Chinese Chemical Letters 32 (2021) 3355-3358

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Communication

Phosphating-induced charge transfer on CoO/CoP interface for alkaline

H, evolution

Qian Li*™!, Yuchao Wang®", Jian Zeng®*!

Check for
updates

, Qiumei Wu?, Qichen Wang®¢, Lian Sun?,

Liang Xu®, Tong Ye®¢, Xin Zhao?, Lei Chen?, Zhiyan Chen®, Limiao Chen¢,

;a,d,*

Yongpeng Lei

2 State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China

b School of Material Science and Engineering, Central South University of Forestry and Technology, Changsha 410004, China

€ Energy Materials Computing Center, Jiangxi University of Science and Technology, Nanchang 330013, China

9 Hunan Provincial Key Laboratory of Chemical Power Sources, College of Chemistry and Chemical Engineering, Central South University, Changsha 410083,

China

€School of Material and Chemical Engineering, Xi'an Technological University, Xi'an 710021, China

ARTICLE INFO ABSTRACT

Article history:

Received 22 January 2021

Received in revised form 7 February 2021
Accepted 23 March 2021

Available online 26 March 2021

Designing non-noble metal electrocatalysts toward alkaline hydrogen evolution reaction (HER) with high
performance at a large current density is urgent. Herein, a CoO/CoP heterostructure catalyst (termed POZ)
was designed by a phosphating strategy. The strong electron transfer on the interface of CoO/CoP was
experimentally and theoretically proven. POZ showed a low overpotential of 236 mV at 400 mA/cm?,

which was 249 mV lower than non-phosphated sample. It also exhibited a remarkable solar-to-hydrogen
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conversion efficiency of 10.5%. In this work, the construction of CoO/CoP interface realized by a simple
phosphating strategy could provide an important reference to boost the HER performance on those
materials not merely metal oxides.
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Published by Elsevier B.V. All rights reserved.

Hydrogen (H;) is regarded as an ideal clean energy due to its
high heating value and pollution-free combustion products [1-3].
Electrochemical water splitting using clean electricity from solar
(or wind, etc.) under mild conditions has been considered as one of
the most promising methods [4,5]. In order to produce H; at a large
scale, it should meet the actual requirements of industrial current
density (over 400 mA/cm?) [6,7]. Compared to acidic media, H,
evolution reaction (HER) occurred under alkaline media possesses
more practical value [8,9]. But the extremely low proton
concentration in alkaline electrolyte slows down the reaction
kinetics, and additional energy is required to dissociate H,O
molecules [10,11]. Hence, evaluating the HER performance in
alkaline media has attracted wide attention [12,13]. Pt-based
materials are generally considered to be excellent catalysts for HER
[14,15]. Unfortunately, the scarcity and high price severely
hindered the wide application [16,17]. Therefore, it is of crucial
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importance to synthesize non-noble metal electrocatalysts that
can obtain excellent HER performance in alkaline electrolyte.
Owing to rich redox properties, transition metal oxides (TMOs)
with high abundance have presented reasonable activity and
stability in catalytic reactions [18]. Unfortunately, due to the large
band gap and low electrical conductivity, TMOs generally
displayed inappropriate H, adsorption capacity. Thus, developing
efficient and universal modulation strategies to optimize their HER
property is necessary [19,20]. Commonly used modulation
strategies include doping modification [20,21], defect engineering
[22,23], interface engineering [24-28] and Schottky junction
construction [29], etc. Constructing a heterostructure catalyst to
adjust the charge distribution is crucial to improve the electro-
catalytic properties of TMOs. For instance, Luo et al. [26] reported
that the CeO, nanoparticles with abundant oxygen vacancies
stably anchored on Co4N nanorod arrays, which would synergisti-
cally adjust both the water dissociation and hydrogen adsorption
behavior, thus showing outstanding activity toward HER. Similarly,
a unique CoMo0O4-Co,Mo50g heterostructure was built by Tu et al.
[30], which synergistically optimized the electron distribution of
CoMo0O,4 and Co,Mo30g to reduce hydrogen adsorption energy,
thus significantly improving HER activity. Although some progress
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Fig. 1. (a) XRD patterns. (b) HRTEM, (c) SAED and (d) EDS elemental mapping images of POZ.

has been made, the HER activity of TMOs, especially in alkaline
electrolyte, is still far from satisfactory, which severely limits their
future application [20].

In this work, the CoO/CoP heterostructure catalyst (termed
POZ) was synthesized. POZ required an overpotential of 236 mV to
achieve the current density of 400 mA/cm? in 1.0 mol/L KOH, which
was 249 mV lower than that of non-phosphated sample (named
0Z). As proved by experimental results and density functional
theory (DFT) calculations, the strong electron transfer from CoP to
CoO on the interface facilitated the occurrence of HER. The steady
conversion of solar-to-hydrogen (STH) with a relatively high
efficiency of 10.5% demonstrated its potential in solar-driven water
splitting.

POZ was synthesized by an oxidation-phosphidation strategy
towards zeolitic imidazolate framework-67 (ZIF-67) (Fig. S1 in
Supporting information). The structure of POZ and OZ was
characterized by X-ray diffraction (XRD) patterns (Fig. 1a). After
background removal, typical diffraction peaks located at 31.6°,
32.0°, 36.3°, 46.2°, 48.1°, 52.2°, 56.3° can be discovered, corre-
sponding to the (011),(002), (111),(112), (211), (103), (212) facets of
CoP (PDF # 29-0497), respectively. Three peaks at 20 = 36.6°, 42.3°,
42.8° were well consistent with (110), (111), (200) facets of CoO
(PDF # 72-1474), indicating the successful construction of CoO/CoP
interface in POZ. The peak positions of 31.2°, 36.8°, 38.5°, 44.8°,
59.3° and 65.2° in OZ were respectively indexed to (220), (311),
(222), (400), (511) and (440) facets of Co304 (PDF # 74-2120). The
above results indicate that the composition changed from OZ to
POZ after phosphating.

High-resolution transmission electron microscopy (HRTEM)
image of POZ presents an interface between CoP and CoO species
(Fig. 1b). The lattice spaces of 0.196 and 0.245 nm were assigned to
the (112) plane of CoP and (110) plane of CoO, respectively. The
illustration in Fig. 1b also confirms the existence of amorphous
carbon layer at the edge, which is derived from the ZIF-67
precursor [31]. The above results were also verified by the X-ray
photoelectron spectroscopy (XPS) (Fig. S2 in Supporting informa-
tion). This carbon layer would provide the channel for electron
transportation, thus accelerating the reaction kinetics [32,33]. The
selected area electron diffraction (SAED) image shows that the
main diffraction rings match well with CoP and CoO (Fig. 1c). In
addition, the corresponding energy-dispersive X-ray spectroscopic
(EDS) elemental mapping images display the uniform distribution
of Co, P and O in the whole sample (Fig. 1d). According to the
inductively coupled plasma optical emission spectroscopy (ICP-
OES) measurement, the amounts of Co and P in POZ are 40.11 wt%
and 21.57 wt%, respectively.

Then, XPS survey spectrum identifies the presence of Co, P, O, C
and N (Fig. 2a). In the high-resolution Co 2p spectra of OZ, the
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peaks at 779.5/794.3 and 781.3/795.8 eV respectively, correspond
to Co>*-0 and Co%'-0 coordination, confirming the existence of
Co304 phase (Fig. 2b) [34]. After phosphating, the new Co-P
coordination appears in POZ at the binding energies of 778.5 and
793.4 eV, which proves the formation of CoP species and CoO/CoP
interface [11]. At the meantime, the peaks of Co-O coordination
shift to higher binding energies, indicating the electron transfer
inside CoO/CoP heterostructure [35,36]. For P 2p, the binding
energies of peaks are located at 129.5 and 130.3 eV, corresponding
to the P 2p3,; and P 2py; in CoP. And the peak at 134.1 eV originates
from the surface oxidation of CoP (Fig. 2c) [35,37]. The P plays a
role in moderating the bonding between reaction intermediates
and surface active sites, thereby promoting HER [38]. As shown in
Fig. 2d, OZ has three characteristic peaks: 529.6, 531.4 and
532.9 eV, corresponding to metal-0, O defect sites and adsorbed
molecular water, respectively [34,39]. The weakening and shift of
the peak at 529.6 eV indicates that the binding energy of Co-0 has
changed due to the insertion of P atoms. Moreover, the C 1s
spectrum was fitted to three peaks at 284.7, 286.4 and 288.7 eV,
belonging to the C—C, C—0 and O—C=0, respectively (Fig. S2)
[32,40]. Noting that the binding energy shifts are all observed for
Co 2p, O 1s, and C 1s, suggesting a strong electronic interaction on
CoO/CoP interface. Such strong electronic interaction will influence
the charge distribution between CoO and CoP active components

a 01s b [cor 2pin Co-0 Co 2p3;
- ~

2 T e
) & |roz

Z z Co 2p; 0 2P

Q Q

= = Co-0

oz

800 600 400 200 800 790 780

Binding energy (eV) Binding energy (eV)
[ P d [on v,
CoPO,
—_ absored O
-~ 5 -
= s
<
< z
= % | roz metal-O
B a
2 2 Yo
g 2
E ,5 absored O
= “
/’/
- s =
140 136 132 128 537 534 531 528
Binding energy (eV) Binding energy (eV)

Fig. 2. (a) XPS survey spectrum. High-resolution (b) Co 2p, (c) P 2p, and (d) O 1s
spectra.
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[41]. Fu and coworkers [41] also proved this point by developing a
porous In-doped CoO/CoP heterostructure with rich oxygen
vacancies to enhance charge transport, thus accelerating the
reaction kinetics.

The HER activity of POZ was further investigated in 1.0 mol/L
KOH solution. Fig. 3a shows the linear sweep voltammetry (LSV)
curves. To achieve a current density of 400 mA/cm?, the over-
potential of POZ was 236 mV, much lower than that of OZ
(485 mV), closing to Pt/C (203 mV) and exceeding most reported
non-noble metal based HER electrocatalysts (Fig. 3b). Tafel slopes
of POZ and OZ are 84 and 157 mV/dec (Fig. 3c), respectively,
indicating that POZ had faster reaction kinetics and followed the
Volmer-Heyrovsky mechanism [42]. In addition, electrochemical
impedance spectroscopy (EIS) measurements were carried to
evaluate the charge transport capability of all samples. The Nyquist
plots were fitted into the equivalent electronic circuit, which was
consisted of solution diffusion resistance (Rs), charge transfer
resistance (R.) and constant phase element (CPE). The Nyquist
plots shown in Fig. 3d suggest that POZ possesses lower charge
transport resistance than OZ, indicating the faster charge transfer.
The double layer capacitance (Cq) related to electrochemical
surface area (ECSA) was also used to estimate the intrinsic HER
activity of catalysts. The cyclic voltammetry (CV) curves of all
samples at different scanning rates were shown in Fig. S3
(Supporting information) in the non-Faradaic region. POZ exhib-
ited a slope of 20 mF/cm?, much larger than that of 0Z (0.5 mF/cm?)
in 1.0 mol/L KOH (Fig. 3e). It is worth noting that POZ had a larger
surface area and exposed more active sites toward HER. Moreover,
the HER stability of POZ was also studied. After 2000 CV cycles,
only a negligible performance degradation was detected, further
confirming the superb stability (Fig. 3f). Chronopotentiometric
curve at a constant current density of 10 mA/cm? also displayed a
great durability (Fig. S4 in Supporting information).

Furthermore, the DFT calculations were used to analyze the
interface charge effect of CoO/CoP heterostructure (calculated
models are shown in Fig. S5 in Supporting information) [37,43].
Fig. 4a plots the three-dimensional charge density difference. We
can see that there is a large charge transfer between the CoO and
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CoP, and the deformed heterostructure crystal further demon-
strates a strong coupling between CoO and CoP. In order to clarify
the direction of charge transfer and its underlying mechanism, the
planar averaged electrostatic potential and charge density differ-
ence (positive value represents charge accumulation, negative
value represents charge depletion) across the interface of CoO/CoP
were given in Fig. 4b. Obviously, CoO had much higher averaged
electrostatic potential than CoP, indicating a strong built-in electric
field acrossed the interface, driving electrons transfer from CoP to
Co0. A more accurate Bader analysis demonstrates that there are
0.077 electrons per atom gather at CoO side. Therefore, the
reducing ability of CoO was greatly enhanced due to the obtained
large amount of reducing electrons. And the HER activity of CoO
was significantly improved by forming CoO/CoP heterostructure.

Moreover, CoO/CoP heterostructure catalysts have also been
applied to other electrocatalytic reactions. Zhu et al. [18] reported
that the lateral heterostructure of Fe-containing CoP/CoO had a
strong interfacial coupling effect between CoP and CoO, which
induced the redistribution of electrons, thus promoting the
adsorption of OH™ anions and showing excellent electrocatalytic
oxygen evolution reaction (OER) performance. Here, POZ exhibited
a low overpotential of 320mV to achieve 10 mA/cm? for OER
(Fig. S6 in Supporting information), which presents its bifunctional
activity. Thus, we used POZ as both anode and cathode for water
splitting in 1.0 mol/L KOH electrolyte. A voltage of 1.72V at the
current density of 10 mA/cm? was obtained (Fig. S7 in Supporting
information). Using solar power to drive water splitting for Hj is
attractive and a high STH efficiency is expected [44-46]. As shown
in Fig. 4c, combining the J-V curve of the solar cell (under the
simulated sunlight of AM 1.5 G, 100 mW/cm?) and the polarization
curve of the POZ for water splitting, the operating current density
of the system reached 8.6 mA/cm? with the voltage of 1.5V,
meaning an STH efficiency of 10.5% [47]. The excellent perfor-
mance of the system remains stabled up to 3600 s (including 27
consecutive on/off lighting cycles) in Fig. 4d.

In summary, POZ showed a great electrocatalytic HER activity at
the large current densities. It only needed a low overpotential of
236mV to drive 400 mA/cm? and an STH efficiency of 10.5%.
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Fig. 4. (a) Charge density difference between CoO and CoP in phase boundaries, electron accumulation and depletion are represented by yellow and green bubbles,
respectively. (b) Planar averaged charge density difference and electrostatic potential. (c) J-V curve of a solar cell and the polarization curve of POZ water splitting device in a
two-electrode configuration. (d) Current density-time curve of the solar-driven water splitting device under Xe light.

Experimental and theoretical analysis demonstrate that the
existence of CoO/CoP heterostructure promoted electron transfer
from CoP to CoO on the interface, thus accelerating HER reaction
kinetics. This work may offer a great potential in developing non-
noble metal electrocatalysts under a large current density toward
alkaline HER.
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