ultra-sonication for 30 min to form 1 mL homogeneous
ink. Then the catalyst ink was drop-casted on GCE (loading
~0.25 mg cm™?) for air drying.

For ORR, the electrochemical data was collected with O,
saturated 0.1 M KOH solution electrolyte. All the potentials were
calibrated to a reversible hydrogen electrode (RHE) according to
the equation, E(RHE) = E(SCE) + 0.0591pH + 0.24. Linear sweep
voltammetry (LSV) was carried out with a rotating disk electrode
(RDE) with rotation rates of 400, 625, 900, 1225 and 1600 rpm,
respectively, with a sweep rate of 5 mV s~ '. By analysis of the
collected LSV data can conclude the ORR kinetics using the
Koutecky-Levich (K-L) equation:

I IS B 1
(0) 2 1
nFAKC® 6 62nFACOp1/6Dg S0 2

=+ =
J Jk Jd

where j, ji,, and jq stand for the measured, kinetic, and diffusion
limiting currents, respectively, and » is the overall transferred
electron number; F is the Faraday constant (96 500 cm™'); A is
the geometric electrode area (0.196 cm?); K is the rate constant

This journal is © The Royal Society of Chemistry 2019
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for oxygen reduction; C° is the saturated concentration of
oxygen in 0.1 M KOH (1.2 x 10~ ° mol em™'); Do, is the diffusion
coefficient of oxygen (1.87 x 10™° ecm® s7'); v is the kinetic
viscosity of the solution (0.01013 cm?* s~ *); and w is the rotation
rate (rad s ) of the electrode.

For OER and HER, the electrochemical data were recorded in
N,-saturated 1 M KOH. All the potentials were calibrated to
a reversible hydrogen electrode (RHE) according to the equa-
tion, E(RHE) = E(SCE) + 0.0591pH + 0.24. LSV was carried out
with a RDE with a rotation rate of 900 rpm and a sweep rate of
5mvVs "

Calculations

Density functional theory calculations have been performed
using Perdew-Burke-Ernzerhof generalized gradient approxi-
mation (PBE-GGA) functional as implemented in VASP
package.”?® The cutoff energy for the plane wave basis was
420 eV. All atoms were relaxed until the Hellmann-Feynman
forces acting on them were below 0.02 eV A~'. The lattice
constant of CoP has been determined to be a = 5.070 A, b =
3.265 A, and ¢ = 5.545 A. About 10 A thick slabs with 15 A of
vacuum along the z-direction were used to model the adsorbate-
surface systems for (101), (111), (311), (112), (210), (201), (012),
(011) surfaces. The top-half atomic layers were relaxed to opti-
mize the surface structure with all other atoms being fixed.

For OER, the process is decomposed into four one-electron
steps with activities evaluated by the Gibbs free energy change
(AG;)) of each reaction step, listed as below:*>

(HH,O() +* > HO*+H +e”
AG? = Euo — Eab + %EHZ — En,0 + AEzpe — TAS;
(2) HO* - O*+ H" +¢7;
AG) = Eo — Eno + %EHZ + AEzpr — TAS;
(3) O* + H,0O () - HOO* + H" + ¢~
AG;) = Enoo — Eo + %EHg — En,0 + AEzpg — TAS;

(4) HOO* — 0, (g) + H'+ ¢~

3
AGE = Esub - EHOO + 2EH20 - EEHZ + 492 + AEZPE - TAS

This journal is © The Royal Society of Chemistry 2019
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where Ey, and Ey o are energies of an isolated H, and H,0
molecule, respectively, Esup, Ero, Eo and Eyoo are energies of
clean surface and the surface with HO, O and HOO adsorption,
respectively, AE,py, for various absorbents and TAS are adapted
from literature.”** As a generally-accepted OER activity
descriptor, the overpotential (n) for a chemical reaction can be
calculated as follow: n = max[AGy, AG,, AG3, AG,4]/le — 1.23 (G4,
G,, G3, G, are the Gibbs free energy change of the OER-1, 2, 3, 4,
respectively). This is independent of pH, and therefore appli-
cable to water-alkali conditions.

For HER in alkaline solutions, two steps are commonly
involved: the first step is an initial discharge of water and the
formation of hydrogen intermediates in the so-called Volmer
step (H,O +e~ + M = M*H + OH ™, M represents active point on
catalyst); the second step involves release of molecular
hydrogen by either the electrochemical Heyrovsky step (H,O +
e  +M*H =M +H,+OH") or the chemical Tafel recombination
step (2M*H = 2M* + H,).>*** The alkaline HER activity is eval-
uated by considering the A following steps:

(1) Go = Gm + Gu,o;
(2) G = Gm—-omy*

(3) G2 = Gy + Gon-;
(4)

1
G3 = Gy + Gon- + EGH;

and G; = G,
The zero point energy and entropic contributions are taken
from ref. 23 and 24.

Results and discussion

Structure and morphology

The XRD pattern of the as-synthesized CoP NPs/CNSs in Fig. 1a
fits well with orthorhombic (Pnma space group) CoP (JCPDS
card: 29-0497) with the broad diffraction peak at 26° assigned to
carbon sheet. The transmission electron microscopy (TEM)
image (Fig. 1b) shows the morphology of the CoP NPs/CNSs
hybrid. A large quantity of nearly spherical shape nano-
particles are embedded homogeneously in the thin nanosheets.
The HAADF-STEM image (Fig. 1c) and corresponding elemental
EDX mapping (Fig. 1f-g) confirm that the nearly spherical-
shape nanoparticles are CoP nanoparticles and the main
content of nanosheet around CoP nanoparticles is carbon with
a trace amount of N and P element inherited from precursors.?
The EDS linear scan result (Fig. S21) shows the weight ratio of
phosphorus and cobalt is about 36 : 59 with calculating atomic
ratio approaching to 1.16, indicating that the CoP nanoparticles
are rich in phosphorus or carbon sheet doped with phosphorus.
The HRTEM figure (Fig. 1h and S1t) with the corresponding
Fourier Transform Diffraction pattern (Fig. 1i) reveals the CoP
nanoparticles are of high crystal quality. Compared to the re-
ported CoP nanostructures enclosed by single or low index
facets, such as {200} or {111} or {110},** the present CoP

RSC Adv., 2019, 9, 39951-39957 | 39953
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Fig. 1 Composition and structure of CoP NPs/CNSs. (a) XRD pattern
of CoP NPs/CNSs. (b) TEM image of CoP NPs/CNSs. (c) STEM HAADF
image of CoP NPs/CNSs and EDS mapping of (d) Co; (e) P; (f) C and
(9) N. (h) HRTEM image along (121) zone axis and (i) the corresponding
FFT image of (h).

nanoparticles demonstrate nearly spherical shape with exposed
crystal planes including (111), (311), (101), (112), (201), (012),
(210), (011). The nitrogen adsorption-desorption measurement
demonstrates that the carbon sheets have the porous structural
feature, consistent with previous report' (Fig. S31). The CoP
NPs/CNSs have a large specific surface area of 234.25 m* g~
with a pore volume of 0.322 cm?® ¢~ " and a pore size of 1-3 nm.
The porous structures would contribute to reactant diffusion
during electrocatalytic processes.

Chemical compositions and bonding of these materials were
further investigated by X-ray photoelectron spectroscopy (XPS)
analysis (Fig. S41), which confirms the coexistence of Co, O,
C, N, and P. The Co 2pj3, region displays two main peaks at
778.5 eV and 782.0 eV. And the Co 2p,/, region contains two
peaks at 794.8 eV and 801.2 eV (Fig. 2a). The prominent satellite
peak located at 801.2 eV can be considered as the shakeup
excitation of the high-spin Co®* ions in the hybrid sheets.?*?¢
The high-resolution P 2p (Fig. 2b) has three separate peaks at
129.7 eV, 130.5 eV corresponding to P-Co bond, and 133.8 eV to
P-C bond, respectively. It is worth to mention that the Co 2p3,
peak of CoP shifted positively compared with metallic cobalt
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Fig. 2 XPS of CoP NPs/CNSs. (a) High resolution Co 2p spectra. (b)
High resolution P 2p spectra. (c) High resolution C 1s spectra. (d) High
resolution N 1s spectra.

(from 778.1 eV to 779 eV) and P 2p3/, peak shifted negatively
compared with phosphorus (from 130.2 eV to 129.7 eV). The
charge non-equilibrium of cobalt and phosphorus indicates
that cobalt in CoP is positively charged while phosphorus is
negatively charged, resulting in the electron density transfer
from cobalt to phosphorus.*” The spectrum of C (Fig. 2¢) can be
fitted into C-C (284.7 eV), C-N (285.6 eV), C-O (285.6 eV) and
C=0 (288.5 €V).?*3* The high-resolution peaks of N 1s (Fig. 2d)
can be deconvoluted into four peaks, standing for pyridinic N
(398.8 eV), pyrrolic N (401.1 eV), graphitic N (402.2 eV), and
oxidized N (404.8 eV).>"** The content of each kind of nitrogen is
shown in Table S1.f Aforementioned C-P bond and N peak
confirm the successful doping of P and N into the carbon
skeleton, such dual-doping could significantly promote elec-
tronic conductivity®*** and contribute to catalytic efficiency.

Electrochemical activity and stability

The ORR electrocatalytic activities of as-synthesized CoP NPs/
CNSs have been investigated. Previous studies® reported that
carbon-based nanomaterial, such as N, P-doped graphene, has
shown moderate ORR activity in alkaline media (half-wave
potential > 0.85 V). Pyrrolic-N plays an important role in ORR
catalytic activity,*® which has been detected with a significant
content ratio in carbon nanosheets of our samples as shown in
Table S1.1 Therefore, to accurately evaluate the electrochemical
activity of CoP NPs/CNSs and reveal the intrinsic mechanisms,
the P- and N-doped carbon nanosheets (CNSs) have been
prepared by the same process for CoP NPs/CNSs, however,
Co(CH;3COO0), has not been added to the reaction. The TEM
image (Fig. S5t) shows the morphology of the pure CNSs with
no CoP nanoparticles on it. The CV curve (Fig. S6at) of CoP NPs/
CNSs displays an apparent oxygen reduction peak, indicating
a high intrinsic ORR activity. Notably, CoP NPs/CNSs exhibited
a more positive onset potential (0.92 V) and peak potential (0.81
V) than those of CNSs and benchmark Pt/C in O,-saturated

This journal is © The Royal Society of Chemistry 2019
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0.1 M KOH. The linear sweep voltammogram (LSV) measure-
ment (Fig. 3a) was performed on a rotating disk electrode (RDE)
at 1600 rpm. CoP NPs/CNSs demonstrate a more positive half-
wave potential than Pt/C (0.88 V vs. 0.91 V) with a comparable
limiting current density to that of Pt/C (5.3 mA em ™2 vs. 5.6 mA
cm?). The CNSs exhibited relative poor activity, which indi-
cated that it play minor role towards the ORR activity of CoP
NPs/CNSs. Furthermore, to better reveal ORR kinetics behavior,
LSV curves were measured at different rotation speeds (400-
1600 rpm) as shown in Fig. 3b and S6b.} The limiting diffusion
current density increases with increasing rotation speed,
demonstrating that current is kinetically controlled. The Kou-
tecky-Levich plots (j~* vs. @ %) of CoP NPs/CNSs and Pt/C
(Fig. S6c and dt) obtained at 0.2-0.4 V show good linearity
and near parallelism (or overlap), indicating first-order ORR
kinetics with respect to O,. The slope of K-L plots were
employed to measure the electron transfer number (n) per
oxygen molecule during ORR. In the range of 0.3-0.4 V, the
average n value of CoP NPs/CNSs and Pt/C was calculated to be
4.0, suggesting the 4e” path way. Furthermore, the Tafel slope
(Fig. 4c) of CoP NPs/CNSs is slightly smaller than that of Pt/C
(89.0 mV dec™ ' vs. 89.3 mV dec™ '), indicating better perfor-
mance in this study. The durability test was carried out,
showing that CoP NPs/CNSs exhibit less than 1% decay while Pt/
C lost 6% activity after 10 000 seconds continuous measure-
ments (Fig. S7at). The results suggest a promising long-term
stability of CoP NPs/CNSs, which is obviously superior to the
commercial Pt/C catalyst.

Our catalysts were also investigated for electrocatalytic OER
in 1 M KOH solution. As shown in Fig. 3d, an overpotential of
0.34 V is required to obtain the current density of 10 mV em >
for CoP NPs/CNSs, which is 0.1 V smaller than that of RuO,. In
contrast, CNSs demonstrate very poor OER activity, indicating
that OER activity mainly results from CoP NPs. Meanwhile,
Tafel slopes of CoP NPs/CNSs and RuO, were calculated from
LSV curves to estimate the reaction kinetics toward OER

—— CoP NPS/CNS3|
— P

AL-084V

06 08

14 16 8 02 04
E(V vs. RHE) Il (mA em®)

Fig. 3 Electrocatalytic properties of the electrodes. (a—c) ORR
performance: (a) LSV curves of CoP NPs/CNSs, CNSs and Pt/C catalyst
in O,-saturated 0.1 M KOH solution, (b) LSV curves of CoP NPs/CNSs
at different rotation rates in rpm, (c) Tafel plot of CoP NPs/CNSs and
Pt/C. (d and e) OER performance: (d) LSV curves of CoP NPs/CNSs,
CNSs, and RuO, catalyst in Ny-saturated 1 M KOH solution: (e) Tafel
plot of CoP NPs/CNSs and RuO,, and (f) LSV curves of CoP NPs/CNSs,
Pt/C and RuO, catalyst in O,-saturated 0.1 M KOH solution.
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Fig. 4 Electrocatalytic properties for HER. (a) LSV curves of CoP NPs/
CNSs, CNSs and Pt/C catalyst in N,-saturated 1 M KOH solution, and
(b) Tafel plot of CoP NPs/CNSs, CNSs and Pt/C.

(Fig. 3e). Impressively, CoP NPs/CNSs shows a smaller value of
Tafel slope (102.1 mV dec ') than RuO, (129.6 mV dec '),
indicating CoP NPs/CNSs had better electron transfer efficiency.
The CoP NPs/CNSs hybrid demonstrated excellent stability with
a slight increase (~20 mV) in the onset potential after 1000 cycle
of CV test (Fig. S7bt), which also indicate negligible structural
changes during the testing time.

The overall oxygen activity of the CoP NPs/CNSs hybrid as
a bifunctional catalyst could be evaluated (Fig. 3f) by the
potential difference (AE) between ORR and OER, where AE =
E1o — Eup, Ey is the potential at OER current of 10 mA cm ™2,
and E;, is the half wave potential for ORR.?*” However, the CoP
NPs/CNSs hybrid showed the smallest AE of 0.84 V, and this
value was markedly lower than the AE obtained using Pt/C and
RuO,. These results signify that CoP NPs/CNSs are better
reversible oxygen electrodes than Pt/C and RuO,. The results
clearly indicate that the CoP NPs/CNSs hybrid catalyst is
a promising low-cost and efficient catalyst for both ORR and
OER.

The electrocatalytic HER activity of the CoP NPs/CNSs was
examined by linear scan voltammetry in alkaline condition. For
comparison, Pt/C and CNSs were also tested under the same
conditions. As shown in the I-R corrected LSV polarization
curves (Fig. 4a), Pt/C unquestionably exhibits the highest
performance with a negligible overpotential. For the as-
obtained CoP NPs/CNSs, the current densities of 10 mA cm ™2
require an overpotential of 115 mV, while the bare CNSs are
inactive towards HER. The Tafel slope of the CoP NPs/CNSs is
calculated to be 92.4 mV dec ™" (Fig. 4b), indicating the Volmer-
Heyrovsky mechanism with the Volmer step as the rate-
determining step.*® Also, Fig. S8f exhibits the excellent
stability of CoP NPs/CNSs through polarization curves (1st and
1000th) with negligible changes.

Based on the previous studies and our investigation as
demonstrated in Table S2, two conclusions can be reached:
firstly, although CoP NPs has been widely reported to demon-
strate unifunctional and bifunctional electrocatalytic activity for
HER or ORR or OER, the samples in this study is a rare tri-
functional electrocatalyst toward HER/ORR/OER; secondly, the
ORR, OER and HER performances of CoP NPs/CNSs are much
better than those of CNSs, which indicates the catalytic activi-
ties are mainly determined by CoP NPs. The catalytic reactions
occur on the surface of catalysts, therefore the exposed crystal
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planes and atomic surface structure usually determine the
catalytic activity. CoP nanoparticles in this work demonstrate
a near-sphere morphology with many more exposed facets such
as (111), (012), (311), (101) and (210) and so on, which is
significantly different from most of the previously reported CoP
nanostructures enclosed by single or few low-index facets such
as {200},{011} or {111}. Therefore, to obtain a deeper insight
into the mechanisms of the trifunctional electrocatalyst, density
functional theory (DFT) calculations are performed to reveal the
activities of different exposed planes for ORR, OER and HER,
respectively.

DFT calculation

Table S31 elucidates the Gibbs free energy (AG,) of different
planes during typical OER processes involving four elementary
steps (HO*, O*, HOO* and O,). For most crystal planes, the
Gibbs free energy for the formation of *OOH (AGj;) turns out to
be the highest value among all AG; for the four steps, and
therefore regarded as the rate-determining step. However, as
displayed in Fig. 5a, the potential limiting step for (101) is
determined to be the O, generation having a AG, value of
1.794 eV and a corresponding calculated overpotential n of
0.564 V. The calculation results indicate that (101), (311), (012)
and (210) facets contribute most to OER

The ORR reactions are inversed from the OER reactions, but
OER Gibbs free energy does not apply directly to ORR due to
different pH value. Nevertheless, qualitative judgment of ORR
Gibbs free energy could be obtained from AG;_, of OER.

The HER pathway can be described as an initial formation of
hydrogen intermediates (Volmer step) and then followed by
hydrogen generation by either an electrochemical desorption
step (Heyrovsky step) or a recombination step (Tafel step). The
Volmer and Heyrovsky steps have different reacting species in
acidic (H;0") and alkaline (H,O/OH™) media, and the prior
water dissociation to form H* intermediates for most catalysts
in alkaline media are of much lower efficiency than in acid
solutions.® The acidic HER catalytic activity is determined by the
optimal catalyst-hydrogen interactions with Gibbs free energy
for hydrogen adsorption (AGY) close to thermoneutral. While
the optimal alkaline HER needs a balance between catalyst-
hydrogen and catalyst-hydroxyl interactions, and correspond-
ingly, the free energy of water dissociation (AGy,0 = G — Go =

—— Co-Co brigde
—— P-Co bridge
044 — puop

™

2G=1.794 eV

H-OH
1-0.564 V

Free cnergy (¢V)

Free energy (eV)

HO* [ N S

HOH —

Reaction path Reaction path

Fig. 5 DFT calculations of CoP for OER and HER. (a) The corre-
sponding free energy diagram for OER on (101) planes. (b) The cor-
responding free energy diagram for HER on Co-Co bridge, P-Co
bridge, and P-top Co bridge of (311) planes.
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G,) for the Volmer step and the binding free energy of adsorbed
H intermediates (AGy+ = G, — G3 = G,) for the Tafel step or
Heyrovsky step, are two significant descriptors for the alkaline
HER process. AGy,o and AGy» values were calculated at three
different sites containing Co-Co bridge (Co br), P-Co bridge (P-
Co br), and P-top as displayed in Table S4.7 For example, the
AGy~on the Co br sites of (101), P-top sites of (112), and P-Co br
of (012) are 0.051, 0.029 and 0.054 eV, respectively, which are
close to the optimal value (AGy+ = 0 €V) and indicating that the
adsorption of H on the these sites are more active than other
sites and planes. However, the AGy,; onto the Co br sites of
(101), P-top sites of (112), and P-Co br of (012) are 0.375, 0.498
and 0.658 €V, respectively. The relative high values of AGy,o
indicate a significant energy barrier hindering H,O dissociation
into H* intermediates and will cause HER kinetic process
sluggish. In contrast, AGy,c onto Co br, P-top, and P-Co br sites
of (311) are —0.105, 0.096, and —0.122 €V, respectively. This
means that on the (311) facets, the catalyst can effectively
promote cleavage of H-OH bonds to produce H* intermediates.
The AGy« onto Co br, P-top, and P-Co br sites of (311) are
—0.284, —0.253 and 0.425 eV, respectively. These appropriate
AGy+ values combining relative low AGy, o values confirm that
all the sites of (311) are more active in alkaline condition than
Co br sites of (101), P-top sites of (112), and Co-P br sites of
(012). The DFT calculation results also suggest Co br on (111),
(112) and Co-P br on (210) contribute to the highly reactive HER
properties of CoP NPs/CNSs.

It should be emphasized that the synergistic effects origi-
nating from the different active sites (of the same facets) and
different crystalline facets for the catalytic hydrogen evolution
has been neglected in the DFT calculations. However, it does
exist even considering qualitative factors. As shown in Table
S4,7 the significantly negative AGy © values indicate Co br and
P-top sites of CoP (201) provide active sites for hydroxyl
adsorption and the binding energy are very strong, which will
contribute to cleaving HO-H bonds. Therefore, these facets can
act as a water dissociation promoter to produce hydrogen
intermediates, which then adsorb on nearby CoP catalyst facets
and sites.

In general, according to the DFT calculations, it can be
reasonably deduced that the highly efficient trifunctional elec-
trocatalytic activity of CoP NPs/CNSs is a collective effect of
different crystal planes, that is, some planes dominate the OER
process while some others contribute to HER process.

Conclusions

In summary, CoP NPs/CNSs hybrids are prepared via a one-step
self-templating route. CoP nanoparticles own nearly spherical
shape with many more exposed crystal planes than previously
reported CoP nanostructures enclosed by single or few low-
index facets. Electrochemical measurements demonstrate that
the CoP NPs/CNSs hybrids present highly efficient trifunctional
catalytic activity towards ORR, OER and HER in alkaline media.
Impressively, the electrocatalytic activities of the hybrids
towards ORR and OER are even superior to that of the precious
metal benchmark catalysts. Comparative study and DFT

This journal is © The Royal Society of Chemistry 2019
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calculations show the excellent trifunctional catalytic activity to
be a collective effect from the different planes to ORR, OER or
HER, respectively. This work is expected to inspire the design of
multifunctional and high-efficiency electrocatalysts via selec-
tively exposing specific crystal planes.
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