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The development of low-cost and highly active electrode material is essential for the growth of renewable
energy conversion and storage technologies. In this work, a composite of carbon-red phosphorous has
been synthesized using a simple chemical reaction of sugar with sulfuric acid in presence of red phospho-
rous followed by carbonization. The as-prepared carbon-red phosphorous composite displays oxygen
evolution reaction (OER) activity with an overpotential of 1.69 V vs. RHE to achieve 10 mA cm�2 current
density compared to pristine carbon (1.81 V vs. RHE). Moreover, a symmetrical supercapacitor has been
constructed, which delivers a specific capacitance of 105.8 F g�1 and retains 100% of its initial capacitance
after repeating 3000 voltammogram cycles. This simple and low-cost preparation of carbon-red phospho-
rous composite from sugar can open up exciting opportunities for energy conversion and storage
applications.
1. Introduction

Carbons have attracted great deal of interest in electrochemical
energy conversion and storage technologies, such as fuel cells,
metal-air batteries, and supercapacitors [1]. Currently, the expen-
sive RuO2 and IrO2 are regarded the best electrocatalysts for OER.
However, unaffordable cost and scarcity have limited their use
for commercial purpose [2]. On the other hand, non-noble metal-
based catalysts (e.g.; Fe, Co, and Ni) are insufficient as they usually
show inferior catalytic activity and high susceptibility to be oxi-
dized in air [3,4]. To this perspective, the development of low cost
and highly active catalyst materials has been imperative. Over the
past decades, carbon materials have become a hot topic in energy
conversion and storage applications, owing to their unique physic-
ochemical properties, excellent electrical/thermal conductivities,
and tunable surface chemistry [5–7].

Recently, our group has reported a general potentiodynamic
strategy for the incorporation of red phosphorus and sulfur nan-
odots into reduced graphene oxide sheets. The as-synthesized
composite materials simultaneously served for both supercapaci-
tor and hydrogen evolution activities [8]. In another work, we pre-
pared nitrogen and sulfur co-doped carbon uniformly decorated
with Co3O4, which demonstrated excellent OER activity by show-
ing an onset potential of 1.41 V vs. RHE in alkaline medium [9].
The new allotropes of carbon such as graphdiyne and graphyne
have also been proven as excellent electrocatalysts [10–13],[14].
Kong et al. predicted B-doped c-graphyne as an efficient material
for OER by calculating the free energy changes of OER [15].

Recently, J. S. Yu et al. have synthesized doped carbon from
human urine for oxygen reduction reaction and supercapacitor
applications [16,17]. The preparation of above-mentioned carbon
material is a complex and requires multistep process. Therefore,
to develop a simple route for the fabrication of carbon-based mate-
rial at large scale is of great importance [18,19]. Toward this end,
carbonization of biomass is a great choice because of their easy
availability, low cost, chemical stability, and good electrical con-
ductivity. The biomass sugar derived carbon has seldom been used
as electroactive material, to our knowledge. Sugar also known as
‘cane sugar’ is basically a sucrose, often used in our daily life, con-
tains C, H, and O elements and can produce carbon material upon
pyrolysis. In this work, the composite of carbon-red phosphorous
has been prepared from the mixture of sugar powder and red phos-
phorus by a facile chemical reaction with sulfuric acid followed by
pyrolysis. The sulfuric acid acts as a dehydrating agent and convert
sugar powder into a foam like carbon material. The resulted
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composite displayed reasonably good electrochemical properties
for both oxygen evolution reaction and supercapacitor. Such a
newly developed strategy for the development of carbon-based
electroactive material from sugar powder would certainly pave
the way for next generation renewable energy technologies.

2. Experimental detail

2.1. Chemical reagents and materials

The powder of refined sugar (Brand UniÕn) with particle size of
~0.25 mm was purchased from supermarket. Red phosphorous,
ruthenium oxide (RuO2, 99.9%), and sulfuric acid (H2SO4, 97%) were
purchased from Sigma-Aldrich and used as received without fur-
ther purification. Nafion (Aldrich, 5 wt%) was used in ethanol.
The deionized water was used from Milli-Q Advantage A10 (Merck
Millipore, USA) with a resistivity of 18.25 MX cm�1.

2.2. Preparation of the materials

In a typical synthesis, 10 g sugar powder and 1 g red phospho-
rous were manually ground with the help of agate mortar. The
mixture was then transferred into a glass beaker of 500 mL. After-
ward, the mixture was reacted with 10 mL of concentrated sulfuric
acid in a fume hood under atmospheric condition. The foam like
carbon was obtained and washed with copious amount of distilled
water until the acid is completely removed. The as-prepared car-
bon foam was carbonized in a tubular furnace under argon atmo-
sphere at 900 �C for 3 h with ramp rate of 2 �C min�1.

2.3. Material characterizations

Oxford scanning electron microscopy (LEO, Model 440) and
transmission electron microscopy (JEM2100 LaB6 200 kV) were
used to analyze morphological structure of materials. For TEM
analysis, a little amount of material was dispersed in isopropyl
alcohol and ultrasonicated for 10 min, then a drop of solution
was casted on carbon-film copper grids (EMS, 400 mesh). The X-
ray diffraction patterns were recorded using a Bruker D8-advance
X-ray powder diffractometer with Cu Ka radiation source (k = 1.5
4 Å). Raman spectra were collected on a Jobin-Yvon LabRam HR
800 Raman spectroscope equipment with a 500 nm laser source.
X-ray photoelectron spectroscopy (XPS, PHI-5300ESCA, PerkinEl-
mer was used to analyze the materials.

2.4. Electrochemical measurements

The electrochemical measurements were investigated by
Metrohm Autolab electrochemical workstation. The OER experi-
ments were carried out in a standard three-electrode cell configu-
ration using N2-saturated 1 M KOH electrolyte under the scan rate
of 5 mV s�1 at room temperature of ca. 25 �C. The Hg/HgO (1 M
KOH filling solution) and Pt plate (1 cm2) were used as reference
and counter electrodes, respectively. For the ink preparation of cat-
alyst, 2 mg material was dispersed in 400 lL of isopropyl alcohol
and 40 lL of 5 wt% Nafion solution and then ultrasonicated for
30 min to obtain a homogeneous mixing of catalyst. Same proce-
dure was applied to prepare the ink of commercial RuO2 catalyst
for comparison. Subsequently, a predetermined volume of the cat-
alyst dispersion (5 lL) was carefully casted onto the polished
glassy carbon rotating disk electrode (0.0314 cm2) and dried under
ambient condition. The average catalyst loading amount was
approximately ~0.025 mg. All the potentials were calibrated and
converted to reversible hydrogen electrode (RHE) using equation
Evs RHE = Evs Hg/HgO + 0.095 + 0.059pH. For the electrode fabrication,
the precleaned carbon cloth piece (1.5 cm width and 3 cm length)
was dipped several times in the ink of active material (2 mg
material + 400 lL of isopropyl alcohol +40 lL of 5 wt% Nafion solu-
tion) and dried under nitrogen stream for 10 min. The loading of
material on electrode was ~0.3 mg. For the construction of sym-
metric supercapacitor, two electrodes with same shape and size
were dipped into the electrolyte solution (1 M H2SO4) with the
assistance of platinum wires, using both as positive and negative
electrodes. The specific capacitance, specific energy, and specific
power were calculated by the following equations.

Ccell ¼ I= dv=dtð Þ ð1Þ
where, Ccell is the capacitance of the supercapacitor cell, I is the con-
stant discharge specific current (A), and dv/dt is the slop of dis-
charge curve.

Csp ¼ 4Ccell=Mtwo�electrode ð2Þ
where, Csp is the specific capacitance of the active electrode andM is
the mass of two electrodes.

E ¼ 1
8
CV2 ð3Þ

where, E is the specific energy, C is the specific capacitance (Csp) of
the electrode, and V is the potential window.

P ¼ E
tdischargetime

ð4Þ

where, P is the specific power and t is the discharge time in seconds.

3. Results and discussion

The sugar powder and red phosphorous were mixed together in
predetermined amounts and then the mixture was ignited by con-
centrated sulfuric acid resulting in a foam like carbon material, as
shown in Scheme 1. During the reaction, sulfuric acid acted as a
dehydrating agent and blown the sugar powder into a piece of car-
bon foam in few seconds by liberating carbon dioxide gas. The car-
bon foam was then subjected to pyrolysis in a tube furnace at
900 �C for 3 h under argon atmosphere. During pyrolysis, the red
phosphorous sublimed and introduced into carbon matrix thereby
forming a composite of carbon-red phosphorous (CP). Pristine car-
bon was prepared following the same procedure above but without
adding red phosphorous powder.

The typical scanning electron microscopy (SEM) images of pris-
tine carbon and CP composite (Fig. 1a, b) showed stalked layered
type carbon structure with several micrometer sizes. The CP com-
posite demonstrated rough surface of carbon, while pristine carbon
shows smooth surface of carbon. The high-resolution transmission
electron microscopy (HRTEM) image of CP composite (Fig. 1c) pre-
sented a wrinkled layered-structure of carbon, this could be due to
the irregular stalking of multiple layers of carbon. Fig. 1d, shows
the selected area electron diffraction pattern (SAED), where two
blurred rings can be observed, suggesting the graphitic reflection
of the carbon. The corresponding energy dispersive X-ray (EDX)
elemental mapping images show the uniform distribution of P
(red) and O (purple) elements all over the carbon (green) layer,
which can afford numerous active sites for catalysis. The composi-
tional data was obtained from EDX analysis and found to be 80.5,
12.8, and 6.7%, for C, O, and P, respectively. In the XRD pattern
(Fig. 1e) of CP composite, there are two broad peaks at 23.7�
(0 0 2) and 44� (10), indicating that sugar powder has been com-
pletely converted into carbon material [20,21]. The diffraction plan
(0 0 2) can be ascribed to the parallel stalking of layered carbon and
(10) is typically from graphitic carbon [22]. On the other hand, the
XRD pattern of carbon foam (without carbonized) shows no peak,
meaning that the reaction of sugar with sulfuric acid only pro-
duced ash (partially burnt sugar).



Scheme 1. illustration for the preparation of carbon-red phosphorous composite.

Fig. 1. a, b) SEM images of pristine carbon and CP composite, respectively, c) HRTEM image of CP composite, d) SAED pattern and corresponding elemental mapping images of
C, O, and P, e) XRD patterns of CP composite and uncarbonized carbon foam, and f) Raman spectra.
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The Raman spectra of CP composite and pristine carbon (Fig. 1f)
show two sharp peaks at 1575 cm�1 (G band) which is of the char-
acteristic scattering peak of graphitic carbon and the peak at
1350 cm�1 (D band) corresponding to the lattice defects, disorder
arrangement and low symmetry carbon structure of graphite
[23]. The degree of defects in the samples can be evaluated by
the intensity ratio of D and G bands. The intensity ratios (ID/IG)
for CP composite and pristine carbon were calculated to be 0.97
and 0.88, respectively. The high value of ID/IG (0.97) for composite
CP is reflecting a higher defect concentration in composite material
that can provide more active sites for the electrode enhancing elec-
trochemical performance.

The high-resolution X-ray photoelectron spectroscopy (XPS)
spectra of C 1s, P 2p, and O 1s were measured to analyze the chem-
ical environment of composite CP. Fig. 2a represents the XPS sur-
vey spectrum, that confirms the presence of P and O elements in
the carbon. Fig. 2b shows the high resolution XPS spectrum of C
1s corresponding to ‘‘sp2 C” (284.4 eV), ‘‘sp3 C” (285.3 eV), and
‘‘C-O” (287.8 eV) peaks [24,25]. The XPS spectrum of P 2p
(Fig. 2c) displays two peaks at 133.5 and 134.3 eV, which attribute
to the spin-orbit splitting (doublet) of 2p3/2 and 2p1/2 components
of P-O bond [26]. This implies that the P is not chemically bonded
with C atom, rather than both components are electrostatically
interacted each other by making a composite of carbon and red
phosphorous particles. The XPS spectrum of O 1s (Fig. 2d) shows
the peaks at 532.2 and 533.6 eV, which were assigned to C-O,
and P-O bonds respectively.

3.1. OER study of carbon-red phosphorous composite

The OER activity of the samples were conducted under LSV
measurement with N2-saturated 1 M KOH aqueous electrolyte at
rotation speed of 1000 rpm. As shown in Fig. 3a, the CP composite
displayed reasonably good OER activity by showing an overpoten-
tial of 1.69 V vs. RHE to achieve 10 mA cm�2 current density com-
pared to pristine carbon (1.81 V vs. RHE). As expected, the



Fig. 2. a) XPS survey spectrum of CP composite, b) XPS of C 1 s, c) XPS of P 2p, and d) XPS of O 1 s.

Fig. 3. OER analysis. a) LSV profiles of CP composite, pristine carbon, and RuO2 at 5 mV s�1 in N2-saturated 1 M KOH solution, b) Corresponding Tafel plot, and c) LSV profile of
CP composite before and after 1000 CV cycles.
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benchmark RuO2 showed better performance by achieving
10 mA cm�2 current density at lowest overpotential of 1.54 V vs.
RHE. The OER activity of CP composite was found comparable to
that of carbon based electrocatalysts as reported by other groups,
as represented in Table 1 [5],[27–35].

Tafel plot which was derived from the LSV polarization curves,
showed the Tafel slope values of ~135, 179, and 457 mV dec�1 for
RuO2, CP composite, and pristine carbon, respectively (Fig. 3b). The
low Tafel slope of 179 mV dec�1 for CP composite may represent
the Heyrovsky step for the kinetics of OER compared to pristine car-
bon. This clearly indicates that there is an emergence of synergistic
effectbetweencarbonand redphosphorous. The relatively largeTafel
slope values of the samplesmight be due to the involvement of some
side reactions during OER [36,37]. The OER stability of the CP com-
positewas observed by similar LSV curvesmeasured before and after
1000 CV cycles between the potential rang of 1.3 to 1.6 V vs RHE at
scan rate of 5 mV s�1 (Fig. 3c). These results indicate that the
carbon-red phosphorous composite derived from sugar could be a
promising low-cost electrocatalyst for oxygen evolution reaction.

3.2. Supercapacitor study of sugar derived carbon-red phosphorous
composite

To evaluate the supercapacitor performance of the as-prepared
composite material, a symmetrical two-electrode cell was assem-
bled using the same shape and size as positive and negative elec-
trodes. Where negative electrode served as both counter and
reference electrode and positive electrode served as working elec-
trode. The electrochemical capacitor performance of the assembled
cell was tested in 1 M H2SO4 electrolyte solution. The CV curves of
CP composite show the increment in current with increasing scan
rates from 10 to 200 mV s�1 suggesting the high rate capability of



Table 1
Comparison of OER performance of CP composite with some lately reported carbon-based materials.

Electrocatalysts Electrolyte Potential (V) at 10 mA cm�2 Tafel slop value (mV dec�1) Ref.

CP composite 1 M KOH 1.69 179 This work
N-doped G/CNTs hybrids 0.1 M KOH 1.63 83 [27],
g-C3N4/G 0.1 M KOH 1.81 68.5 [28],
N, O, P-tri doped porous carbon 1 M KOH 1.63 84 [29],
N, S co-doped G 0.1 M KOH 1.65 59 [30],
N, O co-doped carbon hydrogel film 0.1 M KOH 1.63 141 [31],
N, P co-dopedgraphene/carbonnano-sheets 0.1 M KOH 1.57 70 [32],
Oxidized carbono cloth 0.1 M KOH 1.72 82 [33],
B doped CNTs 1 M KOH 1.83 – [34],
N doped graphite 0.1 M KOH 1.61 – [5],
N, S co-doped graphitic sheets 0.1 M KOH 1.60 71 [35],

Fig. 4. Symmetric supercapacitor study of CP composite. a) CV curves at different scan rates, b) GCD curves at different specific currents, c) Plot of specific capacitance versus
specific current, d) CV curves before and after 3000 CV cycles at 100 mV s�1, and e) Plot for specific energy versus specific power.
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the electrode material (Fig. 4a). The galvanostatic charge-discharge
(GCD) profile show the quasi-linear shape of the curves further
indicating a good capacitive characteristic of the electrode material
in symmetric two electrode cell (Fig. 4b). The specific capacitance
of the electrode was calculated to be 105.8F g�1 at the specific cur-
rent of 0.5 A g�1. This was retained up to ~42% when specific cur-
rent increased to 2 A g�1, as shown in Fig. 4c. The cyclic
performance of the symmetric supercapacitor was tested under a
high scan rate of 100 mV s�1 for consecutive 3000 CV cycles. The
symmetric supercapacitor exhibited virtually no capacitance loss,
as shown in Fig. 4d. This implies that the composite material has
good electrochemical stability. For the practical application, deter-
mining the energy and power densities are the most important fac-
tors for full cell supercapacitors [38,39]. According to the Ragone
plot as shown in Fig. 4e, the symmetric supercapacitor delivered
the specific power of 264 Wkg�1 at the specific energy of 3.67
Wh kg�1. These results indicate that the sugar derived carbon-
red phosphorous composite is a promising material for both energy
conversion and storage applications.
4. Conclusions

A carbon-red phosphorous composite was successfully derived
from sugar powder using a simple one step chemical reaction with
sulfuric acid followed by carbonization. The as-prepared composite
showed reasonably good OER activity by achieving a 10 mA cm�2

current density at an overpotential of 1.69 V vs. RHE. The as-
prepared composite showed the specific capacitance of 105.8 F
g�1 and excellent electrochemical stability in acid medium. Addi-
tionally, the symmetric supercapacitor cell demonstrated a specific
power of 264 Wkg�1, while maintaining the specific energy of 3.67
Wh kg�1. Thus, this work provides a sustainable and cost-effective
approach for synthesizing carbon-red phosphorous composite
material for both energy conversion and storage applications.
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