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xomolybdate with a porous
pyramidal structure on carbon xerogel
nanodiamond as an efficient electro-catalyst for
oxygen reduction reaction†

Abeer Enaiet Allah, a Mohamed M. EL-Deeb,b Ahmed A. Farghali,c H. El Molld

and Abdalla Abdelwahab *ce

The slow kinetics of the oxygen reduction reaction (ORR) limits the large-scale usage of the fuel cells. Thus,

it is crucial to develop an efficient and stable electrocatalyst for the ORR. Herein, facile synthesis of three-

dimensional nitrogen-doped carbon xerogel diamond nanoparticles, CDNPs support is reported. The as-

prepared CDNPs support was functionalized with a Keggin-type polyoxomolybdate via the hydrothermal

process (POM@CDNPs). As the characterization techniques revealed, this nanocomposite possesses

a three-dimensional structure, high density of nitrogen doping, and well-dispersed porous pyramidal

morphology of POM, making it a promising catalyst for ORR in alkaline medium. The POM@CDNPs

nanocomposite exhibits an outstanding activity for ORR with a limiting current density that reaches

−7.30 mA cm−2 at 0.17 V vs. RHE. Moreover, a half-wave potential of 0.773 V is delivered with a stability

of about 99.9% after the 100th repetitive cycle as this catalyst forces the ORR to the direct-four-electron

pathway. This work spots the advantages of hybridizing the sp3 of the nanodiamond with the sp2 of the

carbon xerogels to increase the conductivity of the support material. In addition, the role of the porous

pyramidal morphology of the POM on the activity of the nanocomposite was evaluated. This study

suggests using advanced carbon-based electro-catalysts with outstanding activity and stability.
1. Introduction

Due to the recent challenges of climate change and the
continuous increase of environmental pollution, nding and
developing clean and renewable energies is of vital importance
in the coming years.1,2 Thus, the development of novel renew-
able energy conversion and storage systems such as metal-air
batteries, hydrogen production, and fuel cells, has been exten-
sively studied from the laboratory scale to the industrial point of
view.3 Among the renewable energy systems, fuel cells are
considered promising power sources as they are capable of
converting chemical energy directly into electricity with high
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efficiencies without any polluting emissions. In the fuel cells,
two reactions are carried out at the anode and cathode. At the
anode, a fuel such as hydrogen or methanol is oxidized, while at
the cathode an oxygen reduction reaction (ORR) occurs.
Unfortunately, the reaction kinetics of oxygen reduction is very
slow, implying that high reduction potentials are required
which in turn decreases the fuel cell's performance and limits
their market use. Therefore, the use of an efficient electro-
catalyst (EC) is crucial and of great importance for developing
the ORR kinetics and the overall fuel cell performance.

Platinum, Pt, and its alloys are considered the most effective
electro-catalysts (ECs) for the ORR which provide low ORR over-
potentials, large current densities, and are selective for the
direct four-electron pathway.4–6 However, platinum-based
electro-catalysts are not considered the best solutions for
increasing the ORR kinetics as they suffer from several draw-
backs such as scarcity, high cost, and poisoning of Pt by the CO
intermediate species which results in poor stability and
durability.7

During the past few years, the research is directed to nd
a platinum-free electro-catalyst with satisfying activity and
durability. Carbon nanomaterials have been applied as electro-
catalysts for ORR asmetal-free ECs in alkalinemedium owing to
their high surface areas, good electrical properties, and high
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemical and thermal stabilities.8–10 Additionally, carbon
nanomaterials doped with different transition metal oxides are
used as a support material to enhance activity and stability.11–14

Carbon nanomaterials can also be doped with nitrogen, sulfur,
or phosphorous, and the results showed that nitrogen-doped
carbon has the best performance towards ORR among their
alternatives.1,15 The development of ORR activity of carbon upon
doping with nitrogen or another dopant is due to the increase of
electroactive sites on high surface area and enhanced
conductivity.

In ORR application, various carbon-based electrocatalysts
were employed such as carbon nanotubes,16 graphene,17 and
carbon xerogels. In this context, nitrogen-doped carbon xero-
gels (C) are novel carbon materials comprising sp2-bonded
carbon atoms, high specic surface areas, and an open three-
dimensional porous structure. This porous structure allows
for enhancing the transport and diffusion of ions, resulting in
better ORR performance. Moreover, diamond nanoparticles
(DNPs) are new carbon allotropes with a combination of sp2 and
sp3 hybridization which possesses excellent electrical proper-
ties, high surface areas, and good mechanical properties.

In addition, polyoxometalates (POMs) are among the prom-
ising species that can be immobilized on a carbon matrix. They
include a large class of inorganic oxides containing oxygen and
transition metals with excellent activity in many applica-
tions.3,17,18 The advantages of using POMs as an electro-catalyst
in ORR are their rich redox chemistry which gives rise to mixed-
valence species, structural exibility, high thermodynamic
oxidation stability, and fast and reversible multiple electron
redox properties.19 Different carbon materials were used as the
ideal support for the dispersion of POMs such as graphene,17

graphitic carbon nitride,18 and carbon black.20 But the use of
POMs in ORR is still limited because of their low surface area,
lower stability, and degradation in the aqueous media.19,21

Diana M. Fernandes et al. reported the preparation of poly-
oxotungstate immobilized on different carbon support nano-
materials in an alkaline medium.1 A diffusion-limiting current
density of −168.3 mA cm−2 mg−1 was obtained for
Co4(PW9)2@N-CNT. Marta Nunes et al. prepared several nano-
composites by the incorporation of vanadium-substituted
phosphomolybdate into different carbon supports. They
found that the nanocomposite supported on graphene as
PMo11V@graphene exhibited the best ORR performance.22

Taking into account that POMs-based nanocomposites have
shown high efficiency towards ORR and the nanocomposite
containing POMs supported on nitrogen-doped carbon dia-
mond hasn't been used before as an electrocatalyst for ORR.
Thus, this work reports the successful preparation and appli-
cation of polyoxomolybdate supported on nitrogen-doped
carbon xerogel/diamond matrix for ORR in an alkaline
medium. The porous carbon xerogels were prepared from the
resorcinol–formaldehyde monomers through the sol–gel
method. Then, the nitrogen-doped carbon xerogel diamond
matrix was prepared by simply mixing and annealing the
precursors in a tube furnace at 600 °C for 2 h under the N2

atmosphere. Finally, the nanocomposite of polyoxomolybdate
supported on nitrogen-doped carbon xerogel/diamond
© 2023 The Author(s). Published by the Royal Society of Chemistry
POM@CDNPs was obtained through a hydrothermal process.
The purpose of this work is to evaluate the importance of
hybridizing the sp3 of nanodiamond with sp2 of carbon xerogels
to increase the conductivity of the support material. Moreover,
the effect of the morphology of the polyoxomolybdate on the
catalytic activity of the nanocomposite to the ORR is evaluated.

2. Experimental section
2.1. Preparation of POM

0.8 g of hydrazinium sulfate (N2H4$H2SO4, 6.1 mmol) was added
to a solution containing 5.6 g of ammonium molybdate tetra-
hydrate ((NH4)6Mo7O24$4H2O, 4.5 mmol) and 12.5 g of ammo-
nium acetate (CH3COONH4, 162.2 mmol) in 250 mL H2O. The
solution was stirred for 10 min and when the colour changed to
blue-green, 83 mL of acetic acid, CH3COOH (50%) was added.
When the solution turns green, it is stored in an open 500 mL
Erlenmeyer ask at 20 °C without further stirring. Aer four
days in the fume hood, the precipitated crystals with red-brown
colour were ltered, washed with 90% ethanol, and nally dried
in the air.

2.2. Preparation of porous carbon xerogel (C)

Carbon xerogel was prepared as reported previously.23 Briey,
the resorcinol (R) and formaldehyde (F) were mixed in water (W)
with appropriate molar ratios using cobalt acetate as the poly-
merization catalyst. The amount of cobalt in the nal carbon
xerogel matrix was calculated to be 1%. The R/F and R/W molar
ratios were 1 : 2 and 1 : 17, respectively. Then, the obtained
solution was subjected to stirring and casting into glass molds.
The curing temperature was 40 °C for 24 h, followed by keeping
it at 80 °C for ve days. Aer that, the obtained organic gels were
dried using microwave heating to receive their corresponding
organic xerogel. Finally, the C was obtained by carbonization of
organic xerogel at 900 °C with a heating rate of 5 °C min−1

under N2 gas ow in a tube furnace for 2 h.

2.3. Preparation of nitrogen-doped carbon diamond
(CDNPs)

The nitrogen-doped carbon diamond matrix was prepared by
simply mixing 10.0 g of urea, 100 mg of carbon xerogel, and
10 mg of nanodiamond. The amount of nanodiamond in the
carbon xerogel matrix was calculated to be 10 wt%. Physical
mixing using mortar was performed, and then the produced
powder was thermally treated in a tube furnace at 600 °C for 2 h
under an N2 atmosphere with a heating rate of 10 °C min−1.

2.4. Preparation of POM@nitrogen-doped carbon diamond
composites (POM@CDNPs)

POM@CDNPs composite electro-catalyst was prepared as
follows: 0.09 g of CDNPs was dissolved in 40.0 mL of ethanol
solution and sonicated for 10 minutes. The aqueous solution of
0.03 g of POM in 15 mL of water was added to the above
suspension under stirring for 1 h. Then, the resulting mixture
was diluted with 105 mL of water in a Teon-lined autoclave
(200 mL). Aer that, the autoclave was placed inside an oven
RSC Adv., 2023, 13, 8090–8100 | 8091
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and maintained at 150 °C for 24 h. Aer the hydrothermal
reaction, the resulting precipitate was washed using hot DI
water and ethanol several times by centrifuge. Finally, the ob-
tained powder was dried in an oven at 60 °C for 12 h.

2.5. Characterization

The characterization of materials' crystallinity was performed
using powder X-ray diffraction (XRD, PANalytical Empyrean,
Netherlands). Also, the surface morphologies of the prepared
materials were investigated using eld emission scanning
electron microscopy (FESEM, ZEISS, EVOMA10). The materials'
microstructure and the POM dispersion were determined with
high-resolution transmission electron microscopy (HRTEM,
JEM2100, Jeol, Japan). The materials' porosity and their corre-
sponding surface areas were evaluated using Micromeritics
surface area analyzer (TriStar II 3020, Micromeritics, USA) to
record nitrogen adsorption–desorption isotherms at 77 K. The
materials' chemical composition and their oxidation states were
tested with X-ray photoelectron spectroscopy (XPS, K-ALPHA,
Thermo Fisher Scientic, USA).

2.6. Electrochemical measurements and electrode
preparation

The working electrode was prepared by dispersing 5 mg of the
as-prepared material in 400 mL isopropanol solution and 15 mL
Naon (5 wt%). The suspension was sonicated for 10 minutes
then, 10 mL of the resultant ink was drop cast onto a rotating
Fig. 1 Schematic illustration of the preparation of the POM@CDNPs com
reaction for growth of POM pyramidal structure on CDNPs to form the PO
POM pyramidal structure on the surface of C confers superior active sit

8092 | RSC Adv., 2023, 13, 8090–8100
disk electrode (RDE) with a glassy carbon tip of 3 mm in
diameter.

A three-electrode electrochemical cell was designed using
graphite rode and Ag/AgCl as the counter and the reference
electrodes, respectively. The used electrolyte was 0.1 M KOH
which is saturated with N2 or O2 prior to the electrochemical
measurements. The electrochemical tests were carried out
using a potentiostat/galvanostat (AUTO LAB PGSTAT 302N,
Metrohm, Utrecht, The Netherlands). The cyclic voltammetry
(CV) measurements were carried out in a potential window
between −0.8 to 0.4 V at a scan rate of 50 mV s−1. The linear
sweep voltammetry (LSV) tests were performed in O2 saturated
electrolyte at different rotation speeds from 500 to 3000 rpm at
a scan rate of 5 mV s−1. The stability test was carried out using
LSV at 3000 rpm at a scan rate of 50 mV s−1 for 100th repetitive
cycles. For comparisons, the potential of the Ag/AgCl reference
electrode was converted to the reversible hydrogen electrode
(RHE).

The number of transferred electrons; n, was evaluated using
the Koutecky–Levich (K–L) model through the following
relations:

1

j
¼ 1

jk
þ 1

Bu0:5

B = 0.2nF(DO2
)2/3n−1/6CO2
posite. (a) Calcination of the DNPs on the C matrix, (b) hydrothermal
M@CDNPs composite, and (c) homogenous distribution for DNPs and

es for efficient ORR catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XRD patterns for (a) C, (b) CDNPs. (c) POM, and (d)
POM@CDNPs.

Fig. 3 (a) and (b) N2 adsorption/desorption isotherms for the prepared

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where j, current density; jk, kinetic current density; u, rotation
speed; F, Faraday constant; DO2

, oxygen diffusion coefficient (1.9
× 10−5 cm2 s−1); n, the electrolyte kinematic viscosity (0.01 cm2

s−1); CO2
, oxygen concentration (1.2 × 10−6 mol cm−3).
3. Results and discussions
3.1. Physicochemical characterization

The synthesis process of the POM@CDNPs electro-catalyst is
illustrated in Fig. 1. Firstly, the C, DNPs and urea were mixed
and calcined at 600 °C to form CDNPs. POM and CDNPs were
mixed uniformly in an ethanol solution. Based on the sponta-
neous bonding of negatively charged POM moieties and posi-
tively charged nitrogen dopants at the surface of CDNPs, POM is
successfully anchored to the carbon matrix.24 Interestingly,
under the hydrothermal reaction, POM hexagonal plates are
aggregated in the form of a porous pyramidal structure. Finally,
the 3D structure of POM in a pyramidal structure supported on
the carbon matrix was obtained.

The crystalline structure of the prepared materials was
analyzed by XRD, Fig. 2. Fig. 2a and b, shows the XRD pattern
for the C and CDNPs matrix in which the two characteristic
graphitic peaks are displayed at 2q of about 26° and 44.25°,
which are assigned to the (002) and (101) reection planes. In
addition, Fig. 2c displays the XRD pattern of polyoxomolybdate;
POM, in which the characteristic peaks of POM are observed at
2q of 8.95°, 18.49°, 26.43°, 27.65°, and 28.84° which are corre-
sponding to (01�1), (2�02), (1�4�1), (31�1), and (3�12) [JCDPS le no.:
00-043-0317].19,25 Moreover, the broad peak centered at 2q of
materials and (c) and (d) their corresponding pore diameters.

RSC Adv., 2023, 13, 8090–8100 | 8093
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Table 1 Surface area analysis

Sample SBET, m
2 g−1 V0 (N2), cm

3 g−1 L0 (NLDFT), nm

C 408 0.276 1.29
CDNPs 59 0.076 0.73
POM 5 0.006 0.73
POM@CDNPs 222 0.264 3.29

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
2:

26
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
28.84° conrming the layered structure of Keggin-type POM.26

The diffraction pattern of POM@CDNPs composite is shown in
Fig. 2d. The existence of several diffraction peaks was attributed
to the incorporation of POM polyanion inside the CDNPs
matrix. Higher peak intensities are noticed in the case of
POM@CDNPs, indicating the increase in the degree of crystal-
linity and crystallite size. It is noted that the diffraction peaks
assigned to POM between 8.95°–26.43° are hardly observed in
the POM@CDNPs nanocomposite, possibly due to the excellent
dispersion, structure change, and low content of POM mole-
cules in the nanocomposite.27

The investigation of the materials' porous structure was
carried out using nitrogen adsorption/desorption at 77 K, while
the pore size distributions were calculated using the non-local
density functional theory (NLDFT), Fig. 3. As shown in Fig. 3a,
the N2 adsorption/desorption isotherm for C is typical of type I
isotherm with little contribution from the type II isotherm. The
C isotherm suggests that the majority of the pores are in the
micropore range with few mesopores. In addition, there is
Fig. 4 FESEM images for (a) C, (b) CDNPs, (c) POM, (d) and (e) POM@CDN

8094 | RSC Adv., 2023, 13, 8090–8100
a sharp increase in the N2 adsorption at low relative pressure P/P
° < 0.1, indicating the micropores lling and the formation of
the monolayer. On the other hand, the N2 adsorption isotherms
for CDNPs and POM@CDNPs, Fig. 3a, are combinations
between type I and type IV isotherms with micro/meso pores
contribution. This development in the mesopore character is
very important in the catalysis application as it enhances the
ionic diffusion inside the materials which in turn promotes the
ORR activity. In Fig. 3b, a very low quantity of N2 gas is adsor-
bed, suggesting a very low surface area and large particle sizes
for POM. These ndings are also conrmed by the calculations
of the pore size distributions using NLDFT calculations, Fig. 3c
and d. The development of the mesopore diameter is observed
for POM@CDNPs with an average pore size of 3.29 nm. While
for C and CDNPs most of the pores are in the micropore range.
The data of specic surface area (SBET), micropore volume (V0)
and pore diameter (L0) for the prepared materials are compiled
in Table 1. Although the C has the highest specic surface area
and micropore volume, its pore diameter is not as high as that
of POM@CDNPs. The increase in pore diameter means higher
adsorption of oxygen molecules.

The materials' surface morphologies were investigated using
FESEM, Fig. 4. The morphology of three-dimensional (3D)
interconnected particles was observed for both C and CDNPs
materials, Fig. 4a and b. This 3D network is an important
parameter in the catalysis application as it implies high surface
accessibility for the electrolytic ions that increases the ions
adsorption which in turn enhances the overall catalytic
Ps, (f) EDX spectrum and (g) EDX elemental mapping for POM@CDNPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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efficiencies. Fig. 4c shows the FESEM image for POM, in which
two-dimensional aggregated hexagonal plates were observed.
On the other hand, the aggregation of POM clusters on the
surface of CDNPs is shown in Fig. 4d and e. As can be seen,
pyramidal shapes of Keplerate-type polyoxomolybdate are
grown onto the CDNPs surface. These pyramidal shapes are not
connected and are homogenously dispersed over the ample
CDNPs matrix. Interestingly, a porous structure is noticed for
the pyramidal shapes of POM, Fig. S1.†

This porous structure can act as additional active sites for
oxygen molecules adsorption in the catalysis application. The
EDX spectrum and EDX elemental mapping for POM@CDNPs
are shown in Fig. 4f and g, respectively. The EDX spectrum
conrms the successful preparation of POM@CDNPs in the
absence of any foreign peaks. While in the elemental mapping
analysis, a homogenous distribution of the elements
throughout the structure was observed.

Fig. 5, shows the HRTEM images for CDNPs, POM, and
POM@CDNPs. Clearly, there is a good agreement between
FESEM and HRTEM images for the prepared materials. For
Fig. 5 HRTEM images for (a) CDNPs, (b) POM, and (c) POM@CDNPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
example, in Fig. 5a, a 3D structure for CDNPs is observed with
a uniform distribution of the nanodiamond over the carbon
structure. The size of the nanodiamond particles is ranging
between 4–7 nm in diameter as shown in Fig. S2a.† Moreover,
2D giant layered plates of POM are observed in Fig. 5b. The
successful integration of POM molecules over the carbon dia-
mond structure is conrmed in Fig. 5c. A deep investigation of
POM@CDNPs is shown in Fig. S2b,† where the POM particles
are well distributed over the carbon diamond structure.

High-resolution X-ray photoelectron spectroscopy (XPS) was
carried out to gain further information about the surface
chemical composition in the prepared composite POM@CDNPs
comprising CDNPs and POM as shown in Fig. 6. The survey XPS
spectra demonstrate the existence of the elements of each
sample, (C, O, N and Co) in CDNPs, (C, O, N and Mo) in POM,
(C, O, N, Co, and Mo) in the nanocomposites POM@CDNPs
which conrms its successful preparation, Fig. S3a–c.† Addi-
tionally, there was a remarkable oxygen percentage increase
aer the POM incorporation on the surface of CDNPs, asserting
the POM's existence in the composite materials. The contents of
RSC Adv., 2023, 13, 8090–8100 | 8095
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Fig. 6 XPS spectra for (a) C 1s, (b) O 1s, (c) N 1s, and (d) Mo 3d of POM@CDNPs.
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different types of nitrogen for CDNPs and POM@CDNPs were
shown in Fig. S4a and b.† The XPS spectra of the pristine CDNPs
and POM were also performed for comparison with
POM@CDNPs, as shown in Fig. S5 and S6,† respectively. The
high-resolution C 1s XPS spectrum of CDNPs can be resolved to
four peaks, which can be ascribed to C–C, C]C (284.60 eV), C–N
(285.3), C–O (286.4 eV), and –COO (288.9 eV) bonding, Fig. S5a.†
The tting of C 1s spectrum of POM was similar to that of
pristine CDNPs, the major difference is the absence of C–N
bond at 285.3 eV, Fig. S6a.† For POM@CDNPs, Fig. 6 shows a C
1s spectrum with three tted peaks for graphitic carbon, C–N,
and –carboxylic COO at a binding energy of 284.4 eV, 285.7 eV,
and 288.7 eV in good harmony with the deconvoluted peak of its
counterparts CDNPs and POM.28 As shown in Fig. S5b,† the O 1s
XPS spectrum of CDNPs demonstrates four components at
529.1, 530, 531.8, and 533 eV corresponding to chemisorbed
oxygen, C]O (ketone, quinone moieties), C–O from the ether
and phenol groups, and carboxylic acids COOH. For the POM
sample, Fig. S6b,† the O 1s spectrum exhibits two peaks at
binding energies 530 eV and 531.4 eV which are belonging to
lattice oxygen bonding in Mo–O and oxygen of the OH– groups
of Mo–OH, respectively.20,29 Obviously, the O 1s high-resolution
spectrum of POM@CDNPs in Fig. 6b was tted into four peaks
at 529.7, 531.2 533, and 535 eV which can be attributed to Mo–
O, O]C, O–C and, COO–, respectively.3 Notably, the O 1s peak
for Mo–O in POM@CDNPs shis to lower binding energy by
0.3 eV relative to that for bare POM, indicating the formation of
8096 | RSC Adv., 2023, 13, 8090–8100
a covalent C–O–Mo4+ bond on POM@CDNPs.30 The high-reso-
lution N 1s spectrum for the bare CDNPs catalyst, Fig. S5c,†
presents four peaks corresponding to pyridinic N (27.11 at%) at
398.2 eV, pyrrolic N (33.89 at%) at 399.7 eV, graphitic N (30.50
at%) at (400.5 eV), and oxidized N (8.47.0 at%) at 403.3 eV
(Fig. S5c†). For POM the N 1s spectrum shows peaks at binding
energies of 398.6, and 401.7 eV, which are attributed to the
imine bond (sp2 hybridized nitrogen C]N–C) involved in
triazine rings, and positively charged nitrogen as a quaternary
amino group (–NR3)

+ in ammonium group, Fig. S6c.† For the
comparison of POM@CDNPs with CDNPs in Fig. 6c, pyridinic-N
(29.96 at%), pyrrolic-N (16.85 at%), graphitic-N (13.48%), and
oxidized N (8.98%) still exist, with the shi to high binding
energy as the corresponding peaks appears at 398.9, 399.9,
401and 403.3 eV, respectively. Additionally, an obvious peak of
Mo–N (33.70%) at a binding energy of 394.8 eV can be detected
due to the strong binding of Mo with N.3 In general, Mo–N and
pyridinic N are regarded as electroactive sites, which would
elevate the current density and enhance the electrocatalytic
activity.31–33 Fig. S6d,† manifest the deconvoluted Mo 3d spec-
trum into two spin–orbit doublets in POM. The peaks at
231.9 eV and 234.7 eV are assigned to 3d5/2 and 3d3/2 of the Mo
(+V) state. In addition, the two peaks located at 232.9 eV and
235.9 eV correspond to 3d5/2 and 3d3/2 of Mo (+VI) state.19 In the
case of POM@CDNPs the Mo 3d spectrum, Fig. 6d, was
deconvoluted into ve peaks which are ascribed to Mo–N (228.6
eV), the peak at 231.5 eV and 234.3 eV corresponding 3d5/2 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3d3/2 of Mo (+V) state. In addition, the two peaks located at
232.5 eV and 235.5 eV correspond to 3d5/2 and 3d3/2 of the Mo
(+VI) state. Remarkably, all XPS signals of O 1s, and Mo 3d for
POM@CDNPs shi to the lower binding energy than bare NCD
and POM, while the C 1s and N 1s maintain the shi to the
higher binding energy. This suggests a strong interaction at the
interface between CDNPs and POM due to the formation of the
C–Mo bond, which facilitates the interfacial charge transfer in
the POM@CDNPs nanocomposite.30
3.2. The electrochemical ORR performance

To evaluate the electrochemical performance of the prepared
samples toward the ORR, cyclic voltammetry (CV) was per-
formed using an RDE at 50 mV s−1 in oxygen and nitrogen
saturated 0.1 M KOH electrolyte, respectively (Fig. 7). Next,
linear sweep voltammetry (LSV) measurements at a different
speed in O2-saturated 0.1 M KOH electrolyte were recorded for
CDNPs and POM@CDNPs samples as shown in Fig. 7.

Fig. 7a and b shows the comparative CV for CDNPs and
POM@CDNPs in N2 and O2 saturated electrolytes at a scan rate
of 50 mV s−1. As seen in the gure, the obtained voltammo-
grams do not show any sign of redox behaviour where no
reduction peak for O2 in presence of N2 saturated electrolyte as
it shows only capacitive behaviour. In addition, upon saturation
of electrolyte with oxygen gas, the CDNPs shows a distinct
reduction peak at around 0.68 V. Remarkably the intensity of
Fig. 7 CVs of (a) CDNPs and (b) POM@CDNPs in both N2- and O2-satura
electrolyte recorded at a scan rate of 50 mV s−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
this peak is increased and the reduction potential was shied to
0.72 V in the case of POM@CDNPs due to electro-reduction of
oxygen which revealing the high electrochemical activity of
POM@CDNPs toward the ORR. As shown in Fig. 7c, the
POM@CDNPs exhibit outstanding activity and high perfor-
mance toward the ORR which can be attributed to four factors,
(i) high distribution and anchoring of molybdenum-oxo clusters
as stable, adequate, and reactive sites on high surface-area and
porous carbon substrate that confer fast mass and electron
transport.34,35 (ii) The chemical structure of the DNPs that
contains the core of sp3 bonded crystalline diamond and the
outer structure of a combined bonding of sp2 and sp3. This
distinctive structure of the DNPs is responsible for boosting the
redox reactions. (iii) The N doping of C enhances the electrical
conductivity and fosters charge transfer. (iv) The presence of
abundant graphitic-N and pyridinic-N as dopants for the C
matrix endow its surface with positively charged (C+) active sites
that reinforce the oxygen adsorption on its surface.

To gain insight into intrinsic electro-catalytic activity activi-
ties of samples toward oxygen reduction reaction (ORR), the
linear sweep voltammetry (LSV) measurements were acquired
using RDE at a rotation speed in the range of 500–3000 rpm at
a scan rate of 5 mV s−1.

Fig. 8 displays the LSV plots of the electro-catalysts recorded
at a rotation speed of from 500 to 3000 rpm and a scan rate of
5 mV s−1. Noticeably POM@CDNPs revealed a low ORR onset
ted electrolytes and (c) a comparison for both samples in O2-saturated

RSC Adv., 2023, 13, 8090–8100 | 8097
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Fig. 8 LSVs of (a) CDNPs, and (b) POM@CDNPs recorded at different speeds from 500 to 3000 rpm, and (c) a comparison of the LSVs for the
electro-catalysts recorded at 3000 rpm and a scan rate of 5 mV s−1.
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potential (Eonset) at 0.890 V vs. RHE, which is more positive
relative to that of the CDNPs catalysts 0.873 vs. RHE. From
Fig. 8a and b, the obtained current density values for CDNPs
and POM@CDNPs are −3.89 mA cm−2 at 0.17 V and −7.30 mA
cm−2 at 0.17 V respectively. The calculated half-wave potentials,
E1/2, for CDNPs and POM@CDNPs are 0.662 and 0.773 respec-
tively. These results are higher than that reported before for
other similar reported electrodes, Table 2.

Distinctly, these outcomes unveil the fostered inuence on
oxygen reduction efficiency using POM decorated on CDNPs as
an electro-catalyst. The observed difference in electro-catalytic
activity may be due to the characteristic morphology and
chemical structure of POM@NCD. As remarked by the SEM
images, the nanocomposites of the prepared POM@CDNPs
with POM immobilized at the surface of CDNPs and in between
its matrix displayed high dispersion of POM clusters which is
Table 2 Comparison between the electrochemical performances of the

Electro-catalyst Electrolyte E1/2, V (RHE)

POM@CDNPs 0.1 M KOH 0.773
CoP@C 0.1 M KOH 0.87
Co4(PW9)2@N-FLG 3 M KOH —
Ag NPs@POM/rGO 0.1 M KOH 0.74
PMA@ZIF-67-CAT 0.1 M KOH 0.83

8098 | RSC Adv., 2023, 13, 8090–8100
potentially responsible for its improved performances. Several
reports have proved that N-doped carbonmaterials confer active
sites for the immobilization of different species as well as
improve the electro-catalytic behaviour towards ORR due to the
generation of a new active site.1,24,36 So, the high electro-catalytic
activity of POM@CDNPs can be assumed to synergy nitrogen
doping of carbon materials and the dispersion of
polyoxometalates.

The Koutecky–Levich, (K–L) plots were used to evaluate the
ORR kinetics at several potentials and estimate the electron
transfer capacity of the POM@CDNPs. The tting of the recor-
ded LSV data at different rotation speeds using the K–Lmodel is
shown in Fig. 9. Fig. 9a, presented great linearity between j−1 vs.
u−1/2 at diverse potentials from 0.5 to 0.8 V, suggesting that ORR
process a rst-order kinetic reaction concerning the concen-
tration of the dissolved O2.1,19 Based on the LSV measurements,
electro-catalysts toward the ORR process

No. of e− Current density, mA cm−2 References

4.1 −7.30 This work
3.8 −4.2 20
3 −4.4 1
4.04 −4.8 37
4 −5.50 3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Linear Koutecky–Levich plots K–L plots of POM@CDNPs at different potentials from 0.5 to 0.8 V derived from LSV, (b) the number of
electrons values of CDNPs and POM@CDNPs, and (c) the 1st and 100th cycles of POM@CDNPs recorded at 3000 rpm at a scan rate of 50mV s−1.
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the number of transferred electrons (n) per oxygenmolecule was
estimated by the K–L model, Fig. 9b. The n values of the CDNPs
and POM@CDNPs at 0.17 V are 2.7, and 4.1, respectively. These
results verify that POM@CDNPs behave in four-electron trans-
fer pathways in the ORR process.

The stability of the POM@CDNPs electro-catalyst is a major
parameter for evaluating the ORR performance. It was exam-
ined by chronoamperometry measurements at a scan rate of
50 mV s−1 and 3000 rpm for 100 cycles as shown in Fig. 9c. The
sample achieved a high current density of −3.03 mA cm−2 aer
a 100 LSV working cycle with retention reaching about 99.9%.

Undoubtedly, the POM@CDNPs electro-catalyst manifests
higher ORR catalytic activity in comparison with the published
data in the same alkaline medium for POM composite mate-
rials, the higher current density is attained with good ORR
process functionality and preferred four electrons transfer
pathway Table 2.
4. Conclusions

A facile method was developed for the preparation of a nitrogen-
doped-carbon xerogel/nanodiamond 3D matrix as a support
material. Furthermore, the carbon/diamond support was func-
tionalized by polyoxomolybdate through a hydrothermal reac-
tion. The characterization techniques reveal a morphology
transformation for the polyoxomolybdate from stacked two
-dimensional aggregates into porous pyramidal structure onto
© 2023 The Author(s). Published by the Royal Society of Chemistry
the carbon/diamond matrix aer the hydrothermal reaction.
Moreover, a development in the pore diameter is observed for
POM@CDNPs which enhances its oxygen adsorption capacity.
Up on application as an electro-catalyst for the ORR,
POM@CDNPs shows a limiting current density of −7.30 mA
cm−2 at 0.17 V vs. RHE. Also, a half-wave potential of 0.773 V is
delivered with stability reaching 99.9% aer the 100th repetitive
cycle in 0.1 M KOH. It is also noted that POM@CDNPs electro-
catalyst forces the ORR to the direct-four-electron pathway
which is the favoured one. These ndings consider
POM@CDNPs as an efficient catalyst for ORR with promising
stability. The superior surface area of the carbon support is
a crucial parameter in the electro-catalytic system, so the
proposed future research work is studying the optimum carbon/
diamond content that offers the highest surface area of the
nanocomposite.
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