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A B S T R A C T   

High-efficiency catalysts are required for the oxygen reduction reaction (ORR) in fuel cell applications. Herein, 
we present a novel hybrid material that is based on uniformly deposited nanoscale molybdenum phosphide 
(MoxPy) nanoparticles on the structure of graphene nanolayers doped with phosphorus atoms (PG). With a 
positive onset potential of only − 0.046 V and a half-wave potential value of roughly − 0.17 V (vs. Ag/AgCl), the 
obtained hybrid showed good catalytic activity for ORR in 0.1 M KOH electrolyte. It also demonstrated 
remarkable durability for oxygen reduction reaction in 0.1 M KOH electrolyte when compared to state-of-the-art 
Pt/C material. The excellent ORR performance can be correlated to the development of a highly conducting 
microporous structure with highly active sites, which in turn encourages optimal adsorption of intermediates 
during the ORR process and thus enhances the catalytic process. This work can open a new path for the growth of 
promising highly efficient catalysts for affordable fuel cell applications.   

1. Introduction 

The ever-increasing request for sources of fossil fuels along with their 
critical negative impact on the environment has forced us to find new 
energy sources such as renewable energy. In this scope, energy con
version techniques like fuel cells have been believed to be an efficient 
prospect for generating daily energy needed from renewable energy 
sources [1–3]. However, the cathodic slow oxygen reduction reaction 
(ORR) hinders the overall energy conversion process, thus increasing the 
cost of the technique. Therefore, it is required to have immediate 
attention for the development of low-cost catalysts. Though noble 
metal-based materials like Pt-based catalysts have been utilized as one of 
the efficient catalysts for ORR, however, the high cost and insufficient 
stability impede their use for long-term commercial purposes [4,5]. 
Therefore, affordable and effective catalysts are highly desirable for 
ORR standards. 

In recent time, a wide range of nonprecious metal materials, 
including metal hydroxide, metal chalcogenides, metal phosphides, and 
metal nitrides have been considered as possible alternative catalysts 
[6–8]. Among these, metal phosphides are believed to be one of the best 
catalysts because of their unique crystal structure and optimal electronic 
properties for electrocatalysis [9,10]. In addition, metal phosphides 
have been used as a favorable ORR catalyst with high activity and 
outstanding stability [5]. In particular, Mo phosphide material is 
emerging as a potential candidate as it shows metallic behavior with 
excellent electronic conductivity and high thermal stability [11]. In 
addition, less metal-H interaction for these materials because of Mo-P 
bonds [12–15] lowers the activation energy and thus the overpotential 
of the catalysis process [16,17]. Nevertheless, the catalytic performance 
of a bulk phosphide catalyst is relatively inferior in contrast to the noble 
metal catalysts, because of their low surface area and poor stability 
during the catalytic process [18,19]. Some studies have demonstrated 
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the distribution of active metal catalysts over the matrix of a carbon 
support material that holds significant promise for various energy ap
plications [20–22]. For instance, the deposition of catalyst on the gra
phene (Gr) surface facilitates the enhancement of the active site 
numbers, promotes charge transfer, and increases material stability 
[23–26]. Particularly, heteroatom doped Gr catalysts have further evi
denced to have better performance not only as an effective support but 
also an excellent catalyst for electrocatalytic oxygen reduction, caused 
by its fine-tuning features, such as large area, more active centers, and 
high charge conductivity [27–30]. Moreover, the distinctive n-type 
features, characterized by enhanced electron donation, hold significant 
importance in various catalytic reactions like the reaction of oxygen 
reduction [31]. 

Expired by the advantages derived from metal phosphides along with 
heteroatom-doped Gr layers, in this work, we report a new spongy 
hybrid structure of uniform Mo phosphide small nanoparticles dispersed 
on PG nanosheets. The resultant material uplifted the performance for 
ORR reaction in an alkaline medium by unique nano-engineering along 
with increased active sites, easy charge transport capabilities, and a 
flexible network for ion diffusion. 

2. Experimental 

2.1. Chemical reagents 

Potassium permanganate (KMnO4), ammonium hydrogen phosphate 
((NH4)2HPO4), ammonium molybdate tetrahydrate 
((NH4)6Mo7O24.4 H2O), graphite powder, hydrogen peroxide (H2O2), 
citric acid (C6H8O7), and solution of Nafion polymer (5%) were offered 
by Sigma-Aldrich Co. Sodium carbonate (Na2CO3, 99%), potassium 
hydroxides (KOH, ≥ 99.5%), hydrochloric acid (HCl, 35–37%), ethanol 
(C2H5OH, 99.9%), sulfuric acid (H2SO4, 99%), and methanol (CH3OH, 
99.9%) were provided by Shanghai Jiahealthy Technology Co. Ltd 
(China). 

2.2. Development of MoxPy-PG NSs hybrid material 

Graphene oxide (GO) was synthesized using a specific modified 
Hummer route [32]. Before creating the MoxPy-PG hybrid material, a 
solution was prepared through the dispersion of 60 mg of graphene 
oxide (GO), 9 mg of ammonium hydrogen phosphate, and 0.02 g of 
C6H8O7 in 60 mL of water in a magnetic stirrer for 1 hour. Subsequently, 
a quantity of 7 milligrams of (NH4)2HPO4 was introduced into the so
lution while maintaining continuous stirring for 5 hours. The resulting 
mixture was subjected to freeze-drying, resulting in the formation of a 
solid powder which was subsequently transferred to a quartz glass 

container placed at the center of an oven to undergo a peculiar calci
nation procedure. Initially, a calcination process was done at 500 ◦C in 
an argon (Ar) atmosphere for 3 hours, utilizing a heating rate of 5◦C per 
minute. This was followed by a subsequent calcination step at 700◦C in a 
hydrogen (H2) atmosphere for 1 hour, with a warm-up rate of 3 ◦C per 
minute. Finally, the temperature of the system was cooled down to 
ambient conditions and a final powder product was used for subsequent 
experiments. Fig. 1 shows the process employed in synthesizing the 
hybrid material of MoxPy-PG. 

2.3. Characterization 

The morphological characterization of the hybrid catalyst involved 
scanning electron microscopy (SEM) with a JSM 6600 instrument and 
transmission electron microscopy (TEM) using a JEM-1400 Philips mi
croscope. Specific surface area measurements were conducted using the 
SA-9600 Series (HORIBA Co., Japan). The electrochemical properties of 
the synthesized catalysts were checked by a single-channel potentiostat 
Biologic SP-200 system (ST Instruments Co., Netherland) intergrated 
with a three-electrode electrochemical cell, in which the reference 
electrode, counter electrode, and working electrode were Ag/AgCl 
(3.0 M KCl), Pt wire, and rotation disk electrode (RDE, disk diameter of 
3 mm, purchased from BioLogic Co., France) deposited with the syn
thesized material, respectively. For preparing the working electrode, 
2 mg of the synthesized catalyst was dispersed in 1 mL water/ethanol 
solvent by sonication for 30 min to form an ink solution. After that, 10 
microliters of the ink solution was dropped on surface of the RDE fol
lowed by drying at room temperature for 5 h before it was used for 
electrochemical measurements. The ORR activity and stability of the 
synthesized materials were evaluated by linear sweep voltammetry 
(LSV) at different rotation rates of RDE and chronoamperometry (CA) 
technique. The charge conductivity was measured by electrochemical 
impedance spectroscopy (EIS) conducted within a frequency range 
spanning from 105 to 10− 2 Hz. We utilized the Koutecky–Levich (K–L) 
curve (J− 1 vs. ω− 1/2) for determining charge transfer number (n) [33]: 

1
J
=

1
jL
+

1
jK

=
1

Bω1/2 +
1
jK

(1)  

B = 0.62nFC0D2/3
0 v− 1/6 (2)  

Where, I, IL, and IK denote current density response, limiting current 
density and kinetic diffusion-limiting current density, respectively; ω is 
the angular velocity of the RDE (rad s− 1); C0 is known as saturated ox
ygen concentration of 1.2 × 10− 3 mol L− 1 in 0.1 M KOH; D0 is the ox
ygen diffusion coefficient of 1.9 × 10− 5 cm2 s− 1); ν is the kinetic 
electrolyte viscosity (0.01 cm2 s− 1), and F is noted as the Faraday 

Fig. 1. Schematic demonstration for the development of MoxPy-PG NSs hybrid material.  
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constant. 
The equation for the conversion from Ag/AgCl reference electrode to 

(vs. RHE) is shown in Eq. (3):  

E(RHE) = EAg/AgCl + 0.059pH + E◦
Ag/AgCl                                           (3) 

Fig. 2. SEM imageries derived from (a and b) PG together with (c and d) MoxPy-PG hybrid material.  

Fig. 3. TEM images of (a) PG and (b) MoxPy-PG materials; (c) EDS spectrum of the MoxPy-PG; (d) Scanning TEM image and EDS color mapping for Mo, P, C, and O; 
(e) XRD spectra of the MoxPy-PG hybrid material. 
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Where E◦
Ag/AgCl = 0.1976 V at 25 ◦C and E Ag/AgCl is the operating 

potential. 

3. Results and discussion 

3.1. Morphological properties 

Morphological characteristics of the synthesized materials were 
observed using SEM and TEM analysis. Fig. 2a-b show the two- 
dimensional PG nanosheets having crumpled-like morphology. This 
phenomenon was attributed to the combined impact of reduction re
actions and P-doping effects occurring during a controlled annealing 
process conducted at a medium temperature. The emergence of a spe
cific P-C bond brought about a notable alteration in bond length, dis
tinguishing it from the typical C–C interactions within the sp2 features of 
graphitic graphene. Consequently, this induced scrunches and folds for 
the graphene structure. Such nano-structural modifications were 
intriguingly perceived as an open functionalized nanoarchitecture, 
facilitating effective adhesion, dispersion, and stabilization of active 

metal nanostructures. 
In Fig. 2c-d, the morphology of the MoxPy-PG hybrid material is 

depicted, showcasing the presence of MoxPy nanoparticles, evenly 
distributed across the surface of the PG nanosheets. The average size of 
the MoxPy nanoparticle was determined to be 20–30 nm. These small 
MoxPy nanoparticles were expected to modulate surface chemistry by 
increasing the number of active sites. 

The detailed structures of PG and MoxPy-PG hybrid materials were 
additionally observed by the TEM study. Fig. 3a shows that the syn
thesized PG was formed as a consecutive layer with numerous wrinkles, 
originating from the significant number of P heteroatoms doping in the 
Gr sheet. In addition, the MoxPy nanoparticles were found to have an 
average size of 25 nm confirmed by the TEM image (Fig. 3b). These 
observations are consistent with the SEM analysis. EDS spectrum was 
further taken which confirmed the existence of C, P, O, and Mo elements 
from the MoxPy-PG hybrid structure (Fig. 3c). The occurrence of Mo, P, 
and C elements was further verified by the HAADF-STEM image 
(Fig. 3d) and its consistent EDS color mapping analysis. The spreading of 
Mo and P was found to be higher at a particular position and thus 

Fig. 4. (a) Raman spectra and (b) BET plots of PG and MoxPy-PG hybrid material. (Inset in Figure b: pore distribution diagrams of hybrid material); (c) The XPS 
survey spectrum of PG and MoxPy-PG material; High-resolution XPS spectra of (d) C1s, (e) Mo3d, (f) P2p in MoxPy-PG hybrid material. 
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consistent with the formation of MoxPy nanoparticles. However, the 
presence of C and P elements throughout the whole scanning area sug
gests that P-doping must have happened to generate PG. A typical XRD 
pattern of the MoxPy-PG materials was shown in Fig. 3e, which 
confirmed the creation of crystalline MoxPy over Gr nanosheets and is 
rational with TEM and EDS achievements. Various peaks appearing at 2θ 
of 27.79◦, 32.3◦, 43.16◦, 57.47◦, 64.79◦, and 67.03◦ can be associated 
with crystal planes of d(001), d(100), d(101), d(110), d(111), and d 
(200) in MoxPy nanoparticles, respectively [34]. To further confirm the 
structure, Raman analysis was done for PG and MoxPy-PG in Fig. 4a, 
which shows the presence of D, G, and 2D bands. From the spectra of two 
these materials, two peaks related to D band and G band can be observed 
with strong intensity at 1352 and 1580 cm− 1, respectively, while a peak 
of their 2D band at 2906 cm− 1 is weak. Now the intensity ratio of these 
two bands (ID/IG) can be found to be higher for MoxPy-PG (1.08) 
compared to only PG (0.92), suggesting more defects are present in the 
MoxPy-PG structure, originating from P doping and MoxPy nanoparticle 
insertion into the graphitic network. 

The disordered state within the structure of graphene (Gr) material 
was anticipated to enhance the hetero-electron transfer ability among 
the catalyst and host material, as well as between the host material and 
with current collector within the hybrid structure. This enhancement 
was projected to augment the reaction kinetics of the catalyst in ORR. 
Evaluating the specific surface area of the developed materials via ni
trogen adsorption-desorption isotherms is essential, as it is a critical 
determinant of the electrochemical behavior of materials. From Fig. 4b, 
it can be observed that both the PG and MoxPy-PG structures possess IV- 
type isotherm behavior to produce a BET area of 157 and 150 m2 g− 1, 
respectively. Moreover, a high volume of nanopores ranging from 2.0 to 
8 nm could be found in the structure. 

These results suggest that MoxPy-PG hybrid material consists of a 
high surface area and high volume of nanopores which in turn increase 
the electroactive catalytic sites in the structure and also the nanopores 
act as flexible channels for mass transfer. Thus, the catalytic process can 
be boosted with more active sites and beneficial adsorption of reactant 
intermediates during the catalysis. The chemical structure and the 

oxidation statuses of PG and MoxPy-PG hybrid materials were investi
gated by XPS analysis. Fig. 4c indicates that the survey XPS spectra of PG 
consist of only C1s peak, whereas, MoxPy-PG involves peaks related to 
C1s, Mo 3d, and P2p at a binding energy of 285, 232, and 132 eV, 
respectively [35,36]. The high-resolution C1s spectrum of the MoxPy-PG 
indicates a contribution of different components, including C-C 
(284.5 eV), C-O (285.5 eV), and O-C––O (288.2 eV) [37]. Furthermore, 
the presence of the C-P binding energy at 285.5 eV is evident, con
firming the effective P-doping within the graphene (Gr) structure. 
(Fig. 4d). The high-resolution Mo3d spectrum can be deconvoluted into 
two spin-orbit peaks Mo3d5/2 and Mo3d3/2 at binding energies of 
231.8 eV and 234.9 eV, respectively (Fig. 4e) [38]. Furthermore, the 
high-resolution P2p spectrum suggested the formation of MoxPy, C-P, 
and phosphate species at 129.8, 132.8, and 134.9 eV, respectively 
(Fig. 4f) [39,40]. These observations provided further confirmation for 
the successful development of MoxPy-PG hybrid material via our syn
thesis procedure. 

3.2. Electrocatalytic ORR activities 

The initial approach involved utilizing cyclic voltammetry (CV) 
analysis to assess the oxygen reduction reaction performance of MoxPy- 
PG in an alkaline medium solution with both nitrogen- or oxygen- 
saturated conditions, employing a scan rate of 50 mV s− 1. In Fig. 5a, a 
prominent and distinct cathodic peak is observed at approximately 
− 0.274 V in the CV curve acquired under the O2-saturated condition, 
while it is absent under the N2-saturated condition. This observation 
strongly indicates a favorable catalytic response of the developed hy
brids for ORR in an alkaline medium. LSV responses for different 
developed materials were performed using RDE with a rotating rate of 
1600 rpm (Fig. 5b). The onset potential of MoxPy-PG was observed at 
− 0.046 V (vs. Ag/AgCl), displaying a more positive value compared to 
Gr (-0.11 V), PG (-0.08 V), and Mo/Gr (− 0.05 V). Likewise, the half- 
wave potential for MoxPy-PG was registered at − 0.17 V (vs. Ag/AgCl) 
(or +0.854 (vs. RHE)), significantly surpassing the corresponding values 
for Gr, PG, and Mo/Gr, as well as many hybrid catalysts based on 

Fig. 5. (a) CV responses of the MoxPy-PG in N2 and O2 gas saturated 0.1 M KOH solution at a scan rate of 50 mV/s; (b) LSV curves of materials at a scan rate of 
10 mV/s and a rotation speed of 1600 rpm; (c) Tafel responses of materials; (d) EIS analysis of the developed materials. 
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carbon/graphene materials (Table 1). 
In addition, ORR kinetics at the catalyst surface were understood by 

determining the Tafel slope of catalysts. The Tafel slopes were found to 
be 146, 91, 86, and 81 mV/dec for Gr, PG, and MoxPy-PG catalysts, 
respectively (Fig. 5c) suggesting the smallest value for MoxPy-PG cata
lyst and also comparable to the commercially used Pt/C (around 60 mV/ 
dec). This observation indicated an improved oxygen reduction reaction 
kinetics for MoxPy-PG where electrons are being transferred during the 
initial oxygen adsorption stage, succeeded by a chemically controlled 
stage that determines the rate of the reaction. To further study the ORR 
mechanism, electrochemical impedance spectroscopy (EIS) measure
ments were conducted for various catalysts, as depicted in Fig. 5d. The 
Nyquist plots of graphene G, PG, Mo-G, and MoxPy-PG exhibited a 
semicircular segment at high frequency representing charge transfer 
resistance (Rct) and a linear segment at low frequency representing 
Warburg (W). Rct value for MoxPy-PG was notably lower than other 
synthesized materials, signifying its high conductivity in facilitating the 

ORR reaction. 
LSV spectra in O2-saturated alkaline electrolytes were taken at 

various rotating rates to understand the catalytic paths for ORR 
(Fig. 6a). Fig. 6b displays the corresponding K-L plots of the MoxPy-PG 
with an overpotential range of − 0.60 to − 0.40 V. Based on slope values 
of K-L plots, the number of electrons transported was found to be 
2.35–2.5, 3–3.15, 3.57–3.65, and 3.79–3.82 for Gr, PG, Mo-G, and 
MoxPy-PG, respectively (Fig. 6c). The MoxPy-PG material exhibited a 
notably higher number of electrons transported during the Oxygen 
Reduction Reaction compared to other materials, indicating a prefer
ence for a 4-electron transfer mechanism. This enhanced catalytic per
formance can be attributed to several key factors: Firstly, the positively 
charged centers associated with Mo ions within the MoxPy nanoparticles 
promoted O2 adsorption. Secondly, the formation of MoxPy nano
particles induced changes in the electronic structure and surface 
chemistry, resulting in increased electroactive sites and weakened O-O 
bonding in O2. 

Thirdly, the presence of active P-C bonding within the graphene 
structure, due to phosphorus doping effects, significantly contributed to 
O2 reduction catalysis. Lastly, the unique nanostructure, with small 
MoxPy nanoparticles supported by a large area of porous graphene, 
greatly increased the active center numbers and facilitated electron 
transfer, thus expediting ORR kinetics. For comparing the catalytic 
performance of MoxPy-PG with commercial Pt/C material, the LSV 
(Linear Sweep Voltammetry) curves depicted in Fig. 6d indicate that the 
onset potential of MoxPy-PG closely approximated that of Pt/C, with a 
negligible difference of only − 0.007 V. In addition, the diffusion-limited 
current density of the MoxPy-PG reached Pt/C, additionally indicating 
the relatively good electrocatalytic activity of the MoxPy-PG catalyst 
towards ORR in 0.1 M KOH medium. 

To assess the durability of the MoxPy-PG hybrid, an analysis of the 
amperometry technique was conducted over an extended duration. The 
chronoamperometric data for MoxPy-PG indicated a marginal decrease 
in current density, maintaining a remarkable 95% current retention 

Table 1 
Comparison ORR activity between MoxPy-PG and previous reports.  

Catalyst Electrolyte Half wave potential (V 
vs. RHE) 

Reference 

MoxPy-PG 0.1 M KOH  0.854 This work 
3D Co-N-OMMC-0.6 0.1 M KOH  0.83 [41] 
Co0.03@CoO-N-doped 

Gr-800 
0.1 M KOH  0.81 [42] 

3D hollow NiCo2O4/C 0.1 M KOH  0.68 [43] 
3D Nanosheet Co3O4 

-doped-Gr 
0.1 M KOH  0.832 [44] 

Co3O4/NG 0.1 M KOH  0.74 [45] 
C(PANI)/Mn2O3 0.1 M KOH  0.784 [46] 
SiN-CNTs 0.1 M KOH  0.753 [47] 
Fe-N/C-800 0.1 M KOH  0.8 [48] 
YS-Co/N-PCMs 0.1 M KOH  0.706 [49] 
Fe/N-gCB 0.1 M KOH  0.81 [50]  

Fig. 6. (a) LSV curves of the MoxPy-PG hybrid material in O2-saturated 0.1 M KOH solution at a scan rate of 10 mV cm− 1 and different rotation speeds; (b) The K-L 
plot of the MoxPy-PG different surveyed potentials; (c) Electron transferred number of materials for ORR; (d) LSVs of the MoxPy-PG and commercial Pt/C material in 
O2-saturated 0.1 M KOH solution at a scan rate of 10 mV cm− 1. 
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even after a prolonged operation of 9700 seconds. In contrast, Pt/C 
exhibited a significantly higher activity loss of approximately 13% (as 
depicted in Fig. 7a), underscoring the superior stability of the MoxPy-PG 
hybrid material compared to Pt/C. In another regard, the alcohol 
tolerance of the MoxPy-PG and Pt/C materials was also evaluated. It 
could be observed that while the current response of the MoxPy-PG 
presented without significant modulation after adding 0.5 M methanol 
(Fig. 7b), the current response of the Pt/C showed a rapid change due to 
a serious effect of the methanol oxidation process. In another regard, the 
structural stability of the post-ORR MoxPy-PG was also investigated by 
XPS, SEM, and TEM analyses. Fig. 7c-d show that the post-ORR MoxPy- 
PG still possesses Mo3d and P2p binding energies similar to those of the 
virgin sample, except a positive shift due to surfcae oxidation during 
long-term operation of the catalyst in aqueous medium. The SEM image 
in Fig. 7e and TEM image in Fig. 7f present the good maintaince of the 
hybrid structure, in which abundance of uniform MoxPy NPs well 
distribute over surface of the PG. 

These accomplishments serve as compelling evidence of the excep
tional stability and impressive selectivity exhibited by MoxPy-PG, 

surpassing that of Pt/C material. This observation suggests that MoxPy- 
PG holds substantial promise as a cost-effective cathode catalyst for 
application in alkaline fuel cells. 

In order to further understand the catalytic properties of the devel
oped materials, the density of states and free energy were calculated by 
DFT study with the Vienna Ab initio Simulation Package (VASP). Fig. 8a 
shows different structural models of PG, MoxPy, and MoxPy-PG. These 
electronic structure analyses indicate that there is an enhancement of 
DOS near Femi level for the MoxPy-PG as compared to that of the PG, 
implying the high electronic conductivity of the MoxPy-PG (Fig. 8b). In 
addition, DFT calculations indicate that MoxPy-PG shows the betterfree 
energy during each ORR step than PG (Fig. 8c). Furthermore, the 
theoretical overpotential of MoxPy-PG is found to be around 0.544 V, 
samller than that of the PG (1.244 V) (Fig. 8d), demonstrating the hy
bridization between MoxPy and PG can result in a heterostructure with 
the improved catalytic performance towards ORR. 

Fig. 7. (a) Chronoamperometric durability of the MoxPy-PG together with commercial Pt/C during a long-term operation; (b) Methanol tolerance ability of the 
MoxPy-PG and Pt/C; (c-d) XPS spectra of Mo3d and P2p binding energies for pristine and post-ORR MoxPy-PG samples; (e) SEM and (f) TEM images of the post-ORR 
MoxPy-PG sample. 
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4. Conclusion 

In this study, we sucessfully sunthesized an effective electrocatalyst 
based on of MoxPy-PG consisting of nanoscale Mo phosphide nano
particles uniformly distributed throughout the surface of porous gra
phene nanosheets. This hybrid material showed significantly low onset 
potenital of only − 0.046 V and a half-wave potential value of roughly 
− 0.17 V (vs. Ag/AgCl) in 0.1 M KOH electrolyte, making it an extremely 
effective electrocatalyst for the ORR. In addition, the catalyst also out
performed conventional Pt/C catalysts by exhibiting remarkable sta
bility and good tolerance towards the presence of 0.5 M methanol in the 
alkaline environment. The excellent ORR performance of the devloped 
MoxPy-PG hybrid can open a new path for the growth of promising 
highly efficient catalysts for affordable fuel cell technology in energy 
applications. 
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