1' frontiers
1In Materials

ORIGINAL RESEARCH
published: 18 March 2020
doi: 10.3389/fmats.2020.00030

OPEN ACCESS

Edited by:
Federico Cesano,
University of Turin, ltaly

Reviewed by:

David Aradilla,

Commissariat a I'Energie Atomique et
aux Energies Alternatives (CEA),
France

Shuling Liu,

Shaanxi University of Science

and Technology, China

*Correspondence:
Louisa Meshi
Imeshi.Im@gmail.com
Gilbert D. Nessim
Gilbert.Nessim@biu.ac.il
Kaushik Ghosh
kaushik@inst.ac.in

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Energy Materials,

a section of the journal
Frontiers in Materials

Received: 28 October 2019
Accepted: 28 January 2020
Published: 18 March 2020

Citation:

Kumar S, Aziz SKT, Kumar S,
Riyajuddin S, Yaniv G, Meshi L,
Nessim GD and Ghosh K (2020)
Three-Dimensional
Graphene-Decorated
Copper-Phosphide (CuzP@3DG)
Heterostructure as an Effective
Electrode for a Supercapacitor.
Front. Mater. 7:30.

doi: 10.3389/fmats.2020.00030

Check for
updates

Three-Dimensional
Graphene-Decorated
Copper-Phosphide (CuzP@3DG)
Heterostructure as an Effective
Electrode for a Supercapacitor

Subodh Kumar't, S. K. Tarik Aziz't, Sushil Kumar?t, Sk Riyajuddin?, Gili Yaniv?,
Louisa Meshi3*, Gilbert D. Nessim™ and Kaushik Ghosh?*

" Department of Chemistry, Bar-llan Institute for Nanotechnology and Advanced Materials, Bar-llan University, Ramat Gan,
Israel, 2 Institute of Nano Science & Technology, Mohali, India, ¢ Department of Materials Engineering, Ben-Gurion University
of the Negev, Beer-Sheva, Israel

Transition metal phosphides already emerged with great interest due to their
energy storage capacitance, superior metalloid characteristics, and decent electrical
conductivity. To achieve a commercially viable outcome, these electrodes are fabricated
with interconnected carbonaceous materials. Herein, we have synthesized hexagonal
copper phosphide (CugP) platelets using chemical vapor deposition (CVD) and
integrated it with highly conducting three-dimensional graphene (3DG), leading to a
nanohybrid (CuzP@3DG) as a coulombic efficient supercapacitor. This nanohybrid has
exhibited a specific capacitance (Cgp) of 1,095.85 F/g at 10 mV/s scan rate along
with a cycling stability of 95% capacitive retention after 3,000 cycles at a current
density of 8.97 A/g. The Cg is almost four times higher and the stability is 1.2
times higher compared to the bare CugP platelets. We have fabricated an asymmetric
supercapacitor (ASC) using CuzP@3DG on graphite as cathode and activated carbon
(AC) on graphite as anode (CuzgP@3DG//AC) that has shown high specific capacity
(108.78 F/g), energy density (8.23 Wh/kg), and power density (439.6 W/Kkg). Moreover,
this ASC has exhibited an excellent life cycle (5,500 consecutive charge—discharge with
96% coulombic efficiency). Therefore, the proposed all-solid-state hybrid device can be
considered as a route for next-generation high-performing energy storage devices.

Keywords: hexagonal copper phosphide platelets, chemical vapor deposition, red phosphorus, three-
dimensional graphene (3DG), energy storage devices

INTRODUCTION

The relentless increase in energy demand and parallel steady reduction of fossil fuels drive the
scientific and industrial need to develop renewable energy along with faster and compatible
energy storage devices (Li et al., 2015, 2017; Zhang et al, 2019). Supercapacitors represent
essential components that can bridge between stereotype capacitors and rechargeable batteries in
terms of power and energy densities with a long cycle life (Wang et al.,, 2018; Cao et al., 2019;
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Chen et al,, 2019). In recent times, the synthesis of materials
having semiconducting, metalloid, and energy storage properties
has emerged at the forefront of research activities (Augustyn
et al, 2014; Lopez-Ortega et al,, 2015; Sivula and Van De
Krol, 2016). The transition metal phosphides are a fascinating
class of materials because of their wide range of properties
depending on their size and shape (Barry et al, 2008; Shao
et al., 2017; Aziz and Islam, 2018). Metal phosphides have
been tested and found to be active catalysts with their potential
applications in electro-catalysis and photo-catalysis. In the
last few years, several phosphides of nickel, cobalt, iron,
molybdenum, tungsten, copper, and many more with different
morphologies and crystallinity have been synthesized using
different methods including phosphorization, electrodeposition,
and ball milling (Brock et al., 2004; Henkes et al., 2007; Barry
et al., 2008; Brock and Senevirathne, 2008; Wang et al., 2010).
Metal phosphides with controlled nanostructures and elemental
compositions have been designed and reported to provide
significant enhancement in electrochemical activity (Wang et al.,
2015a; Chen et al., 2016; Seo et al, 2016; Wu H. et al,
2016). Also, metal phosphides have metalloid properties and
exhibit high specific capacitances (Csp) and high volumetric
and gravimetric capacities with lower intercalation potentials
compared to commercial carbonaceous materials. Thus, they
have attracted extensive interest to design novel electrode
materials for supercapacitors rather than lithium-ion batteries
(Li et al, 2017). Although transition metal hydroxides, metal
oxides, and polymers (conducting) are commonly used electrode
materials for lithium-ion batteries and pseudo-capacitors (Wang
etal., 2015a,c; Zhu et al., 2015; Wu J. et al., 2016), however, these
materials are kinetically slow for the fast electron transport and
that invariably required for high-power density with moderate
energy density (Li et al., 2017).

Copper phosphide (CuzP) is an air-stable, low-cost,
environment-friendly material that exhibits high volumetric
as well as comparable gravimetric capacity to that of graphite
(Pfeiffer et al., 2004). CusP have also been explored widely in the
field of photo/electro-catalytic water splitting (Sun et al., 2015;
Wei et al,, 2016; Han et al,, 2017; Hao et al.,, 2016). Recently,
this material has been introduced in the energy storage sector to
bridge the gap between electric double-layer capacitor (EDLC)
and batteries (Chen et al, 2017; Zhang et al, 2019). It has
been proved that the electrochemical activity of a material is
strongly affected by its size, structure, and chemical composition.
CusP with different morphology and crystallinity have been
synthesized and investigated for energy storage devices showing
an improvement in electrochemical activities (Liu et al., 2012,
2016; Fan et al., 2016).

Carbonaceous matrices [e.g., graphene, carbon natotube
(CNT), graphite, etc.] are simultaneously proved to be a
promising choice of electrode material due to its high
conductivity, large surface area, flexibility, and transparency
which drags its attention toward large-scale applications in
energy storage devices. Among various carbonaceous materials,
three-dimensional graphene (3DG) is the promising choice
as a backbone for electroactive materials for supercapacitor
due to the random orientation of graphene flakes in three

dimensions leading to the formation of micro/mesoporous
structures (Mukherjee and Austeria, 2016; Singh et al.,, 2017;
Xue et al,, 2018). The 3DG provides high conductive channels
for ion and electron transfer in charging-discharging cycles
leading to a prominent improvement in overall capacitive
performance of electroactive materials. Also, 3DG effectively
minimizes the unwanted agglomeration of metal nanoparticles,
thereby enhancing the chemical stability of the electroactive
materials. In compliance to develop a novel approach for the
synthesis of new hybrid materials (Kumar et al., 2017; Itzhak
et al., 2018) herein, we report a facile, industrially scalable and
easy method to produce a high yield of hexagonal CuszP by
solid-state reaction at low temperature followed by the formation
of nano-hybrid with 3DG matrix on graphite substrate. This
nano-hybrid has demonstrated significantly high electrochemical
performance at an optimized Cu3P:3DG ratio with a tremendous
Csp of 1,095.85 F/g at a scan rate of 10 mV/s. The asymmetric
device of CuzP@3DG electrode (positive) and activated carbon
(AC) (negative electrodes) on graphite substrate reveals worthy
performance in power densities, cycling stability, and excellent
capacitive retention.

EXPERIMENTAL SECTION

Materials

The copper foil was purchased from Alfa-Aesar. Red phosphorus
was purchased from Sigma Aldrich and was used without any
further purification. A compressed cylinder tank of argon gas
was procured from Gas Technologies with a purity of 99.999%.
An atmospheric-pressure three-zone chemical vapor deposition
(CVD) furnace, fitted with a quartz tube with an internal
diameter of 22 mm, was used for the synthesis. The built-
in furnace thermocouples measured the furnace temperatures,
and the flow of argon was maintained using electronic mass
flow controllers (MKS P4B with digital mass flows control unit
model 247D). Graphite powder, HySOj4, ortho-phosphoric acid,
potassium permanganate, H,O, (30%), HCI, polyvinyl alcohol,
potassium hydroxide, graphite sheet, nafion, and AC were
purchased from TCI Chemicals India. Glassy carbon electrode
was purchased from Sinsil International Pvt. Ltd.

Synthesis of Hexagonal Copper
Phosphide Platelets

Usual techniques to synthesize transition metal phosphide is
via plasma-enhanced CVD (PECVD) using PH3 plasma (Liang
et al., 2017) or multistep hydrothermal techniques (Zhou et al,,
2015; Ding et al., 2019) via metal oxide/hydroxide intermediate
followed by thermal annealing. Using the PECVD approach
restricts the phosphorization on the material surface rather than
bulk conversion. On the other hand, hydrothermal growth may
lead to polycrystalline phosphides and oxide intermediates that
are difficult to avoid, which may possibly be responsible for
degrading the electrochemical performance.

CVD has been shown as a one-step process where hexagonal
CusP can be synthesized at an optimized temperature (Wei
et al., 2016; Riyajuddin et al., 2019). In a typical experimental
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procedure, 50 mg of red phosphorus is kept in a quartz boat
and then covered with a 0.25-mm-thick copper foil (the native
oxide layer on Cu-foil is removed by sonication with 4 M HCI
for 20 min and washed with distilled water and isopropanol and
then dried) as shown in Supplementary Figure S1. Initially, there
is no direct physical contact between the red phosphorus and
the copper foil, which is positioned above the red phosphorus-
containing boat. This quartz boat is inserted in the quartz tube
and positioned at the center of the furnace and heated at 450°C
for 5 min under a flow of Ar (25 sccm) at an ambient pressure
condition. In this process, phosphorus particles sublimate which
are diffused into the copper and reacted with it to nucleate CuszP
crystallites and then grow into hexagonal platelets. A layer of dark
shining gray color is observed on the surface of the copper foil
exposed to the red phosphorus environment.

The synthesis of CuzP experiments is performed by using the
“fast-heat” technique in which the samples are initially positioned
outside the heated zone of the furnace with a fan blowing on
the exposed quartz tube surface to keep the sample at room
temperature (Itzhak et al., 2018; Kumar et al., 2018). Once the
set temperatures of furnaces have reached a stable value, then the
quartz tube is shifted to position the sample in the growth zone
to start the phosphorization process. Using this technique, the
sample is placed immediately to the required growth temperature
and avoided exposure during the ramping steps.

Synthesis of the Three-Dimensional

Graphene Matrix

The modified hydrothermal reduction method has been used for
the synthesis of 3DG on top of the graphite sheet as reported in
our earlier work (Singh et al., 2017). Briefly, a piece of graphite
sheet is dipped into 2 mg/ml aqueous dispersion of graphene
oxide. This aqueous dispersed solution of the graphene along
with graphite sheets is freeze-dried at —20°C for 12 h. After that,
the solution temperature is allowed to reach room temperature
followed by the addition of 0.6 ml of 2 M ascorbic acid to the
graphene oxide aqueous dispersion, and the mixture is sealed in
a Teflon-lined autoclave and heated in an oven at 120°C for 6 h.
The as-grown material is thoroughly dried in a vacuum for the
formation of a porous 3DG-coated graphite electrode.

Assembly of a Solid-State Asymmetric

Supercapacitor Device

The ASC devices are assembled by utilizing the CusP@3DG on
graphite electrode as positive electrodes and AC on graphite
as negative electrodes with polyvinyl alcohol (PVA)/KOH as
gel electrolyte. The KOH/PVA gel electrolyte is prepared by
mixing 5 g KOH and 4 g PVA in 50 ml distilled water with
vigorous stirring at 90°C until the mixture solution becomes
clear to form a semi gel state. Then, the prepared homogeneous
1 ml of each CusP solution [~0.3, 0.6, 0.91, 1.2, 1.5 mg/ml in
Isopropyl alcohol (IPA)] is drop casted on top of 3DG-graphite
electrodes (1 cm? x 1 cm?) homogeneously and dried. Each
electrode is covered with ~1.1 mg of 3DG matrix. After that,
the gel electrolyte is sandwiched between CuzP@3DG and AC
electrodes, and the solid-state device is assembled successfully

by moderate pressing to remove excess gel electrolytes and dried
overnight. The active device area is 1 cm? x 1 cm?, where
longitudinally extended graphites are being used for making the
connection for electrochemical measurement.

RESULTS AND DISCUSSION

In this work, hexagonal platelets were directly grown on copper
foil by thermal annealing using a CVD system. A known amount
of red phosphorus was kept in a quartz boat and covered
with copper foil as shown in Supplementary Figure S1. Red
phosphorus and copper foil were then heated at 450°C for
5 min under argon flow. A dark shiny gray color layer that
formed on the red phosphorus-exposed side of the copper foil
indicated the successful growth of CuszP. To investigate the
effect of temperature on the morphology of CuzP on copper
foil, the same experiment was repeated at 350, 450, 600, and
800°C. When the temperature was increased to 600°C, the
material started losing its hexagonal morphology by condensing
hexagonal platelets together. Upon further enhancement of the
temperature up to 800°C, the entire hexagonal morphology
was lost. On the other hand, lowering the temperature to
350°C, the hexagonal platelets did not nucleate, as shown
in Supplementary Figure S2. These results confirmed that a
specific temperature (450°C) was required for the growth of
hexagonal platelets. HRSEM analysis of the synthesized CusP
revealed stacked platelets of hexagonal morphology with a lateral
dimension in the range of micrometers and a thickness of
a few nanometers, as shown in Figure 1A. HRSEM images
and the corresponding elemental mapping patterns of Cu
and P had demonstrated that the Cu and P elements were
uniformly distributed on the hexagonal platelets (Supplementary
Figures S3c,d in ESI). Transmission electron microscopy
(TEM) analysis was performed for in-depth characterization.
A low-magnification image, shown in Figure 1B, illustrated
the nature of the hexagonal platelets. It was found that
they consist of domains, although TEM sample preparation
might influence the agglomeration (Supplementary Figure S4).
The electron diffraction pattern taken from the agglomerate
portion (Supplementary Figure S4a) was successfully indexed
in terms of the hexagonal structure of the CusP. It should be
noted that the rings on the polycrystalline electron diffraction
pattern indicated a large misorientation between the domains
in the agglomerate. Using HRTEM, we studied small nano-
sized domains constituting the agglomerate and did selected
area electron diffraction (SAED), shown in Figures 1C-D.
The SAED pattern was taken along [0001] orientation of one
domain, and the corresponding HRTEM image is shown in
Supplementary Figure S4b. In Supplementary Figures S4b,c,
HRTEM image and SAED patterns were taken along [101 ~0]
orientation of the domain fitting the atomic structure of CusP, as
reported by Olofsson (1972).

The phase content of the synthesized material was studied
using X-ray diffraction (XRD) (Figure 1E). The XRD pattern
exhibited strong, sharp peaks which were indexed in terms
of hexagonal structure (P63cm) of the CuzP (JCPDS card no.
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FIGURE 1 | (A) Schematic representation of synthesis of three-dimensional graphene-decorated copper phosphide (CuzP@3DG). (B) After synthesized CugP
pallets, HR-SEM images of hexagonal CugP (hexagonal flake is shown inset). (C) Electron diffraction pattern taken from the agglomerate was indexed in terms of the
hexagonal structure of the CusP. (D) Selected area electron diffraction (SAED) patterns taken along [0001] orientation of one domain. (E) Rietveld refinement of
CugP: observed X-ray profile (open red circles), calculated profile (solid black line), and the difference between them (blue line on the bottom). Vertical bars refer to
the calculated peak (JCPDS #71-2261). (F) Hybrid structure of hexagonal CugP platelets on the three-dimensional (3DG) template. (G) HR-SEM represents the

Fabricating
Cu,P@3DG

[0001]

71-2261) (Hou et al., 2016). Rietveld refinement resulted in
reliability factors: Ry = 2.3%, Ryp = 3.27%, Rpragg = 1.05%,
and Rexp = 1.73%. These low-reliability values excluded the
possibility of the presence of impurities. It should be noted
that atomic positions, occupancies, and thermal displacement
parameters of the CusP structure were not refined here, and the
background was treated as linear. Lattice parameters were refined
as a = 0.69673(1) nm and ¢ = 0.71484(8) nm. The dependence of
stoichiometry, temperature, and lattice parameters of the CusP
structure was discussed in the earlier report (Olofsson, 1972).
Since the refined lattice parameters (i.e., a = 0.697, ¢ = 0.7145 nm)
were fitted well with reported parameters (Olofsson, 1972),
thus the synthesized material was stoichiometric (or closely
stoichiometric) as CuszP. To the best of our understanding,
Rietveld refinement result of the as-synthesized sample was

known to be the significant evidence for the formation of
stoichiometric CuszP rather than the energy-dispersive X-ray
spectroscopy (EDS) shown in Supplementary Figure S3. The
presence of elements could be found in the EDS analysis.
However, it was hard to estimate the stoichiometry via EDS
since a large difference in atomic numbers of the constituents
did not allow accurate standard in the EDS analysis. Figure 1F
showed the formation of a hybrid porous structure made of
hexagonal CusP platelets along with 3DG. Careful observation
indicated that the hexagonal CusP platelets (shown by yellow
arrows) were randomly scattered on the porous foamy 3DG
architecture (shown by white arrows). A close-up view of
these hybrid structures, shown in Figure 1G, revealed a
single flake of CusP trapped inside the 3DG matrix where a
detailed EDS elemental mapping was performed to identify the
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distribution of Cu, P, and C elements, respectively, shown in
Supplementary Figure S5.

The X-ray photoelectron spectroscopy (XPS) analysis of
CusP elucidated the oxidation states and chemical interaction
between Cu and red phosphorus (Supplementary Figure S6).
The Cu, P, O, and C peaks appeared in the survey scan
(shown in Supplementary Figure S6a). The presence of
Ols peak indicated the superficial oxidation of CusP, while
the carbon peak was due to the background. The high-
resolution XPS spectrum of Cu 2p (Supplementary Figure S6b)
exhibited two peaks at 932.4 and 934.8 eV, which were
attributed to phosphorized copper (Cu-P) and oxidized copper
(Cu-0), respectively (Lin et al, 2016; Jin et al, 2017).
Supplementary Figure S6¢c showed double peaks in the
phosphorus region. The peak at 133.6 eV was due to the
oxidized phosphorus in the form of phosphate (Li et al., 2016),
and 129.7 eV was the binding energy of P in Cu3P, which
was lower than that of the binding energy of red phosphorus
(130.2 eV), suggesting the conversion of copper to CuzP (Pfeiffer
et al, 2005). The presence of Cu-O and POx was probably
due to oxide layer formation on the surface of CuszP in
ambient conditions.

To evaluate the as-grown nanomaterial as the promising
electrode material, cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impendance
spectroscopy (EIS) measurements were made to investigate the
supercapacitive performance. The electrochemical window for

CV and GCD measurements was kept in —0.5 to +0.5 V shown
in Figures 2A,B. Figure 2A showed CV of the Cu3P nanoplatelets
under a three-electrode system in 1 M Na,SOy electrolyte at
a different scan rate from 10 to 200 mV/s. The broad shape
of the asymmetric CV curves observed for CuzP nanoplatelets
in the whole potential window indicated the presence of
faradic behavior leading to pseudocapacitance along with electric
double-layer capacitance (EDLC) existing simultaneously.

The appearance of two humps in between —0.5 and +0.5 V
corresponding to cathodic and anodic maxima indicated that
the CusP platelets possess pseudocapacitive properties. These
redox reactions attributed to the transition between metallic
Cu(0) and Cu(I) species at an applied potential approximately
—0.3 V vs. Ag/AgCl. While at the higher potential of 0.05 V vs.
Ag/AgCl, the oxidation of CusP platelets to Cu(II) species was
observed due to aqueous interaction (Figure 2A). Further, the
broad anodic peak nearly at 0.3 V could be attributed to the
formation of a hydrous oxide of copper which originated from
the hydrated cupric oxide (Jayalakshmi and Balasubramanian,
2008), and the corresponding chemical reaction was shown
in equation (3). Here, the potential window had been fixed
to 0.5 V to avoid the formation of Cu(IIl) species. So far,
the identification of intermediate species was hard to find
due to the chemical transformation of CuzP electrodes under
electrochemical analysis, and the reaction mechanism was
entirely unknown which required further detailed investigation.
However, based on the available relevant literature, a possible
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FIGURE 2 | Electrochemical characterization. (A) Typical cyclic voltammetry (CV) curves of hexagonal copper phosphide (CuzP) platelets on glassy carbon electrode
at different scan rates (10, 50, 100, 150, and 200 mV/s). (B) Galvanostatic charge—discharge curves of CugP platelets at various current densities. (C) CV curves at
50 mV/s scan rates for different rational compositions (0.3, 0.6, 0.91, 1.2, and 1.5 mg/ml) of CugP on 3DG-graphite electrode. (D) Corresponding galvanostatic
charge—discharge curves at 5.13 A/g current density. (E) Typical CV curves at different scan rates with the best weight ratio of 0.91 mg/ml of CugP on graphite
electrode (10-200 mV/s). (F) Corresponding galvanostatic charge—discharge curves at various current densities.
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reaction mechanism had been proposed in the following
equations (Poli et al., 2016; Chen et al., 2017).

Cu(I)3P + xNa™ 4+ xe~ — Na,{Cu(0)xCu(I)3_,}P (1)
Cu(I)3P + H,0 — Cu(I);OyCu(l);_yP + 2,H" + 2ye~ (2)
CuO + HzO — Cu(OH)z (3)

This mechanism could be attributed to redox reactions on the
surface of CusP platelets. Pfeiffer et al. (2004) had explained that
all the elements of the first transition metal series have partially
filled 3d shells, except copper and zinc. Nonetheless, only the
copper has a complete 3d shell and a single 4 s electron. Hence,
copper was the only element in the series to have M*! state with
filled D-orbital in CusP platelets. The enhanced electrochemical
performance might be attributed to the fact that the hexagonal
CusP platelets were composed of many small particles, which
had significantly increased the specific surface area and provided
more reaction sites on the surface evident from the SEM image
shown in Figures 1EG.

To further improve the CusP electrode performance, we
had designed a hybrid electrode with 3DG. The homogeneous
distribution of Cu and P in hexagonal CusP flake and carbon
in the foamy graphitic matrix had confirmed the formation
of CuzP@3DG hybrid network (shown in Supplementary
Figure S5). For the development of effective electrode material,
it was highly required to estimate the electrical conductivity
of the proposed electrodes. The electrical conductivities of
the CusP@3DG and 3DG electrodes via 4PP configuration
with the electrode spacing of 2 mm were calculated to be
1,076 Sm~! and 978 S m~!, respectively. Here, the Cu3P@3DG
electrode exhibited better conductivity as compared to the
bare 3DG electrode on graphite substrate. This could be due
to the metalloid property of CusP nanoparticles, shown in
Supplementary Figure S7. To boost the kinetics of CusP,
CuzP@3DG had been elaborately designed, as schematically
shown in Figure 1A. A systematic loading optimization of
CuszP on a 3DG matrix had been performed for extracting
the best capacitive performance of CusP@3DG electrodes, as
shown in Figures 2C,D. Here, the area under the CV curve
was gradually increasing without any impressive redox peaks
under the loading concentration of Cu3P that varied from 0.3 to
0.91 mg/ml. Optimizing the weight% of CusP in 3DG electrode,
the redox probability of CuzP on the 3DG matrix had been
controlled until 0.91 mg/ml loading. However, increasing the
loading concentration to 1.2 mg/ml and above, the redox peaks
appeared more prominent at the same potential as bare CuzP
with increased current density due to the presence of the 3DG
matrix. However, after a further increase in the concentration of
CusP until 1.5 mg/ml, the prominent redox peaks appeared. This
loading concentration of CuzP on 3DG-graphite (0.91 mg/ml
loading in 1 cm? x 1 cm?) showed the best performance in
galvanostatic charge-discharge curves at 5.13A/g current density
(Figure 2D). For device fabrication as well as to evaluate the
stability of the supercapacitor electrodes, the optimum loading
concentration of CuzP had been fixed to 0.91 mg/ml. The

electrochemical CV curves and GCD performance (with different
scan rates) of 3DG and bare CuzP on graphite substrate are
shown in Supplementary Figure S8. However, it had been
observed that the Cg, value of CusP on glassy carbon electrode
(234.8 F/g) was slightly higher than that on graphite electrode
(224 F/g) at a fixed current density of 1.28 A/g, which might
be due to the interfacial interaction of electroactive material
with the electrode substrate. The electrochemical analysis using
this hybrid structure was carried out to evaluate its applicability
toward energy storage devices. The Cg, of Cu3P@3DG electrode
was calculated to be 1,095.85, 901.50, 828.48, 778.70, 740.95,
706.66, 675.37, 590.95, 621.63, 597.45, 574.29, 495.97, and 421.65
F/g at the scan rate of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
150, and 200 mV/s, respectively from Figure 2E. Alternatively,
the Cyp extracted from the GCD measurements (Figure 2F)
of the CuzP@3DG electrode at various current density were
calculated to be 849.81, 771.26, 734.35, 712.35, 692.39, 676.9,
659.98, and 644.75 F/g at 1.28, 2.56, 3.85, 5.13, 6.41, 7.69, 8.97,
and 10.268 A/g, respectively (Supplementary Figure S9). The
nearly isosceles triangular shape of the GCD (Figure 2F) implied
excellent electron conductivity with tiny voltage drops at different
current densities of Cu3P@3DG electrode. The energy and power
density extracted from the charge and discharge analysis were
about 118.1, 107.1, 102.0, 99.0, 96.2, 94.1, 91.7, and 89.5 Wh/kg
and 641.0, 1,282.0, 1,923.0, 2,564.1, 3,205.2, 3,846.2, 4,487.2, and
7,132.2 W/kg at 1.28, 2.56, 3.85, 5.13, 6.41, 7.69, 8.97, and 10.268
A/g current density, respectively.

The comparative CV curves of the electrodes made of three
different electroactive nanomaterials: Cu3P@3DG, 3DG, and bare
CusP were carried at a scan rate of 20 mV/s (Figure 3A). The
Csp of CusP@3DG, 3DG, and CusP electrodes were calculated
to 901.5, 332.7, and 217.7 F/g (from CV curves), respectively,
at a scan rate of 20 mV/s. Typically, the electrochemical
properties like Csp of CusP@3DG were calculated to be nearly
2.5 times and four times enhanced as compared to bare 3DG
and CuszP-based electroactive materials, respectively. The results
implied that Cus P@3DG electrode referred to an excellent EDLC.
The GCD measurements of the Cu;P@3DG, 3DG, and bare
CusP on graphide electrodes at fixed current densities were
performed with the potential window of 1.0 V (Figure 3B).
The Cu;P@3DG exhibited a high Cg, of 850 F/g (from GCD
analysis) as compared to 3DG and bare CusP of 336 F/g and
224 F/g, respectively, at a current density of 1.28 A/g. Even at
a very high current density of 10.27 A/g, the Cyp reached up
to 645 F/g which was about 76% of the capacitance retention
compared to the current density of 1.28 A/g that invariably
referred to the excellent stability of our electroactive material
hetero-structure (shown in Figure 2F). The primary objective
to incorporate 3DG along with CusP platelets was to provide
high conductive channels for ion and electron transfer in the
charging-discharging process leading to the improvement of
the overall performance of hybrid electrodes (An et al., 2014).
This hybrid structure could effectively minimize the unwanted
agglomeration of CusP particles and simultaneously restricted
the possibility of restacking of 3DG porous structure and thereby
retaining the large surface area (Supplementary Figure S10),
higher Cgp, better rate capability, and overall device stability.
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plots of the CuzP@3DG, 3DG, and CugP on graphite electrodes, respectively.
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FIGURE 3 | (A) Cyclic voltammetry (CV) curves of the three-dimensional graphene-decorated copper phosphide (CuzP@3DG)-graphite (at 0.91 mg/ml),
3DG-graphite, and CuzP-graphite at 20 mV/s. (B) Galvanostatic charge—discharge curves collected at a fixed current density of 1.28 A/g for CugP@3DG, 3DG, and
CugP on graphite electrodes. (C) Cycling performance of CugP@3DG, 3DG, and CugzP on graphite electrodes at 1.28 A/g current density. (D-F) Impedance Nyquist
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TABLE 1 | Comparison of capacitive performances of this work with those reported in relevant works.

Electrode Specific Electrolyte Cyclic ASC ASC Electrolyte Energy, Power ASC device References
material capacitance stability device capacitance densities stability
NisP 306.8 F/gat1A/g 3 M KOH 62.7% retention Wu H. etal.,
nanospheres after 5,000 2016
Nio P nanorods 799.2 F/g at 1A/g 3 M KOH 68.4% retention Wu H. et al.,
after 5,000 2016
Co2P nanorods 284 F/gat1 A/lg 3 M KOH Chen et al., 2016
Nio P/GS 1,912 F/g at 2 M KOH 77.1% retention An et al,, 2014
5 mA/cm? after 2,300
Ni2P/rGO 2,266 F/g at 2 M KOH An et al., 2014
5 mA/cm?
Hexagonal 224 F/g at 1.28 1 M Nay SOy 75% retention Present Work
copper Alg after 3,000
phosphide (CugP)
platelets
NioP 843.25 F/g at 1 2 M KOH 96% retention NioP//FesO3 100 F/gat0.5 A 2 M KOH with 35.5Wh kg~ 96%, 1,000 Wang et al.,
Ag after 1,000 g’ one piece of 400 W kg~! 2015a
cellulose paper
as the separator
NisP4 801.5F/gat1 2 M KOH 87% retention NisP4//FeoOg 88.3F/gat0.5 A 2 M KOH with 86%, 1,000 Wang et al.,
A/g after 1,000 g’ one piece of 2015a
cellulose paper
as the separator
Amorphous Ni-P 964 F/g at 4 A/g 2 M KOH 71.4% retention Ni-P//AC 105 F/gat5 2 mol L~! KOH 29.2 Wh kg~ 84.5% Wang et al.,
after 1,000 mV/s 400 W kg~! 1,000 2015b
CoyP 461 F/gat 1 A/g 6 M KOH CoyP//graphene 76.8F/gat0.4 A 6M 24 Wh kg1, 97%, 6,000 Chen et al,, 2016
nanoflowers g’ KOH 300 W kg~'
CuzP nanotube 177.1 F/g at 1 M HxSO4 CuzP//CNT 142.8 F/g at 0.5 M HxSO4 44.6 Wh kg1, 81.9% Chen et al., 2017
3.5 mA/cm? 0.75 mA cm~2 17,045.7 W kg™! 5,000
CugP@3DG 849.81 F/g at 1M Nay SOy 95% retention CugP@3DG//AC 108.78 F/g at PVA KOH gel 823 Whkg™", 82.5%, 5,500 Present Work
1.28 A/g after 3,000 10 mV/s electrolyte 439.6 W/kg
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However, the bare 3DG (made of three-dimensionally oriented
rGO with very low oxygen content shown in Supplementary
Figure S11) is known to be acting as promising anode materials
due to high electronegativity rather than effective cathode
material where graphene is difficult to get oxidized under the
operating potential window (Hossain et al., 2012). CV analysis of
bare glassy carbon and CusP decorated glassy carbon shown in
Supplementary Figure S12.

The cycle stability had been evaluated for CusP@3DG, 3DG,
and hexagonal CusP platelet-based electroactive materials on
graphite substrate for its applicability in real phase energy storage
devices. Figure 3C showed the variation of the Cyp retention (%)
as a function of the cycle number of the galvanostatic charge-
discharge curves of the CusP@3DG, 3DG, and hexagonal Cu3P
platelets at a fixed current density of 1.28 A/g. Surprisingly,
after 3,000 cycles, the capacitive retention of CuzP@3DG was
found to be 95%, whereas that of 3DG was 83%. However, the
stability degraded to 75% for bare CusP platelets. This gave us
a clear understanding that the 3DG matrix was protecting CusP
platelets from chemical degradation as well as agglomeration due
to its high electrical and thermal conductivities. These excellent
properties of 3DG in our nanohybrid materials had been further
evaluated by characteristic electrochemical impedance study.
Figures 3D-F showed the Nyquist plot of the Cu3P@3DG, bare
3DG, and CusP electrodes, respectively. In the spectrum, the
equivalent series resistances of CusP@3DG, 3DG, and bare CuzP
on graphite electrodes were calculated to be 1.6, 8.9, and 18.5 Q,
respectively, which showed favorable conductivity (evident from
the 4PP I-V characteristic, shown in Supplementary Figure S7)
and very low internal resistance of CusP@3DG hybrid for high
specific power density.

The asymmetric supercapacitor (ASC) device was fabricated to
investigate the potential application of CusP@3DG nanohybrid
as a positive electrode and AC as a negative electrode on
a graphite substrate. The electrochemical performance of the
ASC device was analyzed via CV at different scan rates, and
GCD measurements were done at various current densities,
as shown in Figures 4A,B. The potential window of the ASC
Cu3P@3DG and AC electrodes was fixed to be 0-1 V. Figure 4A
displayed the CV curves of the ASC device at different scan rates
with a constant potential window, which showed rectangular
like CV curves without redox peaks. It indicated the excellent
reversibility and kinetics for electrochemical reactions over the
ASC electrode. The Cg, of the device was calculated to be 108.78,
61.65, 47.30, 39.86, and 35.09 F/g (217.56, 123.32, 94.61, 79.74,
and 70.20 mF/cm?) at the scan rate of 10, 50, 100, 150, and
200 mV/s respectively. Alternatively, the Cs, extracted from the
GCD measurements of the device, as shown in Figure 4B, at
various current densities were calculated to be 59.72, 51.82, 39.53,
and 37.53 F/g (107.8, 94.33, 71.96, and 68.32 mF/cm?) at 0.5, 0.6,
0.7, and 0.8 mA/cm? current densities, respectively. The energy
and power densities were calculated to be 8.23, 7.2, 5.5, and
5.2 Wh/kg and 274.7, 329.7, 384.6, and 439.6 W/kg at 0.5, 0.6,
0.7, and 0.8 mA/cm? current densities, respectively. To further
elucidate the origin of high electrochemical performance, the
electrochemical impedance spectrum (EIS) was carried out to
examine the Cu3P@3DG//AC supercapacitor device. Figure 4C
showed the Nyquist plot, the combined resistance Rs (the

intrinsic, contact, and electrolyte resistance) of 4.24 Q, the Cdl
(the electric double layer capacitance) of 70.4 pnF and the Rct
(the resistance of Faradic reaction) of 714 mQ. The inclined line
in the low-frequency region represented the Warburg impedance
(W) of 19.2 mMho, and constant phase element (Cg) 81.1 mMho.
Simultaneously, the apparent straight-line nature of the plot in a
low-frequency region described the ideal capacitive behavior of
this prototype ASC device. The corresponding equivalent circuit
was drawn based on the complex non-linear least-squares fitting
method, shown as an inset of Figure 4C. Figure 4D displayed
the Bode phase angle plot of CuzP@3DG//AC. The absence of a
horizontal segment in the Z-frequency plot at the low-frequency
range revealed good charge-transfer behavior. Simultaneously,
the high value of the phase angle curve manifested the great
capacitive behavior of CusP@3DG//AC at the low-frequency
range. Moreover, the long-term cycling stability performance was
examined by GCD analysis at a current density of 0.7 mA/cm?.
This supercapacitor device has demonstrated 82.5% capacitance
retention after 5,500 cycles exhibiting outstanding cycling
stability with 96% coulombic efficiency, as shown in Figure 4E.
Figure 4F displayed the Ragone plot of ASC (CuzP@3DG//AC)
device. All these observations indicated that the CuzP@3DG
exhibited good electrochemical performance that could promote
it to be an excellent material for its applicability in the next-
generation energy storage device. In all the listed combination of
metal phosphides, a direct comparison was not possible because
of various factors like two-electrode experiment was performed
in both solid and liquid state and the concentration and type
of elecrolytes were different in all experimental conditions
which had a prominent effect on the overall performance
of the materials.

Table 1 depicts the transition metal phosphide-based active
electrodes that so far had been tested as promising materials for
supercapacitor devices. The synthesis of the metal phosphides
with optimized nanostructures and composition was a real
challenge. Although the reported specific capacitances of the
active materials like Ni-P, Ni,P, CoP, Co,P, and CuzP with
different morphologies were quite high, but the working
potential and capacitance retention were significantly low.
However, it was found to be quite challenging to expand the
working potential of the electrodes for practical applications.
Here, we offered a strategy to synthesize hexagonal CusP
platelets with 3DG as promising electrode materials for
supercapacitors via controlling the directionality of the growth
as well as engineering the facile interface between electrodes to
electroactive materials which worked well in negative as well as
positive working potentials.

CONCLUSION

In summary, the facile synthesis procedure of hexagonal Cu3P
platelets and the fabrication of a heterostructure CuzP with
interwoven 3DG on graphite electrode (1 cm? x 1 cm?) shows
a simple way to design a supercapacitor device for practical
applications. The CuzP@3DG nanohybrid facilitates electron
transfer and promotes kinetics with long cycling stability via
lowering the internal resistance and providing electrochemical
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stability of CusP platelets. The high conductive channels for
ions and electron transfer in the charging-discharging process
leads to an enhancement of the overall device performance.
The specific capacitance of the CuzP@3DG is 849.81 F/g at a
current density of 1.28 A/g and also exhibits superior cycling
performance, with 95% retention of capacitance after 3,000 cycles
at a current density of 1.28 A/g. In contrast, the solid-state
asymmetric device shows the Cgp of 109 F/g (from the CV) and
60 F/g (from GCD) with a capacitive retention of 82.5% and
coulombic efficiency of 96% after 5,500 cycles, respectively. Due
to the higher capacitance, lower cost, and excellent cycle stability
of the CusP@3DQG, it is anticipated that the material has potential
for next-generation energy storage applications.
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