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a b s t r a c t

Hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR) have been considered as two

critical processes in the field of electrocatalytic water-splitting for hydrogen production and fuel cells.

However, the sluggish reaction kinetics of HER and ORR required efficient electrocatalyst such as Pt

to promote such process. Transition metal phosphides (TMPs) exhibit great potential to replace noble

metal electrocatalysts to accelerate HER and ORR due to their high activity and easy availability. Herein, a

highly-efficient bifunctional CoP electrocatalyst for HER and ORR, featuring a unique core-shell structure

decorated on nitrogen-doped carbon matrix was designed and constructed via etching a cobalt-based

zeolitic imidazolate framework (ZIF-67) with phytic acid (PA) followed by pyrolysis treatment (PA-ZIF-

67–900). Experimental results revealed that the pure-phase single-crystalline CoP exhibited outstanding

electrocatalytic performance in HER and ORR, superior to Co(PO3)2 in PA-ZIF-67–700, hybrid phase of

Co(PO3)2 and CoP in PA-ZIF-67–800 and Co2P-doped CoP in PA-ZIF-67–1000. To reach the current density

of 10mA/cm2 the as-synthesized CoP required an overpotential of 120mV for HER in 1mol/L KOH and

half-wave potential of 0.85V in O2-saturated 0.1mol/L KOH. This work present new clue for construction

of efficient and bifunctional electrocatalyst in the field of energy conversion and storage

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As energy and environmental problems become more and more

serious [1–4], renewable energy conversion and storage technolo-

gies have become research hotspots [5,6]. Hydrogen as one of

the clean, renewable, and cost-effective energy resources, has

been considered to be promising alternative to fossil fuels [7,8],

which can be accessed by electrocatalytic water-splitting [9,10].

On the other hand, zinc-air battery (ZAB) and direct methanol

fuel cell (DMFC) serving as low-cost and environmentally friendly

energy storage technique exhibits great application potential [11–

13]. However, both hydrogen production and ZAB required efficient

electrocatalysts to accelerate the sluggish reactions of hydrogen

evolution reaction (HER) in water splitting process and oxygen re-

duction reaction (ORR) on the cathode of ZAB system. Until now,

the state-of-the-art electrocatalyst for HER and ORR is Pt/C, but its

large-scale application is prohibited due to its small reserves, high
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cost and poor stability [14]. Therefore, it is necessary to develop a

low-cost and highly-efficient noble-metal-free electrocatalysts for

HER and ORR.

Recently, transition metal phosphides (TMPs) such as FeP

[15,16], CoP [17,18], NiP [19], have been reported as HER and ORR

electrocatalysts [20,21]. Generally, the TMP-based catalysts were

synthesized by wet chemical method using trioctylphosphine (TOP)

[22] and triphenylphosphine (TPP) [23] or gas-solid reaction ap-

proach using NaH2PO2, PH3 gas and red phosphorus as phosphorus

sources [24–27]. Although the above-mentioned phosphating pro-

cess has been widely developed, these phosphorus sources have

certain toxicity and cause pollution to the environment, which

greatly restricts their further utiliaztion. Therefore, pursuing a non-

toxic and environment-benign phosphating process is meaningful

and inevitable.

The cobalt-based zeolitic imidazolate framework (ZIF-67) is a

metal-organic framework material with porous properties, high

specific surface area and adjustable morphology [28,29]. More-

over, it can be pyrolyzed to form nitrogen-doped carbon substrate,
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Fig. 1. Structure and morphology characterization of PA-ZIF-67–900. (a) XRD patterns of PA-ZIF-67–700, PA-ZIF-67–800, PA-ZIF-67–900 and PA-ZIF-67–1000. (b, c) TEM, (d)

SAED, (e) HRTEM of PA-ZIF-67–900. (f) Corresponding elemental mapping for Co (purple), P (yellow), C (red), N (blue) and O (green) of PA-ZIF-67–900.

which is an ideal transition metal-based electrocatalyst precur-

sor. In recent years, the ZIF-67 derived electrocatalysts have been

widely reported [30,31], showing a very broad prospect owing to

their low cost and high efficiency in water electrolysis and oxy-

gen reduction. Phytic acid (PA) is a nontoxic and environmentally

friendly compound, where the P–O bond can be broken to release

P element as a source of phosphorus to form metallic phosphides

[32]. Herein, we synthesized phase-mediated cobalt phosphides via

etching a ZIF-67 with PA followed by pyrolysis treatment under

H2/Ar atmosphere (Figs. S1-S4 in Supporting information). Electro-

chemical measurement revealed that the pure phase CoP prepared

at 900 °C (denoted as PA-ZIF-67–900) exhibits the most excellent

HER and ORR catalytic performance and robust stability. This work

presents a new clue for construction of efficient bifunctional TMP-

based electrocatalyst in the field of energy storage and conversion.

The phase structure of PA-ZIF-67–900 was characterized by

powder X-ray diffraction (XRD) along with its counterparts an-

nealed at 700, 800 and 1000 °C, respectively. As shown in Fig. 1a,

PA-ZIF-67–900 displayed diffraction peaks at 31.6°, 35.3°, 36.3°,
46.2°, 48.1°, 52.3°, 56.1° and 56.8°, definitely corresponding to the

pure phase CoP (JCPDS No. 29–0497). Whereas the XRD pattern

of PA-ZIF-67–700 can be assigned to pure phase Co(PO3)2 (JCPDS

No. 27–1120), and PA-ZIF-67–800 is a hybrid phase of Co(PO3)2
and CoP. For PA-ZIF-67–1000, beside the dominant phase of CoP,

a small amount of Co2P miscellaneous phase was also observed.

Raman spectroscopy was used to investigate the graphitization of

the PA-ZIF-67–900. As shown in Fig. S5 (Supporting information),

the ratio of D band (1345 cm−1) and G band (1580 cm−1) of PA-

ZIF-67–900 (0.99) was similar to that of PA-ZIF-67–1000 (1.00),

and higher than those of PA-ZIF-67–700 (0.90) and PA-ZIF-67–800

(0.93). The higher graphitization of PA-ZIF-67–900 could facilitate

the charge transfer during the electrocatalytic process.

The morphology of PA-ZIF-67–900 was then investigated by

scanning electron microscopy (SEM) and transmission electron mi-

croscopy (TEM). From Fig. 1b and Fig. S6a (Supporting informa-

tion), it can be seen that in PA-ZIF-67–900 there exist plenty of

nanoparticles with average size of 100–200nm distributed on the

surface of carbon matrix. A closer inspection of the nanoparticle

(Fig. 1c) disclosed an architecture of PA-ZIF-67–900 with a core

enveloped with multiple shells. In order to further prove the mul-

tilayer core-shell structure, high-resolution TEM (HRTEM) charac-

terization was carried out, as shown in Fig. S6b, the structure of

carbon layer@CoP@carbon layer@CoP was observed. Selected area

electron diffraction (SAED) pattern (Fig. 1d) of a single PA-ZIF-67–

Fig. 2. XPS spectrum of PA-ZIF-67–900. (a) XPS survey spectrum, (b) Co 2p, (c) N

1s and (d) P 2p high resolution spectrum of PA-ZIF-67–900.

900 particle exhibited regular spots corresponding to (110), (002),

(102), and (112) crystal planes of the single-crystalline orthorhom-

bic CoP, which is in good agreement with the XRD result. HRTEM

image (Fig. 1e) displayed a lattice fringe of 0.257nm [33,34], which

matched well with the (002) crystal plane of CoP. Besides, the el-

ement mapping (Fig. 1f) unveiled that the CoP nanoparticles were

decorated on the nitrogen-doped carbon matrix. It was worth not-

ing that the pyrolysis temperature is vital to form core and multi-

shell structure. When the temperature is very low, i.e., 700 °C,
only large blocks were obtained (Fig. S7 in Supporting informa-

tion); while at 800 °C nanoparticles featuring a solid core wrapped

with one-layer carbon shell imbedded onto the surface of carbon

substrate was observed (Fig. S8 in Supporting information). The

PA-ZIF-67–1000 possessed nanoparticles with irregular shape and

nonuniform size (Fig. S9 in Supporting information), which may be

attributed to the heterogenous phase in PA-ZIF-67–1000.

The chemical state and electronic structure of PA-ZIF-67–900

were evaluated by X-ray photoelectron spectroscopy (XPS). Fig.

2a presents the XPS survey spectrum of PA-ZIF-67–900, indicat-

ing the existence of Co, P, C, N and O in PA-ZIF-67–900. The

high-resolution Co 2p spectrum could be deconvoluted into three
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Fig. 3. HER performance of PA-ZIF-67–900. (a) Polarized LSV curves, (b) Tafel slope, (c) comparison of overpotential at 10mA/cm2 (red column) and Tafel slope (blue

column) for PA-ZIF-67–700 (green), PA-ZIF-67–800 (blue), PA-ZIF-67–900 (red), PA-ZIF-67–1000 (purple) and 25% Pt/C (black). (d) Nyquist plots and (e) current density

difference against scan rate of PA-ZIF-67–700 (green), PA-ZIF-67–800 (blue), PA-ZIF-67–900 (red) and PA-ZIF-67–1000 (purple). (f) Chronoamperometric current-time curve

of PA-ZIF-67–900.

groups as displayed in Fig. 2b. Two distinct peaks at binding en-

ergy of 778.88 and 793.77 eV were attributed to Co 2p3/2 and Co

2p1/2, respectively, corresponding to the Co–P bond in cobalt phos-

phide [20]. The peaks at 781.64 and 797.69 eV can be assigned to

oxidized cobalt species, which was ascribed to surface oxidation of

PA-ZIF-67–900, and the peaks at 787.25 and 802.51 eV are satellite

[20]. Moreover, the N 1s spectrum exhibited three peaks located

at 398.38, 400.79 and 401.97 eV (Fig. 2c), which can be assigned

to pyridinic N, pyrrolic N and graphitic N, respectively [35,36]. It

has been established that pyridinic N and graphitic N can pro-

mote the catalytic ORR activity [37], and the pyrrolic N at the edge

of the carbon plane has also been reported as the active site for

HER process [38]. The electronegativity of N (3.04) is stronger than

that of C (2.55), which polarizes the carbon matrix, enhancing the

ability of carbon atoms nearby to capture oxygen during the ORR

process [39,40]. In addition, the high-resolution XPS spectra of P

2p displayed binding energy at 129.76 and 130.56 eV of the 2p3/2

and 2p1/2, which agreed with the value in the literature for CoP

(Fig. 2d) [41]. And the peak at 130.2 and 133.87 eV corresponds

to oxidized P species [41]. Particularly, compared with the bind-

ing energy of metallic Co (778.1 eV) and elemental P (130.0 eV), the

binding energy of Co 2p3/2 upshifts while the binding energy of P

2p3/2 downshifts, indicating that charge transfer occurs between P

and Co to form CoP [42], which would facilitate the electrocatalytic

process.

To further investigate the microscopic structure of PA-ZIF-67–

900, nitrogen adsorption/desorption measurement was then car-

ried out. The N2 adsorption/desorption curves (Fig. S10 in Support-

ing information) displayed a type IV isotherm [32] with Brunauer-

Emmett-Teller (BET) specific surface area of 292.41 m2/g. Three

peaks at 1.74, 3.99 and 32nm in the pore size distribution diagram

of PA-ZIF-67–900 are observed, indicating that PA-ZIF-67–900 has

a microporous/mesoporous hierarchical pore structure which could

facilitate the mass transportation during the electrocatalytic pro-

cess [32].

The electrocatalytic HER performance of PA-ZIF-67–900 was

evaluated using a standard three-electrode system in 1mol/L KOH

at room temperature. For comparison, the HER activity of PA-

ZIF-67–700, PA-ZIF-67–800, PA-ZIF-67–1000 and the commercial

25% Pt/C was also tested under the same condition. The linear

sweep voltammetry (LSV) curves are shown in Fig. 3a. It can

be seen that PA-ZIF-67–900 with a pure phase of CoP outper-

formed PA-ZIF-67–700, PA-ZIF-67–800 and PA-ZIF-67–1000, even

25% Pt/C at large current density. To reach the current density of

10mA/cm2, the PA-ZIF-67–900 required an overpotential of only

120mV, which is lower than that of PA-ZIF-67–700 (465mV), PA-

ZIF-67–800 (197mV) and PA-ZIF-1000 (147mV) as shown in Fig.

3c. The HER reaction kinetics was assessed by the Tafel slope de-

rived from the LSV curves. As shown in Fig. 3b, the Tafel slopes

of PA-ZIF-67–900, PA-ZIF-67–700, PA-ZIF-67–800, PA-ZIF-67–1000

and 25% Pt/C were 100, 139, 181, 109 and 97mV/dec, revealing

a fast kinetics of PA-ZIF-67–900 comparable to Pt/C following the

Volmer–Heyrovsky mechanism [41]. Fig. 3d depicted the electro-

chemical impedance spectroscopy (EIS) curves. From the Nyquist

plots it was indicated that PA-ZIF-67–900 shows a smaller semi-

circle diameter, suggesting a favorable charge transfer resistance

of PA-ZIF-67–900 (0.5 �) compared to PA-ZIF-67–700 (147.7 �),

PA-ZIF-67–800 (3.1 �) and PA-ZIF-67–1000 (0.7 �). Moreover,

the electrochemical double-layer capacitance (Cdl) obtained by the

cyclic voltammetry (CV) measurement was used to assess the ac-

tive reaction sites, which was proportional to the electrochemi-

cal active surface area (ECSA) [43]. As illustrated in Fig. 3e, PA-

ZIF-67–900 exhibited a higher Cdl value (113.2 mF/cm2) than that

of PA-ZIF-67–700 (0.25 mF/cm2), PA-ZIF-67–800 (8.4 mF/cm2) and

PA-ZIF-67–1000 (32.3 mF/cm2), indicating that PA-ZIF-67–900 has

the largest amount of electrochemically active sites. These results

demonstrated that the pure-phase single-crystalline CoP in PA-ZIF-

67–900 possessed a much enhanced HER activity compared to

the Co(PO3)2 in PA-ZIF-67–700, hybrid phase of Co(PO3)2 and CoP

in PA-ZIF-67–800 and Co2P-doped CoP in PA-ZIF-67–1000. In ad-

dition, the HER catalytic stability of PA-ZIF-67–900 was investi-

gated by the chronoamperometric test. As can be seen from Fig.

3f, the catalytic performance of PA-ZIF-67–900 maintained stable

for at least 40h. To explore the structural stability of the cata-

lyst, the TEM of PA-ZIF-67–900 after chronoamperometric current-

time measurement for HER was performed, as shown in Fig. S11

(Supporting information), the core-shell structure can still be ob-

served. Notably, the HER performance of PA-ZIF-67–900 is superior

to many other recently-reported CoP-based electrocatalysts in al-

kaline medium (Table S1 in Supporting information).
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Fig. 4. ORR performance of PA-ZIF-67–900. (a) CV curves of PA-ZIF-67–900 in the presence of N2 (black) and O2 (red). (b) LSV curves and (c) Tafel slope for PA-ZIF-67–700

(green), PA-ZIF-67–800 (blue), PA-ZIF-67–900 (red), PA-ZIF-67–1000 (purple) and 25% Pt/C (black). (d) Number of electron transfer (left) and H2O2 yield (right) of PA-ZIF-67–

900. (e) Normalized current density (j/j0) against time plot and (f) methanol tolerance test of PA-ZIF-67–900 (red) and 25% Pt/C (black).

The ORR performance of the as-synthesized PA-ZIF-67–900

along with the reference electrocatalysts was evaluated in 0.1mol/L

KOH using a rotating disk electrode (RDE). Fig. 4a describes the CV

curves of PA-ZIF-67–900 in the presence and absence of O2 atmo-

sphere with a scan rate of 50mV/s. It can be seen that a sharp

peak appeared at 0.78V (vs. RHE) in the CV curve of O2-saturated

0.1mol/L KOH in contrast to the case of N2-saturated 0.1mol/L

KOH, indicating the efficient ORR activity of PA-ZIF-67–900. The

LSV curves of a series of electrocatalysts measured at 1600 rpm

in O2-saturated 0.1mol/L KOH is shown in Fig. 4b. The PA-ZIF-

67–900 with pure-phase CoP exhibited a half-wave potential (E1/2)

of 0.85V and limiting current density (JL) of 5mA/cm2, which is

comparable to that of 25% Pt/C (E1/2 =0.86V and JL =5mA/cm2),

and outperforms the other three electrocatalysts with phosphate

or hybrid phases. Moreover, the ORR performance of PA-ZIF-67–

900 are competitive to many other CoP-based electrocatalysts in

alkaline media (Table S2 in Supporting information). The corre-

sponding Tafel slope (Fig. 4c) of PA-ZIF-67–900 is 75.2mV/dec,

which is lower than that of 25% Pt/C (115mV/dec), PA-ZIF-67–

700 (78.2mV/dec), PA-ZIF-67–800 (117.3mV/dec) and PA-ZIF-1000

(78.4mV/dec), indicating a favorable reaction kinetics of PA-ZIF-

67–900 for ORR performance. The number of transferred electrons

(n) and H2O2 yield (H2O2%) in the ORR process of PA-ZIF-67–900

were evaluated at 1600 rpm by rotating ring-disk electrode (RRDE)

measurement. As shown in Fig. 4d, the n value of PA-ZIF-67–900

is in the range of 3.5–3.8 and H2O2 yield is lower than 10%, in-

dicating that the PA-ZIF-67–900 could efficiently reduce oxygen

via a four-electron reaction route in alkaline medium. In order to

evaluate the catalytic stability of the electrocatalysts, a chronoam-

perometric response at 0.6V was tested. As shown in Fig. 4e, af-

ter 40h continuous operation, the catalytic activity of PA-ZIF-67–

900 still maintained 90.7% of the initial, however, it decayed to

78.4% for 25% Pt/C only after 10h, demonstrating the robust cat-

alytic durability of PA-ZIF-67–900. In addition, the methanol toler-

ance is an important indicator to evaluate the ORR electrocatalyst

for DMFC because the methanol can poison the electrocatalyst. As

displayed in Fig. 4f, PA-ZIF-67–900 exhibits an excellent tolerance

against methanol relative to 25% Pt/C. After injection with 3mol/L

methanol into the electrolyte, the activity of PA-ZIF-67–900 can re-

cover to 90.9% while 25% Pt/C is only 70.2%. In order to explore

the catalytic mechanism of ORR, the XPS and TEM of PA-ZIF-67–

900 after the chronoamperometric response were characterized. As

shown in Fig. S12 (Supporting information), the peak for Co 2p3/2

after stability test positively shifted to 780.25 eV. Meanwhile P was

also oxidized after electrolysis. And from Fig. S13 (Supporting in-

formation), the core-shell structure of PA-ZIF-67–900 is retained.

In summary, a multilayer CoP core-shell structure decorated

on N-doped carbon substrate as a highly efficient and stable HER

and ORR bifunctional electrocatalyst was designed and synthesized.

The results demonstrated that the pure-phase single-crystalline

CoP (PA-ZIF-67–900) exhibited outstanding electrocatalytic perfor-

mance in HER and ORR, superior to Co(PO3)2 in PA-ZIF-67–700,

hybrid phase of Co(PO3)2 and CoP in PA-ZIF-67–800 and Co2P-

doped CoP in PA-ZIF-67–1000. For example, the pure-phase CoP

formed at 900 °C shows the most efficient HER and ORR perfor-

mance, achieving the current density of 10mA/cm2 with an over-

potential of 120mV for HER in 1mol/L KOH and half-wave po-

tential of 0.85V in O2-saturated 0.1mol/L KOH. Besides, the PA-

ZIF-67–900 displayed a desirable long-term catalytic stability and

methanol tolerance, indicating its potential application in water

splitting, ZAB and DMFC devices. The present work provides a new

platform for construction of efficient and bifunctional electrocata-

lyst in the field of energy conversion and storage.
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