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ABSTRACT: Designing a cheap, competent, and durable catalyst for the oxygen
evolution reaction (OER) is exceedingly necessary for generating oxygen through a water-
splitting reaction. In this project, we have designed a ZIF-67-originated molybdenum-
doped cobalt phosphide (CoP) using a simplistic dissolution−regrowth method using
Na2MoO4 and a subsequent phosphidation process. This leads to the formation of an
exceptional hollow nanocage morphology that is useful for enhanced catalytic activity.
Metal−organic frameworks, especially ZIF-67, can be used both as a template and as a
metal (cobalt) precursor. Molybdenum-doped CoP was fabricated through a two-step
synthesis process, and the fabricated Mo-doped CoP showed excellent catalytic activity
during the OER with a lower value of overpotential. Furthermore, the effect of the Mo
amount on the catalytic activity has been explored. The best catalyst (CoMoP-2) showed
an onset potential of around 1.49 V at 10 mA cm−2 to give rise to a Tafel slope of 62.1 mV
dec−1. The improved catalytic activity can be attributed to the increased porosity and surface area of the resultant catalyst.

■ INTRODUCTION
The burgeoning industrial society and its rapid population
growth have made energy scarcity and environmental issues
paramount concerns for humankind. As a result, scientists have
become dedicated to creating energy storage technologies that
are both ecologically benign and effective. For future energy
supply, it is critically necessary to develop low-cost, environ-
mentally friendly, and highly efficient energy sources.1 In this
concern, electrochemical water splitting, which consists of both
the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER) is particularly effective. The
efficiency of each of these two processes can be boosted by
accelerating the activity of the catalysts used in the cathode and
anode while reducing the overpotential of the corresponding
electrode.2 Currently, noble metals such as IrO2, RuO2, and
their amalgamations are considered as the most efficient
catalysts for the OER. Unfortunately, high cost, low
abundance, sluggish reaction kinetics, and low durability have
narrowed the widespread use of these catalysts for practical
applications.3−6 Consequently, researchers are focused on the
replacement of these noble-metal-based catalysts with earth-
abundant electrocatalytically active materials. The catalysts’
porous nanostructure would be a crucial step in exposing the
active sites to the electrolyte and substrate as much as possible
in order to attain high catalytic activity. Metal−organic
frameworks (MOFs) are a class of porous crystal materials
with ordered structures that seem like perfect antecedents in
this situation. They provide an excellent surface area, distinct
porosity, and adaptable activity. Even though a wide variety of

MOFs have been created to catalyze the oxygen release
reaction, the majority of MOFs are unstable and are therefore
unsuitable for most practical uses. On the other hand, metal
Zeolitic imidazolate frameworks (ZIFs) (the skeleton of which
consists of Co2+ ions coordinated with the N atoms of 2-
methylimidazole and build a tetrahedral structural units) are
highly promising because they offer several scientific and
technological prospects, such as unique structure, easy
fabrication, high surface area, tunable porosity, and high
thermal and chemical stability.7,8 Additionally, their structure
and morphology can be tuned to get the desired structure and
morphology with enhanced activity for application in energy
devices. For instance, direct calcination of ZIF-67 results in the
formation of a Co@N-doped carbon composite which showed
enhanced catalytic activity toward the oxygen reduction
reaction (ORR).9 Moreover, ZIF can be renovated into
various Co-containing catalysts, such as CoP, CoS, Co3O4,
Co3S4, Co9S8, etc.,

10−15 that exhibit enhanced HER, OER, and
ORR activity. Among them, researchers were focused on
transition metal phosphides for application as overall water
splitting catalysts, which include CoP, MoP, Ni2P, and FeP.
Unfortunately, the observed catalytic activity of these materials
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is far behind the noble-metal-based catalysts. Additionally,
complicated synthetic methods and sophisticated fabrication
methods further restrict their practical applications.32 Among
the metal phosphide catalysts, cobalt phosphides attract
interest because of their enhanced catalytic activity and
morphologies such as nanorods, nanowires, nanoparticles,
and nanosheets as well as ternary phosphides.34,38 However, in
order to obtain very durable electrocatalysts, unencapsulated
Co nanoparticles within N-doped carbon cages have to be
removed by an acid-washing phase, which raises production
costs and lowers the amount of active species. Furthermore,
efficient utilization of the active species is challenging because
the agglomeration of the active components that occurs during
the thermal treatment provides additional challenges in the
development of a high-performance and durable MOF-based
catalyst.16−19 Recently, ZIF-67-derived hollow nanocages have
attracted significant attention due to exciting structural and
morphological characteristics such as high electrochemical
active sites, low density, high porosity, and robust surface area.
Although recent strategies for the synthesis of MOF-derived
hollow nanocages utilize both hard and soft templates, these
suffer from complex synthetic steps and removal processes.
Interestingly, MOFs can be utilized both as precursors and
templates for the synthesis of hollow nanocages with
interesting structures and morphologies.20−22 Recently some
researchers explored the potential of doped and undoped
nanocages as electrodes for a supercapacitor with enhanced
performance and stability for practical applications.24 Inspired
by the above discussion, we have fabricated a ZIF-67-derived
Mo-doped cobalt phosphide hollow nanocage (CoMoP) using
a simple dissolution−regrowth method using Na2MoO4, which
formed CoMoO4−Co(OH)2 hollow nanocages, and a
subsequent phosphidation process (Scheme 1).

In our present work, we have fabricated Mo-doped CoP
catalysts for application as catalysts for oxygen evolution
reactions. This doping strategy improves the catalytic perform-
ance of the cobalt active site toward the OER. We have also
analyzed the effect of the amount of Mo-dopant on the
efficiency of catalytic activity, which was not reported yet.
Especially, the hollow nanostructure with feasible nanostruc-
ture has interesting physical and chemical properties such as
rich electrochemical active sites, low density, high surface area,
and easy ionic accessibility, which makes them useful for
electrochemical application. Additionally, easy fabrication and
a self-sacrificed templating strategy allow for structural
engineering for specific applications. The exceptional hollow
morphology and synergistic interaction of both cobalt and
molybdenum give rise to outstanding catalytic activity in terms
of low overpotential, high current density, and considerable
durability. The electrochemical measurements confirm that the
as synthesized CoMoP displays notable electrocatalytic activity
toward the oxygen evolution reaction (OER) under alkaline
condition.

■ EXPERIMENTAL SECTION
Analytical grade chemicals were utilized prior to any kind of
refinement.
Synthesis of ZIF-67. ZIF-67 was prepared using the

method described in the literature.23 Typically, cobalt nitrate
(Co(NO3)2·6H2O, 1.436 g) and 2-methylimidazole (3.244 g)
were each dissolved in 100 mL of methanol. Subsequently, the
solution containing metal salt was added into the ligand
solution while stirring vigorously. Subsequently, the mixture
was stirred for an additional 30 min and then kept undisturbed
for 24 h. Finally, ZIF-67 was collected through centrifugation
and purified using methanol 3 times and dried under vacuum
at 60 °C for 12 h.
Synthesis of CoMoO4−Co(OH)2 Nanocages (Co-

MoNCs). CoMoO4−Co(OH)2 nanocages were synthesized
from ZIF-67 using the method described in the literature with
some modification.24 At first, 150 mg of ZIF-67 was dispersed
in 50 mL of ethanol under sonication and vigorous stirring for
1 h. Then, a solution containing different amounts of
Na2MoO4·2H2O dissolved in water was quickly added into
the above solution. This mixture was refluxed for 3 h. Finally,
the sample was collected after washing several times using
water and ethanol. The dried sample was obtained after being
freeze-dried for 2 days. Three different ratios of ZIF-67 to
Na2MoO4·2H2O were used and named as CoMoNCs-1 (2:1),
CoMoNCs-2 (1:2), and CoMoNCs-3 (1:3).
Fabrication of Mo-Doped CoP. The as-synthesized ZIF-

67 or CoMoNCs and NaH2PO2·2H2O were placed at two
different locations in a porcelain boat and inserted into a tube
furnace while positioning NaH2PO2·2H2O at the upstream
side of the furnace. The furnace was allowed to heat at 350 °C
for 2 h with temperature rise of 2 °C per minute. The
impurities and unstable compositions were washed away using
2 M HCl and washing with deionized water to get sample CoP,
CoMoP-1, CoMoP-2, and CoMoP-3 while using sample ZIF-
67, CoMoNCs-1, CoMoNCs-2, and CoMoNCs-3, respec-
tively.
Evaluation of Catalytic Activity. Catalytic activity was

investigated under ambient conditions using a three-electrode
system fitted with a rotating (ring) disk electrode and
potentiostat (RRDE-3A). Five milligrams of the sample was
at first dispersed in 950 μL of ethanol using ultrasonication
which was followed by the addition of 50 μL of Nafion
solution (0.5 wt %). Then 5 μL of the sample was loaded on
the working electrode (GCE, 3 mm in diameter) and dried at
room temperature before starting the electrochemical measure-
ment. All of the prepared catalysts were loaded on the surface
of a glassy carbon electrode by simple drop casting with a
loading of 0.35 mg cm−2. All of the electrochemical
measurements were performed using a Ag/AgCl electrode as
the reference electrode and a graphite electrode as the counter
electrode. All of these measurements were performed in 1.0 M

Scheme 1. Schematic Illustration of the Formation of ZIF-67-Derived Hollow CoMoP Nanocages

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00403
ACS Omega 2024, 9, 36114−36121

36115

https://pubs.acs.org/doi/10.1021/acsomega.4c00403?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00403?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


KOH solution at a pH of 13.9. The potential was converted to
reversible hydrogen electrode according to the Nernst
equation:39

= + × +E E 0.059 pH 0.199RHE (1)

Additionally, the double-layer capacitance (CdI) of each
sample was calculated using cyclic voltammetry (CV) at
various scan rates in a nonfaradic region. Additionally, the
catalytic durability was analyzed using chronopotentiometry
(CP) at 10 mA cm−2. The catalyst preparation and loading
were the same as described for the working electrodes.
Additionally, durability was also studied using chronopotenti-
ometry study at various current densities.
Determination of Turnover Frequency (TOF). Turn-

over frequency (TOF) was evaluated using the following
equation:

= JA
nFm

Turn over frequency (TOF)
(2)

Here, J is the current density (A cm−2), A is the geometric area
of the electrode (cm2), n is the number electron transfer
number during the OER reaction (n = 4), F is the Faraday
constant (96,485 C mol−1), and m is the number of moles of
active site loaded on the electrode. The obtained TOF is
usually the minimum value, since partial exposure of active site
is unavoidable.

■ RESULTS AND DISCUSSION
Structural and Morphological Properties. The surface

morphology of the materials has been investigated using SEM
as shown in Figure 1(a, b) and Figure S1(a−c). From the SEM
results, it is evident that ZIF-67 has a rhombic dodecahedron
morphology which is retained even after the phosphidation

Figure 1. Surface morphology and characterization of the synthesized catalysts: SEM image of (a) CoP and (b) CoMoP-2; TEM images of (c)
CoP and (d) CoMoP-2; (e) PXRD pattern of CoP and CoMoP-2; and (f) N2 adsorption isotherm of CoP and Mo-doped CoP.

Figure 2. XPS spectra of the catalysts: (a) Co 2p, (b) P 2p, and (c) Mo 3d.
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process. Furthermore, the hollow rhombic dodecahedral
morphology of the nanocages was also observed in the TEM
image of CoP and CoMoP, which are depicted in Figure 1(c,
d) and Figure S1(d, e). Additionally, porosity and textural
characteristics of CoP and Mo-doped CoP were analyzed
through BET surface analysis (Figure 1(f)). The nitrogen
absorption isotherm gives rise to a surface area of 116.4 m2 g−1

for CoMoP-2, which was much higher than that of CoP (34.07
m2 g−1). Based on the isotherms, Mo-doped CoP has higher
surface area than that of undoped CoP. The incorporation of P
and Mo was further confirmed by energy dispersive X-ray
spectroscopy (EDS) measurement (Figures S2 and S3). The
percentage of the doped Mo was 9.94 (wt %) for CoMoP-2 as
observed through EDS analysis. The structure has been
analyzed using powdered X-ray diffraction (PXRD) as depicted
in Figure 1a and Figure S4. The XRD pattern of ZIF-67 is in
good agreement with the literature, which confirms the pure
phase of ZIF-67 (Figure S4(a)). After refluxing using sodium
molybdate, the ZIF-67 phase disappears, and a new phase
appears as shown in the PXRD pattern (Figure S4(b)). The
PXRD pattern of CoMoNCs is consistent with the simulated
pattern, as shown in Figure S4(b).

The characteristic peaks at 19, 33, 38, 52, and 58 correspond
to the Co(OH)2 phase (JCPDS 30-0443), and the peaks
located at 19, 27, and 33 correspond to the phase of CoMoO4
(JCPDS 21-0868). The formation of CoP and Mo-doped CoP
(CoMoP-2) has been apparent in the respective PXRD
patterns (Figure 1(e)), which give four distinct peaks that
match well with the (011), (102), (202), and (301) planes of
CoP which strongly matched with the standard JCPDS No. 29-
0497.36,37 From the XRD pattern, it is evident that the peak
position of Mo-doped CoP is shifted to a lower 2Θ value,
which signifies the widening of the interlayer distance.
Additionally, different structural parameters were calculated
from the XRD pattern using the methods described in the
literature40−44 and tabulated in Table S1. The crystalline size

of CoP was 8.34 nm, while after doping, the crystalline size of
CoMoP-2 became 4.58 nm.

The chemical compositions of CoP and CoMoP-2 were
confirmed using XPS, and the resulting data are depicted in
Figures 2 and S5. From the XPS survey spectrum of both CoP
and CoMoP-2, it is evident that Co, P, and O are present.
These were further confirmed from the energy-dispersive X-ray
spectroscopy (EDX) spectra of CoP as shown in Figures S2
and S3. From the XPS spectrum of Co 2p (Figure 2 (a)), the
peaks located at 781.9 and 795.0 eV can be assigned to the
presence of Co2+ 2p3/2 and Co2+ 2p1/2, respectively.45,46

Additionally, the peaks located at 786.0 and 803.1 eV signify
the existence of two apparent shakeup satellite peaks.
Furthermore, a positive shift of the binding energy (BE) of
Co 2p (778.8 eV) from that of metallic cobalt (777.9 eV)
confirms that the cobalt in Co 2p contain partial positive
charge (δ+) with a small value (0 < δ < 2).47 On the other
hand, the binding energy of P 2p (129.6 eV) shifted negatively
to that of the elemental P (130.2 eV) so that the P has a partial
negative charge (δ−) in Co 2p. The direction of electron
density transfer in Co 2p is from Co to P, as indicated by the
changes in binding energies in the Co and P elements relative
to their elementary substances, respectively.48 Superficial
oxidation of Co 2p generates a few oxidized P species in the
sample. Therefore, the peaks at 133.2 eV in high BE range are
assigned to the oxides.49 Therefore, the presence of both Co2P
and Co phosphate are present in undoped CoP. Unlike Coδ+,
no evidence of Moδ+ (binding energy 228.6 eV) was observed.
Rather, two valence states of Mo in the Mo 3d region spectrum
was observed. The binding energy values of 230.5 and 232.5
eV are attributed to the Mo4+ state in the Mo 3d5/2 and Mo
3d3/2 regions, respectively. This state can be associated with
molybdenum phosphate in the corresponding oxidation
state.50,51 The binding energies of 234.1 and 236.1 eV can
be assigned to the Mo6+ state (molybdenum phosphate) in Mo
3d5/2 and Mo 3d3/2 regions, respectively.52,53 The P 2p and Co
2p spectra are similar to those of undoped CoP. Therefore, it is

Figure 3. Electrocatalytic OER performance of the synthesized electrocatalyst. (a) Linear sweep voltammetry polarization curves of CoP, CoMoP-
1, CoMoP-2, CoMoP-3, and IrO2, (b) Tafel plot of all the catalysts, (c) CV curves conducted at various scan rates ranging from 5 to 100 mV s−1,
and (d) overpotential values of all the catalysts at 10 mA cm−2.
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clear that although phosphates of both Co and Mo are present,
the phosphide is present only in Co.

Additionally, we characterized the catalysts after the
durability test to study the morphology and composition
changes occurring during the catalytic activity. From Figure
S6(b), it is evident that the morphology of the CoMoP-2
catalyst changes after the durability test. However, from PXRD
and Raman spectroscopy (Figure S6(a) and S6(c)), it is
evident that the structural feature of the catalyst changes.
Especially, phases of cobalt oxide appeared due to the OER
reaction.34 Moreover, there is a shift in the peak position with a
change in the peak intensity. Structural features were also
evaluated using XPS, and it is evident that peak intensity and
area are changed for both Co 2p and Mo 3d. From the Mo 3d
XPS shown in Figure S7(b), it is evident that the peak intensity
of Mo4+ species decreases but the intensity of Mo6+ increases;
this may be due to the oxidation of Mo4+ to Mo6+. In the case
of Co 2p XPS spectra (Figure S7(a)), the peak intensity
decreases; this is due to the dissolution of some cobalt ion
during the catalytic reaction.
Catalytic Performance. The OER catalytic activity of

CoMoP-2 catalysts was assessed in 1.0 M KOH by using three
electrode systems. Additionally, CoP, CoMoP-1, and CoMoP-
3 catalysts and commercial IrO2 were also investigated for
comparison. Figure 3a shows the LSV curves measured at a
scan rate of 10 mV s−1. The catalytic efficiency of CoP
increases with the amount of Mo doping; however, very high
Mo loading results in the decrease of catalytic activity.
Additionally, the Tafel slope for IrO2, CoP, CoMoP-3,
CoMoP-1, and CoMoP-2 was 198.5, 112.6, 129.4, 92.1, and
62.1 mV dec−1, respectively (Figure 3(b)). These values clearly
indicate the favorable kinetics toward the OER catalytic
activity.

Furthermore, the catalytic activity of a catalyst is strongly
dependent on the electrochemically active surface area. To
determine the electrochemical active sites of each catalyst,
electrochemically active surface area (ECSA) was determined
through CdI, which was assessed from the CV curves measured
at different scan rates ranges from 5 to 100 mV s−1 as shown in
Figures 3c and S8(a−c). The CdI value has a positive
correlation with the ECSA. From Figure S9, it is evident that
CoMoP-2 has a higher CdI value than that of other catalysts,
which confirms the highest ECSA among all. This higher
ECSA value supports the higher OER activity of CoMoP-2.
Furthermore, among these catalysts, CoMoP-2 shows the
optimum catalytic activity with an onset potential of ∼1.49 V
and an overpotential (at a current density of 10 mA cm−2) of
264.4 mV (Figure 3(d)). On the contrary, other catalysts such
as IrO2, CoP, CoMoP-1, and CoMoP-3 give rise to
overpotentials of 470.1, 458.1, 305.1, and 344.1 mV,
respectively. Additionally electrochemical impedance spectros-
copy (EIS) analysis was conducted to investigate the charge
transfer resistance (Rct) of CoP and CoMoP-2 catalysts in 1.0
M KOH solution, and the results obtained are shown in Figure
S10. The Nyquist plots of EIS showed a semicircle for each of
these catalysts, which implies the process that occurred was
controlled by charge transfer. In EIS spectra, catalysts showing
larger semicircles represent slower reaction kinetics in
comparison to the catalysts showing smaller semicircles. This
smaller semicircle of CoMoP-2 also supports higher catalytic
activity of CoMoP-2 in comparison to CoP. The stability of
the catalysts was tested using the CP method at the constant
current density of 10 mA cm−2 for 4 h (Figure S11(a)). The

curves showed negligible decay of potential over this interval,
which implies that this catalyst has considerable stability for
application as a durable catalyst. The slight potential drop
might be due to the consumption of OH− from electrolytes
and the weakening of the active sites over the period.25−28

Additionally, from Figure S11(b), it is evident that the LSV
curve obtained after the 4 h stability test remained almost the
same, which signifies its stability for a long period.
Furthermore, durability was studied using a chronopotenti-
ometry study at various current density studies, which is shown
in Figure S12. Finally, the enhanced OER catalytic activity of
CoMoP-2 can be attributed to its higher porosity and robust
surface area generated with the introduction of molybdenum.
Additionally, the catalytic activity increases with the amount of
Mo-doping, suggesting that the unique structure, morphology
and electronic interaction developed with the introduction of
Mo results in the improvement of OER catalytic performance
of the catalyst. Nevertheless, when Mo doping levels get too
high, the buildup of materials worsens and causes many active
sites to be inhibited, which lowers the materials’ rate of
utilization. Severe buildup also impedes charge transport,
resulting in decreased electrochemical performance. In order to
determine the intrinsic catalytic activity of the catalysts, the
turnover frequency (TOF) of OER was determine at
overpotential of 300 mV OER. CoP showed a TOF value of
0.013 s−1 in comparison to TOF value of 0.0278 s−1 for
CoMoP-2. All of these data explain the reason for showing
enhanced catalytic activity of CoMoP-2 in comparison to CoP.

The following four basic processes are involved in the
generally acknowledged alkaline OER mechanisms:54

+ * * +OH OH e (i)

* + * + +OH OH O H O e2 (ii)

* + * +O OH OOH e (iii)

* + * + + +OOH OH O H O e2 2 (iv)

Here, * represents the active sites for OER. Since the
medium is alkaline and plenty of OH− ions are present in the
medium, water dissociation can be avoided in the first step and
OH− ions can be used directly. The entire mechanism involves
*OH, *O, and *OOH. The value of the Tafel slope (62.1 mV
dec−1) suggests that step (i) is very fast, and step (ii)
(formation of *O) can be considered as the rate determining
step. The Co active sites and lattice oxygen were found to be
catalytically active toward OER as described by Grimaud et al.
through in situ 18O isotope labeling mass spectroscopy. The
superior catalytic activity of the Mo-doped CoP than that of
CoP may be due to the electron transport from the Mo to the
adjacent Co species, which is followed by the transfer of
electron to the H in HO* adsorption. The Mo-induced
electron transfer toward the H would decrease the bond
strength of H−O in the adsorbed HO species, facilitating the
potential limiting deprotonation process and thereby boosting
the OER catalytic performance.55−57 Since the MOF-derived
transition metal phosphide, sulphide, and nitride show
instability under alkaline and acidic conditions, in situ
Raman analysis during the catalytic activity study will explore
the actual mechanism of the catalytic performance of these
catalyst as reported in the literature.58−60

Table 1 compares the reported OER catalytic activity of
MOF-derived CoP showing onset potential, overpotential, and
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Tafel slope. Clearly, Mo-doped CoP showed an enhanced
OER catalytic activity compared to some previously reported
MOF-derived CoP, signifying the potential and possible
practical applications of this catalyst.

■ CONCLUSIONS
We have fabricated a series of Mo-doped ZIF-67-derived CoP
using a very facile dissolution−regrowth method. The Mo-
doping results in the formation of hollow cobalt molybdenum
nanocages (CoMoNCs). Phosphidation of these nanocages
results in the formation of a stable and efficient OER catalyst.
Study on the effect of the amount of Mo dopant suggests that
Mo doping has a strong influence on the catalytic property of
the as-synthesized catalyst. We observed an optimized doping
condition for the OER catalytic activity. The optimized Mo-
doped catalyst, CoMoP-2, exhibits efficient OER catalytic
activity with an onset potential of ∼1.49 V while showing an
overpotential of 264.4 mV and a lower Tafel slope of 62.1 mV
dec−1. This enhanced catalytic activity is correlated with the
higher porosity and surface area, which results in a higher
electrochemical active surface area generated through the
introduction of Mo. Finally, this study provides an efficient and
facile strategy for the design of high-performance nonprecious
OER electrocatalysts for application in electrochemical energy
conversion devices.
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