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nchored nanoporous carbon as an
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Inspired by their distinctive properties, transition metal phosphides have gained immense attention as

promising electrode materials for energy storage and conversion applications. The introduction of a safe

and large-scale method of synthesizing a composite of these materials with carbon is of great

significance in the fields of electrochemical and materials sciences. In the current effort, we successfully

synthesize an iron phosphide/carbon (FeP/C) with a high specific surface area by the pyrolysis of the gel

resulting from the hydrothermal treatment of an iron nitrate–phytic acid mixed solution. In comparison

with the blank (P/C), the as-synthesized FeP/C appears to be an efficient electrode material for

supercapacitor as well as oxygen reduction reaction (ORR) applications in an alkaline medium in a three-

electrode system. In the study of supercapacitors, FeP/C shows areal capacitance of 313 mF cm�2 at 1.2

mA cm�2 while retaining 95% of its initial capacitance value after 10 000 cycles, while in the ORR, the

synthesized material exhibits high electrocatalytic activity with an onset potential of ca. 0.86 V vs. RHE

through the preferred four-electron pathway and less than 6% H2O2 production calculated in the

potential range of 0.0–0.7 V vs. RHE. The stability is found to be better than those of the benchmark Pt/

C (20 wt%) catalyst.
Introduction

Searching for a new renewable, low-cost, and environmentally
friendly source for energy storage and/or conversion has become
one of the hottest research challenges, driven by diminishing fossil
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fuel supplies and climate change in addition to ever-increasing
demands for energy sources.1,2 Thus, supercapacitors and oxygen
reduction reaction (ORR) have been considered the best way out for
the current and near future energy issues.3 Supercapacitor devices
can be made using non-toxic materials and show characteristic
properties such as a superior power density, long cycle life, and high
charge–discharge efficiency as compared with conventional
batteries.4–6 The ORR is crucial in our daily life processes, and it is
one of the most important reactions in energy storage and conver-
sion applications, where it is the heart of metal–air batteries and
fuel cells.7–9

The electrical energy in supercapacitors can be stored on the
electrode surface in two ways. First, the electrolyte ions are
adsorbed at the electrical double layer to produce what is called
electric double layer capacitors (EDLCs), and a second one is by
redox reactions, which are called pseudocapacitors.10–12

Depending on the nature of the electrode materials, the elec-
trical energy storage mechanism could be controlled. Metal
oxides and conductive polymers are the main materials used for
pseudocapacitors, while carbon is the conventional electrode
material used for EDLCs.13 In general, a high-performance
supercapacitor requires materials with high electrical conduc-
tivity and a large ion-accessible surface area. In addition, a high
ionic transport rate requires short ion diffusion length
This journal is © The Royal Society of Chemistry 2019
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throughout the electrode materials.14 On the other hand, ORR
reacts sluggishly, and it needs to be facilitated to improve its
efficiency. Although Pt is the current state-of-the-art electro-
catalyst for this reaction, intensive research to modify or replace
it is ongoing owing to its high cost and nite resource.15–17

In spite of the recently obtained performance of both super-
capacitors and ORR, with the rapid development of electronic
devices and the extension of their applications toward large-scale
devices, much higher performance is required through the
improvement of properties such as energy density, rate capability,
cyclability, and safety. The development of new electrode materials
plays a vital role in reaching the required performance to promote
the commercialization of the two applicationsmentioned above.18–21

Transition metal compounds are an important class of functional
electrode materials that have been widely investigated in several
energy applications.22–25 In an inert atmosphere, transition metals
combine with phosphorus chemicals to form transition metal
phosphides (TMPs), and these materials have notable potential
toward energy storage and electrocatalytic applications due to their
advantages of low cost, easy large-scale synthesis, and interesting
electrical properties.26 Among TMPs, iron phosphide (FeP) has been
considered as a promising energy electrode material because Fe is
naturally abundant and has low cost, low toxicity, and negligible
environmental impact.27 However, some synthetic methods for
producing this kind ofmaterial are dangerous (for example, the use
of H2 to produce PH3 gas).26,28 Moreover, the poor stability of iron-
based materials limits their electrochemical properties.29–32 Thus,
its combination with carbon is an effective strategy for keeping
structural stability, improving electronic conductivity during
cycling, and obtaining high surface area materials.33–35 Accordingly,
providing a safe synthetic method to obtain FeP/carbon (FeP/C)
materials with high surface areas and high stability while
exploring their performance as supercapacitors and ORR are highly
important for satisfying the current needs for energy.

In this study, we report a facile and safe method for the
synthesis of FeP/C with a high surface area through a pyrolysis
strategy for the gel resulting from the hydrothermal treatment
of Fe nitrate–phytic acid mixed solution. When the as-
synthesized FeP/C is used as an electrode for a super-
capacitor, it exhibits good areal capacitance and shows
outstanding cycle performance (retains 95% of its initial
capacitance value aer 10 000 cycles), which indicates the
promising practical applications of synthesized FeP/C for
supercapacitors. The electrocatalytic performance towards ORR
in an alkaline medium is also investigated. The obtained FeP/C
electrodes show electrocatalytic activity through a four-electron
reaction pathway that was higher than that of P/C samples. In
addition, the limiting current density at 0 V vs. RHE and
stability are found to be better than those of the benchmark Pt/
C (20 wt%) catalyst.

Experimental section
Materials

Iron nitrate nonahydrate (Fe (NO3)3$9H2O), isopropanol,
ethanol, methanol, and KOH were purchased from Wako Pure
Chemicals Co., Ltd. Phytic acid solution (50 wt% in H2O) and
This journal is © The Royal Society of Chemistry 2019
Naon solution (5 wt%) were purchased from Sigma-Aldrich,
and commercial Pt/C (20 wt%) from Alfa Aesar. Carbon Paper
TGP-H-090 was obtained from Toray. All chemicals were of
analytical grade and were used without further treatment.
Synthesis of FeP/C and P/C

In a typical synthesis procedure, 0.5 mmol of Fe (NO3)3$9H2O
was added to 10 mmol of phytic acid solution, and it was
continuously stirred for one hour. The resultant clear solution
was transferred to a 25 mL stainless steel autoclave and heated
to 140 �C at a rate of 1 �C min�1 and le for 36 h. The resulting
gel was transferred to a tubular furnace and le in a nitrogen
atmosphere at room temperature for 1 h; aer that, the
temperature was increased to 300 �C and maintained for 2 h.
Subsequently, the temperature was increased to 900 �C and
maintained for 2 h. Finally, the sample was naturally cooled.
The heating rate for the entire annealing process was
5 �C min�1. Aer cooling to room temperature, a black powder
material of FeP/C was obtained. P/C was prepared through the
same procedure without adding Fe salt with a slight modica-
tion, where the gel resulting from the hydrothermal treatment
was washed once with methanol and dried at 60 �C for one day
before annealing.
Characterization

Wide-angle powder X-ray diffraction (XRD) patterns were
collected on a Rigaku SmartLab X-ray diffractometer using Cu
Ka radiation (40 kV and 30 mA) at a scanning rate of 1� min�1.
Raman spectroscopy was acquired with a HORIBA Scientic Lab
RAM HR Raman spectrometer system using 532.4 nm laser
excitation. Field-emission SEM measurements were performed
on a HITACHI SU-8230 to check the morphologies. Investiga-
tion of the inner structure and energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping were carried out using
a transmission electron microscope (TEM, JEOL JEM-2100F).
The nitrogen adsorption–desorption of the samples was
measured on a Micromeritics BK122T-B analyzer. The Bru-
nauer–Emmett–Teller (BET) theory was used for the specic
surface area (SSA) determination in the relative pressure range
of 0.05–0.30. Pore size distributions were determined from the
adsorption isotherms, according to the quenched solid-state
density functional theory (QSDFT) assuming a mixed cylinder/
sphere pore model. Inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) was done on a Hitachi High-Tech
Science Corporation model SPS3520UV-DD. The standard was
made by Kanto Chemical Co., Inc., and the qualied standard
solution by JCSS. The samples were fused by a mixture of
Na2CO3, H3BO3, KNO3 and K2S2O7 salts to digest the material
into a dissoluble solid. During this process carbon burns out
and removed as CO2, Remaining solid melt was then dissolved
in HNO3 for the chemical analysis.
Electrochemical measurements

The electrochemical performances of the prepared electrodes
were investigated with a three-electrode system.
RSC Adv., 2019, 9, 25240–25247 | 25241
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For supercapacitor measurements. Homogeneous ink was
prepared as follows. First, the as-prepared FeP/C and P/C were
ground, and then 4.0 mg of solid material was dispersed into
380 mL of an isopropanol/water mixed solution (volume ratio of
2 : 1) and 20 mL of 5.0 wt% Naon. Aer 30 min sonication, 120
mL of the suspension was dropped onto carbon paper (thick-
ness: 1 mm) with an area of 1 � 1 cm2 and dried overnight at
60 �C. The mass loading was 1.2 mg cm�2. All electrochemical
measurements were carried out using a CHI 660E instrument;
cyclic voltammetry (CV) and galvanostatic charge–discharge
(GCD) measurements were carried out in 3 M KOH between
�0.8 and 0.0 V vs. SCE, with a platinum wire and saturated
calomel electrode (SCE) as a counter and a reference electrode,
respectively. The test of long-term stability for FeP/C was con-
ducted by cycling between�0.8 and 0.0 V vs. SCE in 3 M KOH at
a scan rate of 100 mV s�1.

The gravimetric specic capacitances (Cg, F g�1) of the as-
synthesized electrodes were calculated from the GCD curves
using the following equation:

Cg ¼ (I � Dt)/(m � DV),

where I is the discharge current (A), Dt is the discharge time
difference (s), m is the mass of the active material (g), and DV is
the potential change during the discharge process (V).

The areal capacitance (CA, mF cm�2) was calculated using
the following equation:

CA ¼ Cg � ml,

where ml is the mass loading of the sample (mg cm�2).
For ORR measurements. First, the homogeneous ink was

prepared as follows. The as-prepared FeP/C and P/C were
ground, and then 5.0 mg of the solid material was dispersed
into 950 mL of an ethanol : water mixed solution (volume ratio
of 1 : 3) and 50 mL of 5.0 wt% Naon. Aer sonication for
60 min, 5 mL of the suspension was dropped onto a glassy
carbon electrode (GCE) of a rotating ring-disk electrode (RRDE)
with an area of 0.1256 cm2 and dried under a lamp. The mass
loading was 0.2 mg cm�2. To activate the GCE, it was pre-
polished with 1 mm diamond, then 0.05 mm alumina powder,
and washed with water. All electrochemical measurements were
carried out using CHI 842B instrument; cyclic voltammetry
(CV), linear sweep voltammetry (LSV) at 10 mV s�1, and chro-
noamperometry (i–t) measurements were performed in 0.1 M
KOH saturated solution. The electrolyte solution was continu-
ously purged with ultra-pure O2 or N2 for at least 1 h before
starting the measurements. A platinum wire and silver–silver
chloride (Ag/AgCl) were used as the counter and reference
electrode, respectively. The potentials were expressed with
regard to the reversible hydrogen potential electrode (RHE). The
overall electron transfer numbers per oxygen molecule were
calculated from the slope of the Koutecky–Levich (K–L) plots
according to the following equation:

J�1 ¼ Jk
�1 + JL

�1 ¼ Jk
�1 + B�1u�1/2
25242 | RSC Adv., 2019, 9, 25240–25247
B ¼ 0.2nFCo(Do)
2/3n�1/6,

where J is the current density, Jk is the kinetic current density, JL
is the diffusion-limited current density, n is the transferred
electron number, F is the Faraday constant (F ¼ 96 485 C
mol�1), Co is the concentration of O2 (1.2 � 10�6 mol cm�3), Do

is the diffusion coefficient of O2 (1.9 � 10�5 cm2 s�1), n is the
kinematic viscosity of the electrolyte (0.01 cm2 s�1), and u is the
electrode rotating speed in rpm (0.2 is a constant when the
rotating speed is expressed in rpm).36,37 n and % H2O2 were
calculated from RRDE measurements according to the
following equations:

n ¼ 4 � Id/[Id + (Ir/N)]

Id is the disk current, Ir is the ring current, and N is the
collection efficiency of the ring (0.37).

% H2O2 ¼ 200 � (Ir/N)/[Id + (Ir/N)].
Results and discussion

FeP/C was synthesized through a two-step process involving
hydrothermal solution-phase crystallization and carbonization
under inert atmosphere. During the crystallization process, the
clear mixtures of the phytic acid and Fe(III) precursor solutions
undergo polycondensation from the initial gel through the
hydrothermal treatment at 140 �C for 36 h. Under these
conditions, the phytic acid molecule, which bears six phos-
phonic acid moieties, has a strong affinity to bind with Fe(III)
species present in the synthesis medium to form a highly cross-
linked structure via the Fe–O–P bonds. The cross-linking
increased during the hydrothermal treatment, leading to
improved mechanical strength of the metal-ligand network
structure.38 The multidentate nature of the phytic acid molecule
together with the presence of PO4 tetrahedral and FeO6 octa-
hedral units separated by organic fragments could provide high
structural robustness, as reected in the crystalline nano-
structure. Finally, the pyrolysis of the resulted cross-linked
structure at a high temperature leads to the decomposition of
Fe–phytate and the interaction of Fe with P to form FeP nano-
clusters, while the phytate rings carbonized to obtain FeP/C as
a nal product.

The XRD patterns of P/C and FeP/C are shown in Fig. 1a. All
XRD peaks in the FeP/C sample can be indexed as pure FeP
(JCPDS card no. 89-2746) with the presence of two broad char-
acteristic graphitic peaks located at around 23� and 43� in both
samples, which can be assigned to (002) and (101) planes,
respectively. Raman analysis was used to investigate the
graphitic degree of the carbon content in the synthesized
samples. As can be seen in Fig. 1b, both samples exhibit typical
D and G bands at 1353 and 1596 cm�1, representing the
disordered and graphitic phases in carbon, respectively.
Therefore, the integrated intensity ratio of D and G bands can
reveal the level of ordering and defects in the carbon structure,
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) XRD patterns and (b) Raman spectra of P/C and FeP/C.
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indicating a higher disorder for a higher ID/IG value.39 ID is
higher than IG in the two samples, and the intensity ratio of ID/
IG is about 1.02 and 1.07 for P/C and FeP/C, respectively. This
indicates that many defects or disordered sites are present in
the carbon component, which agrees with the obtained XRD
data.

The morphology of the P/C and FeP/C materials were inves-
tigated using scanning electron microscopy (SEM) (Fig. 2a and
b). As shown in Fig. 2a, the P/C possesses irregularly shaped
particles, with the presence of some spherical particles (as
indicated by arrows). However, the FeP/C appears as a stacked
layered structure with no distinct particles, as can be seen in its
SEM image (Fig. 2b and S2b†). Thus, the morphology has been
changed from P/C to FeP/C, which is understandable where the
temperature is high enough to cause a reaction of Fe particles
with the carbon matrix to form Fe carbide, which, with
increasing temperature, dissociates again into graphitic carbon
and Fe particles.40 A variety of graphitic carbons of small crys-
tallite size are supposed to be formed, as the graphitization
effect of the Fe particle is localized. The high temperature (900
�C) and the presence of the Fe particle enhance the degree of
graphitization.41 The amorphous nature of the synthesized
materials and the disordered micropores were observed under
Fig. 2 (a and b) SEM and (c and d) HRTEM images of (a and c) P/C and
(b and d) FeP/C, respectively. The white arrows in (a) indicate the
presence of spherical particles in the P/C sample. The yellow box in (d)
indicates the layered-like structure of FeP/C.

This journal is © The Royal Society of Chemistry 2019
a high-resolution transmission electron microscope (HRTEM),
as shown in Fig. 2c, d and S1.† The HRTEM images indicate the
layered-like structure of synthesized FeP/C samples, highlighted
by the yellow boxes in Fig. 2d and S2.† This sheet-like structure
can improve the electrocatalytic performance of active materials
through fast electron transfer and ion diffusion pathways, and
can also increase the effective contact area between the elec-
trolytes and active materials.42,43 Elemental mapping of FeP/C
shows the uniform distribution of Fe and P elements over the
carbon matrix, as can be seen in Fig. S3.† From this elemental
mapping, it is noticed that the amount of P element is higher
than that of Fe, which is different from the results obtained by
XRD (1 : 1). From ICP analysis, the amount of P in the P/C
sample was found to be 20%, while in the FeP/C sample, the
amount of P was 15% and of Fe was 7%, indicating the domi-
nant content of C in both samples (80%). That may explain its
amorphous appearance, as shown in Fig. 2c and d.

The specic surface area and pore size of P/C and FeP/C were
examined by nitrogen adsorption–desorption measurements
(Fig. 3). Table S1† summarizes the pore sizes, specic surface
areas (SSAs), and total pore volumes (TPVs) of both samples. P/C
has possessed a high BET surface area of 596 m2 g�1; aer
introducing Fe in the synthesis process, it is dramatically
increased to 1269 m2 g�1. The high surface area without the use
of any template may be due to the pore-generating ability of the
starting precursor. At a sufficiently high temperature, phytic
acid releases its six molecules of orthophosphate, which are
removed from the surface of carbon as CO2 gas and generate
mainly micropores in the carbon framework.44,45 The higher
surface area of FeP/C can be ascribed to its higher total pore
volume. Its pore size distribution (Fig. 3b) indicates the micro-/
meso-porous structure of both samples. While FeP/C shows
a sharp and strong peak at a pore diameter of 1.5 nm, P/C shows
a similar peak at 1.8 nm. Both samples show a peak around
2.9 nm. It is conrmed that the FeP/C is highly porous in nature
with a high surface area. The large surface area and abundant
micro/meso-pores provide sufficient channels for the efficient
diffusion of the electrolyte and facilitate the accumulation of
electrons on the electrode surface in the electrochemical
system. This is expected to achieve stable and high performance
as electrode materials for supercapacitor and ORR
applications.46,47

The supercapacitor (SC) performances of P/C and FeP/C
samples were investigated by cyclic voltammetry (CV) and gal-
vanostatic charge/discharge (GCD) measurements in
Fig. 3 N2 adsorption–desorption isotherms and pore size distribution
curves of P/C and FeP/C.

RSC Adv., 2019, 9, 25240–25247 | 25243
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a conventional three-electrode conguration at room tempera-
ture using 3 M KOH solution as an electrolyte. Fig. 4a shows
a comparison of the CV curves of P/C and FeP/C obtained at
a scan rate of 100 mV s�1. Both samples show a quasi-
rectangular shape, indicating an electric double layer capaci-
tive behavior. The FeP/C electrode shows a considerably higher
current density than that of P/C, revealing the higher capaci-
tance of FeP/C based on the directly proportional relationship
between the CV curve area and capacitance. The CV curves were
also obtained by varying the scan rate for both samples, P/C
(Fig. S4a†) and FeP/C (Fig. 4b). The good symmetry shown
indicates a good rate capability.

The GCD curves of P/C and FeP/C are depicted in Fig. S4b†
and 4c, respectively. Curves of P/C exhibit nearly triangular
traces at various current densities, showing the capacitive
behavior of the prepared sample. In contrast, the discharging
curve in the FeP/C sample shows an initially sharp potential
drop, especially at the current density of 1.2 mA cm�2, which
returns back to the internal resistance (ohmic resistance). This
IR drop mainly arises from the internal resistance of FeP/C due
to the migration of ions between the electrode and electrolyte.48

Fig. S5† shows the change of areal capacitance with current
density for both samples. The P/C shows better rate capability
than that of FeP/C. This can be understood in the light of the
pore size of both samples (Table S1†), where the reversible
adsorption/desorption of electrolyte ions on the surface of
electrodes determines the electric double layer (EDL) capaci-
tance. At low current densities, electrolyte ions can easily access
the inner micro- and meso-pores through holes on the P/C and
FeP/C. However, at high current densities, the small pores may
reduce the ions' movements. Therefore, the capacitance
decreases signicantly in the FeP/C sample.49

The areal capacitances (CA) of both electrodes were esti-
mated based on the galvanostatic discharge curves. The CA
Fig. 4 Electrochemical properties measured in a three-electrode
system using 3 M KOH as an electrolyte. (a) CV curve comparison of P/
C and FeP/C at 100 mV s�1 scan rate, (b) CV curves of FeP/C at various
scan rates, (c) GCD curves of FeP/C at different current density, and (d)
the cycling performance of FeP/C at 100 mV s�1.

25244 | RSC Adv., 2019, 9, 25240–25247
values of P/C and FeP/C achieve 41 and 313 mF cm�2 at
a current density of 1.2 mA cm�2, respectively. The specic
capacitance values of P/C and FeP/C at an equivalent current
density of 1 A g�1 correspond to 34 and 261 F g�1, respectively.
The obtained areal capacitance of FeP/C is close to or consid-
erably better than some previously reported iron-based mate-
rials. Table S2† shows data comparing its electrochemical
performance with those of some previously reported Fe-based
materials.

The electrochemical stability of the electrode material was
evaluated using long-term cycling performance at a scan rate of
100 mV s�1 for 10 000 cycles (Fig. 4d). It is well known that
because of structural deformation during the long-time charge/
discharge process, iron-based supercapacitor electrode mate-
rials oen suffer from poor stability.50,51 In previous studies,
arrays from FeP nanotubes and nanorods were used as negative
electrodes for supercapacitor application and showed only 41%
and 24.19% retention aer 5000 cycles, respectively.29,31 Aer
coating FeP nanorod arrays with PEDOT, the stability increased
to 82.1%.31 Porous N/P co-doped carbon showed capacitance
retention of 86.3% aer 10 000 cycles.52 Interestingly, FeP/C
exhibits outstanding cycle performance and retains 95% of its
initial capacitance value aer 10 000 cycles, indicating the
synergetic effect of the coupling of FeP and carbon.

The electrochemical activities of the as-synthesized samples
toward ORR were studied in O2- and N2-saturated 0.1 M KOH
solutions by cyclic voltammetry (CV) at a scan rate of 100 mV s�1

(Fig. 5a and S6†). It is clear in Fig. 5a that the CV curves in the
N2-saturated solution did not display any characteristic reduc-
tion peaks, while the same electrodes in the O2-saturated
solution display characteristic peaks on the cathodic scan at
about 0.52 and 0.68 V vs. RHE for P/C and FeP/C, respectively.
Moreover, as shown in Fig. S6,† the area under the FeP/C curve
is clearly higher than that of P/C, indicating the increase in ORR
Fig. 5 ORR measurements in a three-electrode system using 0.1 M
KOH as an electrolyte. (a) CV curve comparison of P/C and FeP/C at
100 mV s�1, (b) LSV curve comparison of P/C, FeP/C, and 20 wt% Pt/C
at 1600 rpm, (c) LSV curves of FeP/C at different rotation rates, and (d)
Koutecky–Levich plots at different potentials.

This journal is © The Royal Society of Chemistry 2019
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active sites with the introduction of Fe. The ORR curves of FeP/C
are well dened with the most positive onset potential (ca.
0.86 V vs. RHE), which is 180 and 20 mV more positive than
those of P/C (Fig. 5a) and a previously reported Fe–phosphate/
C,41 respectively.

The ORR kinetics of P/C and FeP/C have been studied by
linear sweep voltammetry (LSV) through RRDE measurements
at rotation speeds ranging from 400 to 2000 rpm with a scan
rate of 10 mV s�1 (Fig. 5b and c). The LSV curves of as-
synthesized FeP/C show a more positive value of onset poten-
tial (0.86 V vs. RHE) than that of prepared P/C (0.68 V vs. RHE),
as shown in Fig. 5b. Also, the half-wave potential values of FeP/
C, P/C, and commercial Pt/C are estimated to be 0.74 V, 0.59 V,
and 0.86 V (vs. RHE), respectively. These results indicate the
better ORR catalytic activity of prepared FeP/C than that of P/C
sample in 0.1 M KOH solution. Interestingly, the limiting
current density of our FeP/C electrode at 0 V vs. RHE was a little
bit higher than that of the commercial Pt/C electrode. Fig. S7†
shows the differences in the potential and limiting current
density values of the three electrodes. The higher ORR activity of
FeP/C than P/C may be due to the higher surface area, the
presence of sufficient P–C interactions which break the elec-
troneutrality of carbon, and the presence of Fe atom which
helps to break the O]O bonds.51–55

Using the Koutecky–Levich plot, the electrons transferred
per O2 molecule (n) during ORR at different potentials (0.2, 0.3,
0.4, 0.5, and 0.6 V vs. RHE) were calculated, as shown in Fig. 5d.
The obtained K–L plots show high linearity, suggesting rst-
order reaction kinetics based on our measurement condi-
tions.56 The average electron number is 4.6 for FeP/C, which
reveals the preferred H2O formation mechanism.36,57

In further study, the electron transfer numbers and
hydrogen peroxide percentage were calculated by using the
currents obtained from disk and ring electrodes through RRDE
measurement in the potential range of 0.0–0.7 V vs. RHE
(Fig. 6).37 As shown in Fig. 6b, electron transfer number values
are around 4 along all selected potential ranges, which is
consistent with the results obtained by K–L plot analysis. The
hydrogen peroxide yield is between 1.4% and 5.7%, which
agrees with a previously reported study of Fe–phosphate/C
material,41 which overcomes the reported defects of
phosphate-based ORR electrocatalysts.58 Such a high electron
transfer number and low H2O2 percentage are very important,
Fig. 6 (a) RRDE test of the ORR on FeP/C in an O2-saturated 0.1 M
KOH electrolyte at a scan rate of 10 mV s�1 and a rotating rate of
1600 rpm; (b) assessment of electron transfer number and peroxide
percentage in ORR catalyzed by FeP/C based on RRDE data.

This journal is © The Royal Society of Chemistry 2019
according to the operating point of view that requires protection
of the catalyst layer and membrane from degradation by
crossover H2O2.59

The stability of the FeP/C electrode was investigated using
chronopotentiometry measurements at a constant potential
(0.46 V vs. RHE) in O2-saturated 0.1 M KOH at 1600 rpm as
a rotation speed and compared with the benchmark Pt/C cata-
lyst (Fig. S8†). The as-synthesized FeP/C electrode retains 84%
of its initial current value aer 9000 seconds, a bit better than
20 wt% Pt/C, which shows 81% current retention under the
same measurement conditions. All of the above results high-
light the promising application of FeP/C as an electrode for ORR
applications.
Conclusions

In summary, we have successfully synthesized FeP/C material
using an eco-friendly and simple hydrothermal method fol-
lowed by carbonization. FeP/C sample shows a high surface area
(1269 m2 g�1) that is mainly microporous with the presence of
mesopores. FeP/C has been also investigated as an electrode for
supercapacitor and ORR applications using a three-electrode
system. The electrochemical properties of P/C are signicantly
improved by incorporating Fe. When FeP/C is used as a super-
capacitor electrode, it exhibits a maximum areal capacitance of
313 mF cm�2 at a current density of 1.2 mA cm�2, accompanied
by 95% capacitance retention aer 10 000 cycles. While in use
as an electrode material for ORR in an alkaline medium, it
illustrated high electrocatalytic activity and exhibited a positive
shi value of onset potential (0.86 V vs. RHE) and high limiting
current at 0 V vs. RHE with the production of a low percentage
from hydrogen peroxide. It also provided a four-electron
transfer pathway with 84% current retention aer 9000
seconds. The reported results would provide useful information
for the development of metal phosphide based electrodes with
high performance for supercapacitor and ORR applications.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The project was supported by the National Natural Science
Foundation of China (NSFC) (61604070) and the National
Natural Science Foundation of Jiangsu Province (BK20161000).
Ahmed K. Yousef appreciates the nancial support by the joint
supervision scholarship from the cultural affairs and missions
sector, the Egyptian Ministry of Higher Education (MOHE). The
authors acknowledge the Deanship of Scientic Research (DSR)
at King Abdulaziz University, Jeddah for technical and nancial
support. This work was performed in part at the Queensland
node of the Australian National Fabrication Facility, a company
established under the National Collaborative Research Infra-
structure Strategy to provide nano- and microfabrication facil-
ities for Australia's researchers.
RSC Adv., 2019, 9, 25240–25247 | 25245

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra04326h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 3
/1

5/
20

26
 2

:2
6:

36
 A

M
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
References

1 B. Liu, Y. Sun, L. Liu, J. Chen, B. Yang, S. Xu and X. Yan,
Energy Environ. Sci., 2019, 12, 887–922.

2 M. Watanabe, M. L. Thomas, S. Zhang, K. Ueno, T. Yasuda
and K. Dokko, Chem. Rev., 2017, 117, 7190–7239.

3 M. Winter and R. J. Brodd, Chem. Rev., 2004, 104, 4245–4270.
4 K. Jost, D. P. Durkin, L. M. Haverhals, E. K. Brown,
M. Langenstein, H. C. De Long, P. C. Trulove, Y. Gogotsi
and G. Dion, Adv. Energy Mater., 2015, 5, 1401286.

5 Y. Wang and Y. Xia, Adv. Mater., 2013, 25, 5336–5342.
6 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845–854.
7 J. Zhang, Z. Zhao, Z. Xia and L. Dai, Nat. Nanotechnol., 2015,
10, 444–452.

8 K. Gong, F. Du, Z. Xia, M. Durstock and L. Dai, Science, 2009,
323, 760–764.

9 H.-W. Liang, W. Wei, Z.-S. Wu, X. Feng and K. Müllen, J. Am.
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