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Abstract. Oxygen reduction reaction (ORR) plays a vital role in various fields, such as combustion, corrosion and fuel
cell applications. Herein, we report the production of phosphorus-doped reduced graphene oxide (P-RGO) using triphenyl
phosphine as a phosphorus source and graphene oxide in supercritical fluid method. The ratio of phosphorus source and
graphene oxide has been varied to obtain optimum P-doping. P-RGO materials are characterized through X-ray
diffractometer, Raman, field emission scanning electron microscopy and X-ray photoelectron spectroscopy techniques.
The electrocatalytic activity of P-RGO materials are studied using linear sweep voltammetry and their ORR performance
are evaluated using linear sweep voltammetry-rotating ring disk electrode studies in 0.1 M KOH electrolyte. Among the
three different P-RGO materials, RGO with phosphorus doping (2:1) delivered the best ORR performance (0.75 A mg-1)
compared to commercial HiSPEC Pt/C (0.12 A mg-1) catalyst. The enhanced ORR activity could be ascribed to the
existence of surface-active phosphorous sites over the RGO sheet surface.
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Introduction

Platinum group metal (PGM)-based noble electrocatalysts is
till now the best catalyst for oxygen reduction reaction
(ORR), which occurs at the cathode side in proton exchange
membrane fuel cells (PEMFCs) [1–6]. Although these
conventional electrocatalysts exhibit high current density
and low overpotential for ORR, fuel cell commercialization
was limited owing to their fuel crossover susceptibility,
scarce and expensive factors [7–9]. As a result, there are
numerous researches focusing on the development of
alternative ORR electrocatalysts that are efficient and costeffective than PGM-based catalysts [10–12]. Considering
the research and development of PGM alternatives, many
transition metal oxides-based ORR catalyst was reported
but the electronic conductivity was poor and surpassed their
ORR activity [11]. Carbon materials with heteroatom doping (N, P, B, S, etc.) was being focused as cost-effective
electrocatalysts, providing enriched active sites for ORR
[11–13]. Among the heteroatom-doped carbon electrocatalysts, Fe–N/C composite was reported with better activity
towards ORR in alkaline medium than the commercial Pt/C

catalyst [14]. The ORR activity enhancement in Fe–N/C
catalyst was attributed to the high electronegativity of
nitrogen compared to carbon [11]. Similarly, phosphorus
(P)-doped carbon was shown to have better ORR activity in
alkaline electrolyte owing to the simultaneous disruption of
the carbon electroneutrality and bond length by phosphorus
[11].
Considering other form of carbon materials, graphene is
a two-dimensional honey comb material having sp2
hybridized carbon atoms arranged in a regular hexagonal
pattern. Its interesting electronic, mechanical and thermal
properties make it as viable candidate for various energy
conversion and storage applications. Particularly, graphene has been used to enhance the ORR activity owing to
the presence of active edges and functional groups over the
surface [15]. Thus, several methodologies have been
explored to synthesize high-quality graphene nanosheets
from graphene oxide (GO) in large scale and to avoid
restacking of sheets [12]. Recently, triphenylphosphine
(PPh3) was used for spectral modulation and to achieve
high-quantum yield of graphene quantum dots structure
[16]. P-doped graphene prepared by other methods such as
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pyrolysis, thermal annealing was explored in the literature
for electrochemical ORR [17–19]. Till now, no report
exists in the literature related to P-doped carbon by
supercritical fluid (SCF) processing method for ORR
applications. SCF has been explored for the direct exfoliation of 2D-layered materials, nanoparticle synthesis and
functionalization [20,21]. Other heteroatom-doped graphene such as N-doped graphene and B-doped graphene
were also synthesized via SCF processing for different
electrochemical applications [22–24]. In this study, triphenylphosphine (TPP) is used as the phosphorous precursor
to synthesize phosphorus-doped RGO via SCF processing
method using water as a solvent. Reactions by SCF technique are basically solvent dependent. Supercritical water
functions as a non-aqueous fluid, dissolving non-polar
organic compounds like alkanes, aromatic hydrocarbon,
etc. When the temperature of water is increased, then its
density is decreased because of thermal expansion.
Beyond 380°C, the density of water reduces suddenly up to
400°C. Therefore, water functions as a SCF but it possesses the properties of both liquid and vapour. This
indicates that it diffuses through materials like gas molecules and its density is similar to that of liquid. Generally,
the time required for the preparation of materials using
SCF method (1 h) is relatively lower than that for
hydrothermal (12 h). On the contrary, the temperature for
the synthesis of materials with SCF method using water as
a solvent (400°C) is appreciably superior over hydrothermal method (180°C). This implies that GO would be
reduced in SCF method more effectively than hydrothermal. Therefore, improvement in electrochemical performance, such as conductivity of the electrode, specific
capacitance, etc., would be expected to be maximum in
materials prepared from SCF method compared to
hydrothermal. The same phenomenon was also observed in
previous reports [25,26]. The P-RGO materials were synthesized by varying the weight ratios of triphenyl phosphine (phosphorous source) and GO as 1:2, 1:1 and 2:1,
respectively. The structure and morphology of these
materials are studied using X-ray diffractometer, Raman,
Field emission scanning electron microscopy (FESEM)
and X-ray photoelectron spectroscopy (XPS) techniques.
Linear sweep voltammetry-rotating ring disk electrode
(LSV-RRDE) technique was mainly used to assess the
electrocatalytic ORR activity in the oxygen saturated
0.1 M KOH electrolyte. The ORR onset, ORR current
density, Tafel slope and number of electrons transferred
during ORR were calculated from the RRDE graphs.

2.
2.1

Experimental
Preparation of GO and reduced graphene oxide

GO was synthesized using modified Hummer’s method
and reduced graphene oxide (RGO) was prepared via
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hydrazine hydrate reduction method as reported
elsewhere [27,28]. The detailed steps involved in
the preparation of GO, RGO and phosphorusbased RGO are mentioned in supplementary
information.

2.2

Electrochemical characterization

2.2a Electrocatalyst ink preparation. The electrocatalyst ink was prepared following our previous procedure
for Pt-based ORR electrocatalysts [29,30]. In a typical
procedure, 250 ll of H2O and 50 ll of Nafion (5 wt%) were
mixed and added to 2 mg of P-RGO electrocatalysts (1:2,
1:1 and 2:1) or HiSPEC Pt/C catalyst. The mixture was
ultrasonicated for 15 min and the catalyst ink was coated
over glassy carbon (GC) electrode surface (10 ll for
RRDE). The loading density of the electrocatalyst
materials was 33 lg per 5 ll electrocatalyst ink. In this
study, 5 ll (33 lg) was drop casted on rotating disk
electrode (RDE) and 10 ll (66 lg) on RRDE. The
modified GC containing the electrocatalyst was dried in
vacuum at room temperature for 3 h and used as working
electrode.

2.2b RDE
and
RRDE
measurements. RRDE
measurements were carried out on a GC working
electrode consisting of a disk and a Pt ring coupled
with a rotation modulator (Pine Instruments) and a
bipotentiostat (Biologic, VSM300). A Pt wire was used
as counter electrode and Hg/HgO (MMO) as reference
electrode for RRDE measurements. The RRDE-LSV
studies for the determination of collection efficiency
were initially performed using a 10 mM potassium
ferricyanide dissolved in 1 M NaNO3 aqueous solution
at different rotation speeds under N2 saturated conditions.
The ring and disk currents measured from the LSVs of
potassium ferricyanide system are used to calculate the
collection efficiency (ratio of ring and disk currents
(equation 1)) of the RRDE. RDE measurement was
performed
for
RGO,
phosphorus-based
RGO
electrocatalysts (1:2, 1:1 and 2:1) and HiSPEC Pt/C for
the initial assessment towards ORR. The RRDE studies of
phosphorus-based RGO electrocatalysts (1:2, 1:1 and 2:1)
and HiSPEC Pt/C materials was employed by sweeping
the potential between –1.0 and 0.2 V in O2 saturated
0.1 M KOH as a electrolyte using Hg/HgO, 0.1 M KOH
solution (MMO) as a reference electrode and the ring
potential was held at 0.35 V vs. MMO. The ring currents
and disk currents derived from RRDE curves are used to
determine the number of electrons involved during ORR
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process and percentage of hydrogen peroxide ion yield
using the following equations:
CE ¼ IR =ID

ð1Þ

Number of electrons ðORRÞ ¼ 4ðID Þ=½ID þ ðIR =CEÞ
ð2Þ
HO
2 % ¼ 200ðIR =CEÞ=½ID þ ðIR =CEÞ;

ð3Þ

where ‘CE’ is the collection efficiency, ‘IR’ the ring limiting
current and ‘ID’ the disk limiting current.
3.

Results and discussion

XRD pattern of TPP-GO-(1:2), TPP-GO-(1:1), TPP-GO(2:1) and RGO are revealed in figure 1a. There are two
peaks, in which one broad and another small peak appeared
around 2h = 25 and 44° are assigned to graphite (002) and
(100) plane, respectively. From figure 1a, it can be observed
that the GO has reduced during P-functionalization/doping
via SCF processing and consistent with the literature report
dealing with organic molecule-derived heteroatom doping
over graphene network via SCF processing [26]. Raman
spectroscopy is the most accessible and valuable method to
examine the extent of defects created over graphene sheet
[31]. From figure 1b, it is clear that two absorption bands
around 1350 and 1590 cm-1 are symbolically referred as D
band and G band, respectively [32,33]. Normally D band
known as defective band, indicates several defects attached
on graphene framework such as functionalities (epoxy and
hydroxyl groups), edge defects disordered carbon, dangling
bonds and topological defects [34]. The G band called as

151

graphitic band depicts the graphitic nature of graphene
skeleton of all the prepared materials and happens due to
first-order Raman scattering method [35]. The ID/IG ratios of
TPP-GO-(1:2), TPP-GO-(1:1), TPP-GO-(2:1) and RGO are
1.18, 1.14, 1.26 and 1.08, respectively. As the P-content
increases from TPP-GO-(1:2) to TPP-GO-(2:1), the ID/IG
value of TPP-GO-(2:1) is higher among the three compositions. However, the ID/IG value of TPP-GO-(1:1) is slightly
lower than TPP-GO-(1:2). This might be attributed to the
fact that the content of GO in TPP-GO-(1:2) is higher than
TPP-GO-(1:1). When the content of GO is higher, some of
the TPP may be physically adsorbed over the GO surface.
Figure 2 indicated the FESEM images of TPP-GO-(1:2),
TPP-GO-(1:1) and TPP-GO-(2:1). Graphene sheets are
clearly observed and well aggregated and agglomerated. It
could be clearly seen that there was no physical difference
between the P-RGO nanosheets prepared in different conditions. Energy dispersive X-ray spectroscopy (EDAX)
images of all the three phosphorus-based RGO materials are
shown in figure 2d–f. Based on EDAX analysis, the calculated atomic% of phosphorus in TP-GO-(1:2), TPP-GO(1:1) and TPP-GO-(2:1) are 1.4, 2 and 3.2, respectively.
Figure 3 displays the high-resolution transmission electron
microscopy images of TPP-GO-(2:1) in two different
magnifications, which evidently indicates P-doped graphene
nanosheets are obtained under SCF method.
In the high-resolution XPS P 2p spectrum of TPP-GO(2:1) (figure 4a), two well-defined peaks are observed at
131.7 and 132.5 eV, which correspond to P–C and P–O
moiety, respectively [36]. From figure 4a, it is observed that
the intensity of P–C peak is relatively higher than that of
P–O bond. In high-resolution C 1s spectrum of TPP-GO(2:1) (figure 4b), the three peaks appeared at 284.3, 284.6
and 286 eV. The peak characteristic of C 1s appeared at
284.3 and 284.6 eV, which belongs to carbon–carbon

Figure 1. (a) XRD pattern and (b) Raman spectra of TPP-GO-(1:2), TPP-GO-(1:1), TPP-GO-(2:1) and RGO.
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Figure 2. FESEM images of (a) TPP-GO-(1:2), (b) TPP-GO-(1:1), (c) TPP-GO-(2:1), and EDAX images of (d) TPP-GO-(1:2),
(e) TPP-GO-(1:1) and (f) TPP-GO-(2:1).

Figure 3.

HR-TEM images of (a) and (b) TPP-GO-(2:1) at different magnifications.

double and single bond, respectively. The peak at
285.7 eV is due to the presence of C–P=O moiety, which
confirms the P-doping over graphene network by XPS
technique [37].

3.1

Electrocatalytic performances

The electrochemical ORR studies of all the three phosphorus-based RGO electrocatalysts (1:2, 1:1 and 2:1) were
carried out using LSV-RRDE technique in O2 saturated
0.1 M KOH electrolyte using MMO as reference electrode.
LSV-RDE curves for RGO, P-RGO (1:2, 1:1 and 2:1) and

HiSPEC Pt/C electrocatalysts are shown in supplementary
figure S1. Figure 5a shows the LSV-RRDE graph of P-RGO
(TPP-GO-(1:2), TPP-GO-(1:1) and TPP-GO-(2:1)) and
HiSPEC Pt/C electrocatalysts with corresponding disk and
ring currents for ORR at 1600 rpm. The magnitude of disk
current is several times higher than the ring currents,
showing the efficient ORR activity for all phosphorus-based
RGO and HiSPEC Pt/C electrocatalysts. The ORR onset
potential and current density of RGO, TPP-GO (1:2, 1:1 and
2:1) and HiSPEC Pt/C electrocatalysts obtained from supplementary figure S1 are listed in table 1. It could be seen
from figure 5a and table 1 that, the ORR onset potentials of
TPP-GO in (1:2, 1:1 and 2:1) electrocatalysts is relatively
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Figure 4. XPS deconvoluted spectrum of (a) P 2p and (b) C 1s of TPP-GO-(2:1).

Figure 5. (a) LSV-RRDE graphs for the ORR performance of TPP-GO (1:2, 1:1 and 2:1) and HiSPEC Pt/C electrocatalysts at
1600 rpm in O2 saturated 0.1 M KOH electrolyte, (b) LSV-RRDE curve of TPP-GO-(2:1) at different rpms, (c) mass corrected Tafel plot
showing the ORR mass activity of P-RGO (1:2, 1:1 and 2:1) electrocatalysts compared with HiSPEC Pt/C catalyst and
(d) chronoamperometric graph showing the stability of TPP-GO-(2:1) electrocatalyst compared with HiSPEC Pt/C catalyst in 0.1 M
KOH electrolyte.

closer to that of HiSPEC Pt/C catalyst. Further, the ORR
current density of TPP-GO (2:1) electrocatalysts is higher
than TPP-GO (1:2, 1:1) and HiSPEC Pt/C catalyst. RRDE
studies were performed to measure the ring current (HO2)

and disk current (O2) of the ORR catalysts simultaneously
and the collection efficiency studies were performed for
calculating the number of electrons [38,39]. The obtained
ORR current density in this study is closer with other
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Table 1. LSV-RDE
electrocatalysts.
Samples
TPP-GO-(1:2)
TPP-GO-(1:1)
TPP-GO-(2:1)
HiSPEC Pt/C
RGO

Bull Mater Sci
ORR

parameters

for

various

Onset potential
(V vs. MMO)

Current density
(mA cm-2)

0.04
0.07
0.12
0.1
0.03

1.4
1.5
3.6
1.9
0.13
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Conclusion

The SCF-assisted synthesis of P-doped graphene using
triphenyl phosphine (phosphorus source) and GO was
demonstrated with different ratios of precursor. Among the
three various ratios of P-source and GO, TPP-GO-(2:1)
showed better ORR activity in terms of higher onset, ORR
current density and stability than that of HiSPEC Pt/C ORR
catalyst. Considering the effective methodology used for the
preparation of phosphorus-doped RGO materials, cost
effectiveness, metal-free moiety and ORR activity, P-RGO
may serve as a PGM-free alternative electrocatalyst for
ORR in fuel cells.

Table 2. Electrochemical ORR kinetic parameters of different
electrocatalysts compared with HiSPEC Pt/C catalyst.
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current density for TPP-GO-(2:1) electrocatalyst compared
to other two composites and HiSPEC Pt/C catalyst (table 2).
Furthermore, the activity and stability of TPP-GO-(2:1)
electrocatalyst compared with HiSPEC Pt/C catalyst in
0.1 M KOH electrolyte is evaluated using chronoamperometric studies by holding the potential at 0.1 V vs. MMO,
as shown in figure 5d. It could be observed from figure 5d,
the TPP-GO-(2:1) electrocatalyst shows improved stability
compared to HiSPEC Pt/C catalyst for a period of 3600 s
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[5] Aricò A S, Srinivasan S and Antonucci V 2001 Fuel Cells 1
133
[6] Selvarani G, Selvaganesh S V, Sridhar P, Pitchumani S and
Shukla A K 2011 Bull. Mater. Sci. 34 337
[7] Vukmirovic M B, Zhang J, Sasaki K, Nilekar A U, Uribe F,
Mavrikakis M et al 2007 Electrochim. Acta 52 2257
[8] Wang J X, Inada H, Wu L, Zhu Y, Choi Y, Liu P et al
2009 J. Am. Chem. Soc. 131 17298
[9] Stephens I E L, Bondarenko A S, Grønbjerg U, Rossmeisl J
and Chorkendorff I 2012 Energy Environ. Sci. 5 6744
[10] Sebastián D, Serov A, Artyushkova K, Gordon J, Atanassov
P, Aricò A S et al 2016 ChemSusChem 9 1986
[11] Li R, Wei Z and Gou X 2015 ACS Catal. 5 4133
[12] Razmjooei F, Singh K P, Bae E J and Yu J-S 2015 J. Mater.
Chem. A 3 11031
[13] Han J-S, Chung D Y, Ha D-G, Kim J-H, Choi K, Sung Y-E
et al 2016 Carbon N. Y. 105 1
[14] Xiao C, Chen X and Tang Y 2017 Nanotechnology 28
225401
[15] Qu L, Liu Y, Baek J and Dai L 2010 ACS Nano 4 1321
[16] Yang S, Zhu C, Sun J, He P, Yuan N, Ding J et al 2015 RSC
Adv. 5 33347
[17] Li R, Wei Z, Gou X and Xu W 2013 RSC Adv. 3 9978
[18] Zhang C, Mahmood N, Yin H, Liu F and Hou Y 2013 Adv.
Mater. 25 4932
[19] Liu Z-W, Peng F, Wang H-J, Yu H, Zheng W-X and Yang J
2011 Angew. Chemie Int. Ed. 50 3257

Bull Mater Sci

(2020) 43:151

[20] Thangasamy P and Sathish M 2015 CrystEngComm 17 5895
[21] Rangappa D, Sone K, Zhou Y, Kudo T and Honma I 2011 J.
Mater. Chem. 21 15813
[22] Sathish M, Mitani S, Tomai T and Honma I 2014 J. Mater.
Chem. A 2 4731
[23] Zhou Y, Yen C H, Fu S, Yang G, Zhu C, Du D et al 2015
Green Chem. 17 3552
[24] Balaji S S, Karnan M, Kamarsamam J and Sathish M 2019
ChemElectroChem 6 1492
[25] Balaji S S, Karnan M, Anandhaganesh P, Tauquir S M and
Sathish M 2019 Appl. Surf. Sci. 491 560
[26] Balaji S S, Elavarasan A and Sathish M 2016 Electrochim.
Acta 200 37
[27] Jr W H and Offeman R 1958 J. Am. Chem. 208 1937
[28] Suresh Balaji S, Karnan M and Sathish M 2018 Int. J. Hydrogen Energy 43 4044
[29] Anandha Ganesh P and Jeyakumar D 2014 Nanoscale 6 13012
[30] Anandha Ganesh P and Jeyakumar D 2017 ChemistrySelect
2 3562

Page 7 of 7

151

[31] Carrillo-Rodrı́guez J C, Alonso-Lemus I L, Siller-Ceniceros
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