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Binary cobalt and nickel phosphides have been widely developed owing to their remarkable activities for the
oxygen reduction reaction (OER) as well as their low cost. However, the OER active sites of binary cobalt and
nickel phosphides are still controversial. Here, we use a CoNiP nanocage as a model catalyst and
systematically investigate the correlation between the composition and the OER activity, clarifying how
the ratio of CoOOH/NIOOH affects the OER activity. With the increase of the atomic ratio of Ni/Co (y/x,
0 < y/x < 3.5), the amount of NIOOH generated during the OER always increases; and the CoOOH
initially increases and subsequently decreases, showing a similar changing tendency to the OER activity
of CoNiP. When y/x = 1.5, CoNiP has the best OER activity with an overpotential of 278 mV at a current

Received 25th August 2020 density of 10 mA cm™2 and a low Tafel slope of 67 mV dec™ . All tested CoNiP catalysts show better
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catalytic activity than pure CoP, indicating that the catalytic activity of CoNiP should be attributed to the

synergistic effect of CoOOH and NiOOH rather than exclusively to CoOOH or NiOOH. This study
clarifies the origin of the catalytic activities of CoNiP, helpful for designing high-efficiency CoNiP catalysts.
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Introduction

The oxygen evolution reaction (OER) has attracted intensive
attention in recent years because of its vital role in energy
conversion and storage technologies,”> such as metal-air
batteries®* and electrochemical water splitting.>® The OER has
intrinsically sluggish reaction kinetics due to the participation
of multiple proton-coupled electron transfer steps, and usually
requires electrocatalysts to accelerate the reaction rate. To date,
RuO, and IrO, are the most effective OER electrocatalysts, but
are not practical for large-scale applications because of their
scarcity and high costs.”®

Therefore, many inexpensive electrocatalysts have been
developed, where cobalt®** or nickel***® phosphides have raised
great interest owing to their low cost and remarkable OER
activities comparable to RuO, or IrO,. In fact, binary cobalt and
nickel phosphides (CoNiP)'"** are demonstrated to have much
better OER activity than most monometallic phosphides'”***
due to the synergistic effect between the host and guest
metals.'**** Moreover, the introduction of the second metal Ni
or Co atoms can turn their electronic structures by forming
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a CoNiP composite, which can optimize binding energies for
OER intermediates and make CoNiP to exhibit OER activity. For
example, after the introduction of Co atoms, homogeneous
Ni,P,"7**** CoP*® and NiCoP**** phases were found in as-formed
ternary CoNiP composites: CoP and Ni,P phases were detected in
CNTs@NiCoP/C,* NiCoP/C** and Ni,P-CoP* composite, and the
CoP and CoNiP phases were detected in NiCo,P,.** Of course, the
unique structure features of NiCoP with a high specific surface
area also contribute to the OER performance.

In particularly, strong evidences'*'**' show that the OER
activity of CoP or NiP does not directly originate from its bulk, but
from metal oxyhydroxide (COOOH or NiOOH) produced during
the OER process. Zhao and co-workers® reported that high-
valence-state Co species in the NiCoP can be more easily
oxidized into CoOOH species as actual surface-active sites during
OER process. Wang and co-workers* prove that the large surface
area offered by the 3D hierarchical nanostructure and the
formation of NiOOH together contribute to the OER activity. He
and co-workers* demonstrate that the actual surface-active sites
in NiCoP/C nanoboxes may be from the formed core-shell
structures of Ni,P/NiOOH and CoP/CoOOH. Additionally, some
argues that the catalytic activity of the NiCoP may be originated
from the formation of Ni-Co oxo/hydroxide on the surface of
catalysts during the OER process.'>*”*® Nevertheless, which,
NiOOH or CoOOH, mainly contributes the catalytic activity is still
a controversy for CoNiP. To further understand the origin of the
catalytic activity of CoNiP, the following issues have to be
addressed: (i) how does the Ni/Co atomic ratio affect the amount
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of CoOOH or NiOOH? and (ii) how does the ratio of COOOH to
NiOOH affect the OER performance?

Herein, we use CoNiP nanocage as a model catalyst, systemat-
ically investigate the composition-dependence of its catalytic
activity, and clarify CoOOH and NiOOH contributions to the OER
activity. CoNiP nanocages with controllable Ni/Co atomic ratio
were fabricated by the hydrolyzing-phosphorization of Co-based
zeolitic imidazolate framework-67 (ZIF-67). Accordingly, the OER
activity of CoNiP first increases (0 < y/x < 1.5) and then decreases
(1.5 <y/x < 3.5). Aty/x = 1.5, the CoNiP nanocages exhibit the best
OER performance with an overpotential of 278 mV at a current
density of 10 mA cm™? and a low Tafel slope of 67 mV dec™ . The
results indicate that neither NIOOH nor CoOOH can exclusively
contribute for the OER activity, which should be attributed to the
synergistic effect of NiOOH and CoOOH.

Experimental

Chemicals

Co(NO;),-6H,0 (98.5%), Ni(NO;),-6H,0 (98.5%), KOH (85%)
and NaH,PO, (99%) were supplied by Sinopharm Chemical
Reagent Co. Ltd. (China). 2-Methylimidazole was purchased
from Aladdin Biochemical Technology Co. Ltd (China). All
chemicals were used as received. Milli-Q water (18.2 MQ cm)
was used in all experiments.

Materials preparation

Synthesis of ZIF-67 crystals. ZIF-67 crystals were prepared
according to the previous report' with little modification. 2-
Methylimidazole (0.7276 g) was dissolved into 40 mL of meth-
anol, to which was added 40 mL of methanol solution con-
taining Co(NO3), (0.821 g) under vigorous stirring. The mixture
was kept still at room temperature for 18 h without stirring. As-
formed purple precipitate (ZIF-67 crystals) was collected by
centrifugation, washed with methanol (3 x 10 mL), and dried
overnight under vacuum at 60 °C.

Synthesis of CoNi and CoCo layered double hydroxide. A
methanol solution (20 mL) containing a certain amount of
Ni(NO;),-6H,O was poured into an equivalent volume of
methanol solution containing ZIF-67 (100 mg) under stirring at
room temperature. After 1 h, a green product (i.e., CoNi-layered
double hydroxide, LDH) was collected, washed with methanol,
and dried overnight under vacuum at 60 °C. The Ni/Co atomic
ratio, y/x, was adjusted by varying the added amount of
Ni(NO;),-6H,0, and determined with inductively coupled
plasma optical emission spectrometry (ICP-OES) analyses. For
convenience, all LDH samples were normalized to the number
of Co atoms, that is, as-prepared CoNi-LDH was expressed as
CoNiy,,. Under the same conditions, CoNiy g-, CoNiy 5-, CONi, »-,
and CoNi; s-LDHs were prepared by adding 200, 400, 600, and
800 mg of Ni(NO3),-6H,0, respectively.

For comparison, CoCo-LDH was also prepared by a similar
procedure except that Co(NOs),-6H,O (400 mg) was used as the
precursor.

Synthesis of CoNiP and CoP. CoNi-LDH (10 mg) and
NaH,PO, (100 mg) were placed at two ends of a quartz boat
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(15 mm x 100 mm). The quartz boat was moved into a tube
furnace with NaH,PO, at the upstream side of the furnace, and
annealed at 300 °C for 2 h with a heating speed of 2 °C min ™"
under a flow of argon gas. As-formed CoNiP product was
collected for use. For comparison, CoP was also prepared by
phosphorizing CoCo-LDH under the same conditions.

Preparation of catalyst ink

Isopropanol (50 pL) and Nafion ethanol solution (50 pL, 5 wt%)
were added into 900 uL of water, to which was added 5 mg of
catalysts under ultrasonication, forming a catalyst ink. The
catalyst ink (10 pL) was applied over a rotating disk electrode
(RDE, 5 mm) and dried in the air. The catalyst mass loading is

~0.25 mg cm >,

Electrochemical measurements

Electrochemical measurements were performed in a traditional
three-electrode configuration. A platinum wire and a Ag/AgCl
electrode were used as the counter electrode and the reference
electrode, respectively. Catalyst-modified RDE electrode was
used as the working electrode.

The OER activities of all catalysts were evaluated by linear
sweep voltammetry (LSV) at a scan rate of 5 mV s * in O,
saturated 1.0 mol L™ KOH solution, and the working electrode
was rotated at 1600 rpm to remove the oxygen bubbles produced
during OER. The catalyst stability was evaluated by cyclic vol-
tammetry (CV) and chronoamperometry. Electrochemical
impedance spectroscopy (EIS) measurements were performed
over the frequency range from 0.1 to 10> Hz with an AC ampli-
tude of 5 mV at open circuit potentials. All reported potentials
refer to RHE (Erpyr = Eagiagct + 0.059 pH + 0.197 V) unless
otherwise specified. All electrochemical data were presented
without iR compensation.

Characterizations and instruments

Electrochemical measurements were performed on a WD20-
BASIC (PINE, America). EIS measurements were performed on
CHI660D electrochemical workstation (Chenhua, Shanghai).
Transmission electron microscopy (TEM), and high-resolution
transmission electron microscopy (HRTEM) images were ob-
tained on JEM-3010 microscope (JEOL, Japan) with an Oxford
INCA detector operating at 300 kV. Scanning electron micros-
copy (SEM) images were obtained on JSM-6700F electron
microscope at 500 kV. X-ray diffraction (XRD) measurements
were performed on a XRD-6100 X-ray diffractometer (Shimadzu)
with Cu Ko radiation (A = 0.154 nm). Inductively coupled
plasma optical emission spectrometry (ICP-OES) data were
collected on an IRIS Intrepid II XSP instrument (Thermo
Fisher). X-ray photoelectron spectroscopy (XPS) spectra were
obtained on an X-ray photoelectron spectrometer (K-alpha 1063,
Thermo Fisher) with Al Ko X-rays as the excitation source.

Results and discussion

Similar to the previous report,"* as-prepared ZIF-67 crystal
shows smooth surface and a rhombic dodecahedral shape with

This journal is © The Royal Society of Chemistry 2020
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an average size of ~750 nm (Fig. S1T). After treating with
Ni(NOs),, ZIF-67 crystals were transformed into CoNi-layered
double hydroxides (CoNi-LDHs).** The Ni/Co atomic ratio, y/x,
in CoNi-LDH was controlled by varying the added amount of
Ni(NO3),-6H,0, as determined by ICP-OES analyses, CoNi g-,
CoNi, 5-, CoNi, -, and CoNi; s-LDHs can be obtained, as shown
in Fig. 1. CoNi-LDH samples are similar in morphology to ZIF-
67 crystals; interweaved nanosheets are randomly distributed
on the surface. From CoNiyg-LDH to CoNi;s-LDHs, the
morphologies of the products do not show a prominent change,
and only the difference is that the nanosheet size become larger
and larger. Notably, some of the nanocrystals were observed to
collapse, suggesting that each CoNi-LDH particle has a hollow
interior structure. The formation of the hollow structure origi-
nates from the reaction kinetic balance between the precipita-
tion of the shell and the acidic etching of ZIF-67.** The
formation of LDH is further confirmed by XRD characterization
(Fig. S271): the diffraction peaks at 22.5°, 33.7° and 60.2° corre-
spond to (006), (009) and (110) facets of LDH,* respectively,
completely different from the XRD pattern of ZIF-67 crystals
(Fig. S2t).**

As illustrated in Scheme 1, through a solid-state phospho-
rization reaction, CoNig g-, CONi; 5-, CONi, ,-, and CoNi; 5s-LDHs
were transformed into CoNiygP, CoNi;sP, CoNi,,P, and
CoNi; 5P, respectively. All as-formed phosphides inherit the
morphological feature of LDHs (Fig. S31 and 2a-d), that is, the
phosphorization process did not lead to a morphology change.
With the increase of Ni content, the neighbouring particles
aggregated and formed a larger superstructure (Fig. 2a-d). The
formation of phosphides is further confirmed by XRD analyses
(Fig. 2e and S47). As for CoP (Fig. S47), the diffraction peaks at
31.6° 36.3° 46.2°, 48.1°, and 56.7° correspond to CoP-(011),
-(111), -(112), -(211), and -(301) facets (JCPDS#29-0497), respec-
tively. As for CoNi,gP (Fig. 2e), the diffraction peaks of CoP

Fig. 1 SEM images of CoNigg- (a), CoNiys- (b), CoNiyo- (c), and
CoNiz5-LDH (d).
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Scheme 1 lllustration of the evolution of ZIF-67 crystals to CoNiP
nanocages.

phase (JCPDS#29-0497) are still intensive; additionally, the
peaks located at 40.9°, 44.9°, 47.5° and 54.4° can be indexed to
(111), (201), (210) and (300) of CoNiP (JCPDS#71-2336), respec-
tively, suggesting that CoNi, gP mainly comprises of CoP and
CoNiP.* However, with the increase of the Ni/Co atomic ratio (y/
x) from 1.5 to 3.5 (Fig. 2e), the characteristic diffraction peaks of
CoP are almost disappeared, and simultaneously, the peaks at
40.9°, 44.9° and 52.9° gradually increase. As the peaks located at
40.9°, 44.9°, 48.4°, 52.9° and 55.4° exclusively belong to (111),
(021), (120), (002) and (030) of Co,P (JCPDS#54-0413), respec-
tively, suggesting that the CoNiP (1.5 < y/x < 3.5) is dominated

3
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Fig.2 SEM images (a—d) and XRD patterns (e) of CoNig gP (a), CoNiy 5P
(b), CoNi»»P (c) and CoNis 5P (d).
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Fig.3 TEM (aand b), HRTEM (c), and EDS element mapping images (d)
of CON]1V5P.

by Co,P and CoNiP. These results indicate that the XRD pattern
of CoNiP depends on the content of Ni atomic percentage.

CoNi, sP as a representative was further characterized by
TEM (Fig. 3a). Compared to CoNi, s-LDH (Fig. S57), CoNi, sP
still retains a hollow and porous structure. On close observation
(Fig. 3b), the surface of nanosheet, however, is no longer
smooth, and there are numerous small nanoparticles (~7 nm in
diameter). Furthermore, the HRTEM image (Fig. 3¢) of CoNi; 5P
depicts distinct lattice fringes with the d-spacing of about 0.232
and 0.196 nm (Fig. 3c), corresponding to the CoP (201) and (112)
crystalline planes, respectively, whereas other neighbouring
lattice fringes measure ~0.203 nm, indexed to CoNiP (201)
crystalline plane (Fig. 3c). These results indicate that the cobalt
and nickel phosphide is a mixture of cobalt phosphide and
nickel phosphide. EDS mapping images (Fig. 3d) show that Co,
Ni, and P elements are distributed uniformly in CoNi, 5P, sug-
gesting that CoNiP and CoP phases are mixed at the nanoscale
level.

The surface chemical composition in CoNi;sP was
confirmed by XPS characterization (Fig. S6t1). The binding
energy at ~778.3 eV is indexed to Co-P (Fig. S6at), with a few
positive shifts relative to that of metallic Co (~777.9 eV). The
binding energies located at ~782.5 and 798.4 eV are mainly
attributed to Co 2p3/, and Co 2p;,, of cobalt oxides, respectively,
and other two binding energies at 786.9 and 803.5 eV are usually
ascribed to the satellite of Co species.'”***¢ Similarly, in the
high-resolution Ni 2p;, spectrum (Fig. S6bt), the binding
energies at ~853.1 and 856.9 eV are caused by Ni-P,*” more
positive than metallic Ni (~852.3 eV). Additionally, the binding
energies at 870.1 and 874.9 eV correspond to Ni*" and Ni** 2p,,
of nickel oxides, respectively; the binding energy at 880.5 eV is
from the satellite of Ni species."” Additionally, the binding
energies at 130.1 and 129.4 eV in the P 2p spectrum (Fig. S6¢t)
can be ascribed to P>, more negative than that of P° (~130.2
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eV),*® and the binding energy at 134.2 eV belongs to oxidized P
species.*®** The formation of Co, Ni and P oxide species was
corroborated by O 1s spectrum (Fig. S6df): the appearance of
the binding energy at 531.8 eV for O-C=0/P-O/oxygen vacan-
cies.*® According to the XPS results, Ni and Co binding energies
show positive shifts, and P binding energy shows a negative
shift, which implies that a local electric dipole may be estab-
lished, facilitating electrons transfer from Ni and Co to P.
Previous reports'®?”*' also demonstrated that this electron
transfer may change the energy barrier of the adsorption and
desorption processes and thus adjust the OER kinetic
behaviour.

To illustrate the catalytic mechanism of CoNiP towards OER, all
CoNiP samples with different Ni/Co atomic ratios were investi-
gated in O,-saturated 1.0 mol L~ " KOH aqueous solution. A pair of
redox peaks was observed between the potential of ~1.15 and
1.35 V for each sample (Fig. S71), characterizing the oxidation of
Ni** and Co”>" and the formation of NiOOH and CoOOH.**>*
Fig. 4a exhibits the OER performance of all catalysts evacuated by
the LSV at a scan rate of 5 mV s . We found that the over-
potentials at 10 mA cm™ > (1;0) and the current densities at 1.6 V
(fis) have a change by the following tendency: 1,0(CoNi, sP) <
N10(CoNiggP) < 719(CONi,P) < 71o(RUO,) < 710(CONizsP) <
110(COoP); j1.6(CONi, 5P) > j; 6(CoNi gP) > j; (CONi, ,P) > j; ¢(RUO,) >
J1.6(CoNi3 5P) > j; o(CoP). As shown in Fig. 4b, all CoNiP catalysts
exhibit better catalytic activity than CoP, indicating that the coex-
istence of Ni and Co elements can reduce the activation energy
barrier, and thus, the O, gas can be produced more easily.
Although the CoP shows relatively low catalytic activity, CoP in
CoNiP still plays a significant role in the CoNiP catalytic activity
because the electron-deficient Co of CoP is helpful for OH™
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Fig. 4 (a) LSV curves, (b) summary of the overpotential at a current
density of 10 mA cm™2 and current density at 1.6 V potential, (c) Tafel
slopes of CoP, CoNiggP, CoNijsP, CoNiyoP, CoNizsP and RuO,
catalysts in O,-saturated 1.0 mol L2 KOH, (d) LSV curves of CoNiy 5P
before and after 1000 cycles (inset: chronoamperometry curve of
CoNiy 5P at an overpotential of 278 mV over 10 h).
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catalysts.

adsorption in alkaline media,"”?*** benefiting for subsequent
oxygen evolution. CoNi-LDH catalysts exhibit lower catalytic
activity than CoNiP (Fig. S8t), the overpotentials of CoNi, g-LDH,
CoNi; 5s-LDH, CoNi, ,-LDH, and CoNi; s-LDH catalysts in O,-satu-
rated 1.0 mol L~ " KOH aqueous solution at 10 mA cm™ > are 349,
332, 345, and 365 mV, respectively. Hence, the catalytic activity of
CoNiP catalysts is closely linked with the Ni/Co atomic ratio of y/x:
with the increase of y/x from 0 to 3.5, the catalytic activity of CONiP
initially increases (0 < y/x < 1.5) and then decreases (1.5 < y/x < 3.5).
CoNi, sP shows the best OER activity with the smallest 7,, and the
largest j; ¢ among all tested CoNiP catalysts. The outstanding OER
performance of CoNi, sP is comparable or even superior to previ-
ously reported NiCoP@Cu;P/CF,” NiCoP/NC polyhedral nanoc-
ages,"”® h-CoNiP/rGO* and so on (Table S1}). Tafel slope of
CONi, 5P is ~76 mV dec™ ", very close to that of the RuO, (81 mv
dec™ ") and smaller than those of CoP and other CoNiP catalysts
(Fig. 4c). Also, CoNi;sP has a smaller semicircle than other
samples in EIS Nyquist diagrams (Fig. S97), indicative of its low
electron-transfer resistance.

Besides the satisfactory OER activity, CoNi, sP also shows
good OER stability. After continuously tested CV for 1000 cycles,
the LSV curve of CoNi, sP did not changed dramatically: the
current density at 1.6 V still preserves 92% of the initial value
(Fig. 4d). The stability of CoNi, ;P was also evaluated by chro-
noamperometry measurement (inset in Fig. 4d). The current
density increases gradually in the first 2 h and then can preserve
93% of the initial value after 10 h, providing reliable evidence
for the excellent durability of CoNi, sP. During the measure-
ment, the initial current density increases because of the acti-
vation of CoNi, sP, which may expose more active site by an
electrochemical de-phosphorization/oxidation.*** The
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electrochemical surface areas (ECSAs) also were estimated from
the calculation of electrochemical double layer capacitances
(Ca1) (Fig. S1071). Clearly, the Cq4; values for CoNi, gP, CoNi; 5P,
CoNi, ,P and CoNi, 5P are 33, 39, 43 and 49 mF cm 2, respec-
tively. The calculated ECSAs of all CoNiP do not have a big
differences, which may be attributed to the similarity of their
structures. Therefore, ECSAs cannot explain why CoNi, sP has
enhanced electro-catalytic performance different from other
CoNiP.

The XPS spectra of CoNi, 5P after 10 h OER test are shown in
Fig. S11.} After OER test, in Co 2p (Fig. S11at), Ni 2p (Fig. S11b¥)
and P 2p (Fig. S11ct) regions of XPS spectra, the peaks assigned
to the Co-P, Ni-P and M-P are disappeared, indicating that the
surface of initial CoNi, sP was oxidized into new oxyhydroxide
species.>® Since the OER activity of CoNiP originates from
NiOOH, CoOOH, or both, the amounts of NiOOH and CoOOH
must play a crucial role. How does the Ni/Co atomic ratio, y/x,
affect the amounts of NiOOH and CoOOH is a key issue.
Therefore, we investigated the chemical states of CoNi, gP and
CoNi; 5P after OER test (Fig. 5). The Co 2p binding energies were
deconvoluted so as to study the oxidation states of Co atoms
(Fig. 5a). The binding energies appear at 779.9 and 796.2 eV for
CoOOH (green area), 781.5 and 797.6 eV for Co(OH),, (blue
area), and 785.9 and 803.9 eV for satellites of Co species (purple
area).**® Theoretically, as the content of Co decreases from
CoNi, gP to CoNij; 5P, the amount of formed CoOOH should be
decreased, and the amount of NiOOH would get the maximum
when the Ni/Co atomic ratio is 3.5. While, in the experimental,
the amount of COOOH in the experimental first increases (0 < y/
x < 1.5) and then decreases (1.5 < y/x < 3.5) (Fig. 5c). This
inconsistence between experimental result and theoretical
prediction may be due to the CoNi, 5P (composed of CoNiP and
Co,P) with higher cobalt content than CoNi, gP (composed of
CoNiP and CoP), leading to the formation of more CoOOH
active sites.”**»* The amount of CoOOH is negligible in
CoNi; 5P, indicating the higher Ni content mitigates the
formation of CoOOH species, owing to the lower electronega-
tivity of Co (1.88) than Ni (1.91).>* Additionally, according to Ni
XPS spectra (Fig. 5b), the amount of NiOOH increases with the
increase of the Ni/Co atomic ratio (i.e., y/x), and reaches
a maximum at y/x = 3.5. If only the NiOOH species serve as
active sites, CoNi; ;P contains maximum NiOOH and should
have exhibited the best OER activity. However, in fact, CoNi; sP
is the worst catalyst among three CoNiP catalysts. According to
Fig. 5, the total content of MOOH reaches its maximum value
when the Ni/Co atomic ratio is 1.5. Therefore, we can reasonably
conclude that both NiOOH and CoOOH serve as active sites and
together contribute for the OER activity.

Conclusions

We have identified the electrocatalytic active sites of binary
cobalt and nickel phosphides towards OER by using CoNiP
nanocage as a model catalyst, established the correlation
between the composition and the OER activity, and clarified the
composition-dependence of the CoOOH and NiOOH activity.
With the increase of the Ni/Co atomic ratio (y/x), the formation
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amount of CoOOH first increases (0 < y/x < 1.5) and then
decreases (1.5 < y/x < 3.5); However, the amount of the NiOOH
increases continuously. Furthermore, CoNi;sP nanocages
exhibit the best OER performance with an overpotential of
278 mV at a current density of 10 mA em™> and a low Tafel slope
of 67 mV dec ™', and remain 93% of the initial current density
after 10 h OER run, showing excellent durability. This study
indicates that both NiOOH and CoOOH serve as active sites and
together contribute for the OER activity, which not only
provides the guidance for designing high-efficiency CoNiP, also
gains more insight into the origins of the catalytic activity.
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