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Transition metal phosphate (TMPi)-based composites as anode electrode materials in supercapacitor

applications are less reported. Herein, we report a phytic acid (PA)-assisted in situ-formed amorphous
cobalt phosphate/carbon (CoPi/C) composite grown on a flexible woven carbon cloth (CC) via a simple
one-step carbonization approach. The tunable synthesis of amorphous and crystalline composites is

shown by simply controlling the concentration of the cobalt salts. The strategy for high mass loading to

12 mg cm~2 is also shown in this report. Importantly, the resulting amorphous electrode materials exhibit

electric double-layer capacitance (EDLC) behavior that works over a wide potential range from —1.4 to

+0.5 V in an aqueous solution of potassium hydroxide (2 M KOH) and from —15 to +1.5 V in sodium

sulfate (1 M Na,SOy4). The amorphous electrode as an anode is capable of delivering an areal capacitance

up to 2.15 F cm™2 at a current density of 4 mA cm

~2 (gravimetric capacitance up to 606.1 F g~ at 1

Ag™Y) and has a retention of 94.2% at 10 000 cycles. The flexible solid-state symmetric device fabricated
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shows an energy density of approximately 620.0 pW h cm™

2 2

at a power density of 47 mW cm™

(311 W h kg™t at 476.0 W kg™%). This study offers a novel route for the generation of metal phosphate-
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rsc.li/nanoscale-advances density.

1. Introduction

High-performance supercapacitor energy storage devices have
been attracting tremendous interest for decades and address
the increasing demand for energy storage and supply. At
present, carbonaceous materials are still the most commonly
used anode materials for supercapacitor devices due to their
high power density and conductivity." Nevertheless the
maximum energy density achieved by carbon-based electrode
materials that have a high surface area, such as activated
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based anode materials with high capacitance for symmetrical supercapacitor device with high energy

carbon, is approximately 12 W h kg™, which does not satisfy the
energy requirement of next-generation electronic devices.*
Research has primarily focused on the fabrication of high-
energy-density positive electrode materials, whereas negative
electrode materials with a high capacitance and a wide potential
window are relatively less explored.

Recently, phosphorous-containing transition metals have
attracted the most attention due to their high theoretical
capacitance and energy density.*® However, reports focusing on
the utilization of these materials as anode materials for super-
capacitors are limited.>'*" On the other hand, they have
a tendency to aggregate, undergo quick phase transformation,
and deteriorate performance.” Iron oxides have been broadly
studied for use as anode materials with a high specific capaci-
tance and energy density due to having multiple valence states
of the metal ions that could enable a fast faradaic redox reac-
tion.** However, the major limitation of iron-based
compounds is their relatively poor electrical conductivity and
cycle life.*>” To overcome the drawbacks of transition metal-
based electrodes, one strategy is to improve their conductivity
and stability by hybridizing them with typical carbon additives,

This journal is © The Royal Society of Chemistry 2020
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including carbon fibers,"” amorphous carbon® and graphene
oxide.” On the one hand, the high conductivity of carbon
materials renders the composite favorable for electron transfer.
On the other hand, carbon materials act as a buffer layer able to
prevent the main materials from phase changes due to the
stress generated in the electrochemical process, thereby
contributing to an improvement in the cycling stability.
However, the inherent properties of carbon, such as EDLC
charge storage behavior, high conductivity, and long-term
stability, are severely hampered by composite formation. To
this end, amorphization of the electrode materials can be a way
to improve the cycling stability by reducing anisotropic
expansion/extraction and eliminating stresses derived from the
phase conversion reaction and poor electron conduction.**~>*
Xia et al.® found that a crystalline/amorphous interface inte-
grated on graphene delivers a large capacitance of 701 F g~ ' at
1 A g ', which is almost twice the capacitance of conventional
iron oxide (Fe,0,°") nanorods without an amorphous surface
layer on the graphene. Amorphous phases of the materials have
several properties that can significantly improve the double-
layer capacitance and expand the potential voltages and
stability.”>** Owing to their structural disorder and anisotropic
nature, amorphous materials offer fast ion diffusion via an open
framework.?® According to the formula [(energy density (E) = 1/
2CV?)], the energy density of a supercapacitor device can be
improved by maximizing either the capacitance (C) or the cell
voltage (V).>”7° Therefore, it can be a good strategy to improve
the capacitance and voltage by a rational design of amorphous
metal doping in a carbonaceous network. This approach can
also support the formulation of stable composites that can work
as negative electrode materials. Furthermore, the inclusion of
phosphorus into the carbon composite can widen the potential
window to increase the energy density of EDLCs.*"** Therefore,
in situ synthesis of amorphous transition metals wrapped
within a carbon network with phosphorous-rich compounds
can be a potential strategy to achieve a high capacitance and
energy density. These strategies can avoid the necessity of using
costly and toxic organic and ionic liquid electrolytes, which is
the common practice to improve the capacitance and energy
density. However, the controlled synthesis of nanomaterials
with a well-defined morphology in the amorphous state is
challenging because many materials have a high propensity to
crystallize during preparation.

Herein, we used an amorphous composite with a nano-
structured transition metal phosphate/carbon in which both
components synergistically work together to improve the energy
storage performance. Zhang et al.** prepared transition metal
phosphides (TMPs) with an organic phosphorous source,
namely, phytic acid (PA). Interestingly, PA-assisted synthesized
TMPs have an electrochemical performance that is superior to
that of TMPs obtained with the assistance of a common phos-
phorous source. In another work, Zhao et al.** showed that the
electrochemical performance of PA-assisted synthesized
glucose-derived internal carbon/lithium iron phosphate (GC/IC/
LFP), such as stability and capacity recovery ability, are better
than those of GC/LFP prepared using phosphoric acid as
a common phosphorous source; this result was attributed to the
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higher oxygenic groups provided by PA and their assistance in
providing a hierarchical network than that of the latter case.
These studies emphasize that PA can be a key component to
assist the synthesis of TMP/TMPi, which can possess improved
electrochemical properties compared to those of non-PA-
assisted synthesis routes for phosphates and phosphides. PA
not only assists in the in situ formation of transition metal
phosphates/phosphides but also acts as a carbon support for in
situ-formed phosphorous-containing TMs.*>* Moreover, the use
of PA ensures the application of eco-friendly chemicals while
avoiding toxic chemicals and gases [e.g., sodium hypophosphite
(NaH,PO,), phosphane (PHj3), and red phosphorus] as phos-
phorous sources for the synthesis of TMP/TMPi. Therefore, we
motivated synthesizing a PA-derived TMPi as an electrode
material via a simple controlled heating approach. PA-metal
(PA-M) complexes undergo breakdown at high temperature and
reorganize as metal phosphate/phosphide.**** In this study, PA-
mediated synthesis of amorphous carbon-supported CoPi
particles arrayed on a carbon cloth (CC) was proposed for the
first time for supercapacitor applications. The synthesis of the
electrode material was achieved via a simple pyrolysis process,
as shown in a schematic illustration (Scheme 1). The formed
electrode material works in both the positive and negative
potential ranges, making it possible to assemble a symmetrical
supercapacitor (SSC) device. The as-prepared SSC showed high
energy density and cyclic stability with super flexibility. This
study provides a strategy to further increase the capacitance and
energy density of carbon-based materials, making them effi-
cient and cost-effective supercapacitor electrode materials.

2. Experimental section

2.1. Materials

A commercial CC with a thickness of 0.55 mm and a density of
120 ¢ m~? was received from O-Sung Co. Ltd, Korea, and
cleaned by acetone, ethanol, and deionized water in sequence
before use. Cobalt acetate(u)tetrahydrate [Co(OAc),-4H,0] and
PA (50 wt% aqueous solution) were purchased from Sigma,
Korea.

2.2. Electrode preparation

Scheme 1 presents the process for fabricating the electrode
material in which a commercial CC was used as the conductive
support. In a typical experiment, 44.8 mg cobalt acetate (0.18
mM) was into the 2 mL PA/ethanol (1 : 1) solution and stirring
for 30 minutes until to dissolve. A CC with a size of 1 cm” was
dipped into the PA/ethanol solution containing cobalt salt,
dried in an oven at 60 °C for 20 minutes and turned upside
down (2-5 times). This process was repeated to increase the
loading of the active materials. Later, the electrode material was
subjected to carbonization at 750 °C in a nitrogen (N,) atmo-
sphere for 2 h. After cooling, the loading amount of the active
material was calculated based on the changes in the weight of
the CC before and after deposition of the material. We found
that the CC contained the active materials (CoPi/C) in amounts
of 2, 5, 8, and 12 mg, which are referred to as a-PC@CoPi-CC2, a-
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Scheme 1 Schematic illustration of the fabrication of a flexible and solid-state symmetric supercapacitor (SSC) based on a-PC@CoPi-CC.

PC@CoPi-CC5, a-PC@CoPi-CC8, and a-PC@CoPi-CC12,
respectively. Moreover, the concentration of cobalt acetate was
89.6 mg (0.36 mM) and 179.3 mg (0.72 mM), and the samples
were prepared using the same procedure mentioned. Similarly,
a sample was prepared without using PA; it used glucose as the
carbon source, followed the same protocol, and is referred to as
GC@Co-CC. A control sample was also prepared without using
cobalt acetate, and is referred to as PC@CC.

2.3. Characterization

Physicochemical characterizations are discussed in ESIL.}

2.4. Electrochemical measurements

The electrochemical tests were carried out using electro-
chemical impedance spectroscopy (EIS) board. An Ag/AgCl
reference electrode (Fisher Scientific) and a platinum counter
electrode (Fisher Scientific) were used in measurements. The
electrochemical properties were measured in a three-electrode
configuration in a 2 M KOH electrolyte unless otherwise
stated. The cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) curves were recorded within the different
potential windows, while EIS was performed at an AC potential
amplitude of 5 mV with a variable frequency between 0.01 Hz
and 100 kHz. The areal capacitance (C,; F cm™>) and specific
capacitance (Cs; F g7') were calculated from the GCD curves
according to eqn (I) and (II), respectively.

I x dt
- - I
A= Sxar M
I x dt
= - 11
G mx AV [)

where I (A) is the charge-discharge current at the discharge
process; and d¢, S, AV and m are the discharge time (s), area of
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the active materials (cm?), potential window (V), and the mass
of the active electrode materials (g), respectively.

2.5. Assembly of the SSC device

The SSC was assembled using the a-PC@CoPi-CC5 material as
the positive and the negative electrode with a size of 1 cm® each.
The electrochemical performance of the fabricated SSC device
was evaluated using a two-electrode configuration with a poly-
vinyl alcohol/potassium hydroxide (PVA-KOH) gel as a solid
electrolyte. The PVA/KOH was prepared by adding 6 g of KOH
and 6 g of PVA to 60 mL of water under vigorous stirring at 80 °C
for 2 h. The filter paper separator was immersed in the gel
electrolyte for 10 minutes. To assemble the SSC, two identical
electrodes and a separator were sandwiched together. Total
thickness of device was 1.5 mm. The areal capacitance (Cy; F
cm™?), areal energy density (£; W h cm™?), and power density
(P; W cm ™ %) were evaluated according to eqn (I), (IIT), and (IV),
respectively.

N CA X V2
T2 x 3600 (1
p_ E ><[3600 w)
d

where Vis the potential input (V) and ‘¢’ is the discharging time
(s)- To calculate the volumetric capacitance, energy density and
power density, the total volume of the symmetric cell was esti-
mated about 0.15 cm®, including the two symmetrical elec-
trodes and separator.

3. Results and discussion

The preparation process of the CoPi/C anchored carbon fiber
was carried out successfully by a single-step pyrolysis method as

This journal is © The Royal Society of Chemistry 2020
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shown in scheme (Scheme 1). First, the CC was saturated with
the mixture of PA and cobalt salt followed by carbonization at
750 °C in a N, atmosphere. The PA bonded to the Co>" with its
negatively charged groups, thus making a metal phytate
complex. At subsequent heating at a high temperature, the
metal phytates decomposed into the respective metal phos-
phate along with freshly synthesized PA-derived carbons.’*?®
Typical SEM images of the a-PC@CoPi-CC8 show that the
sample consisted of a PA-derived sheet-like structure (arrows)
along with a layer of nanoparticles attached to the surface of the
fiber (Fig. 1A and B). Elemental mapping images show the
homogeneous distribution of all expected elements, namely, C,
O, P, and Co (Fig. 1C).

The morphology of the a-PC@CoPi-CC8 was further exam-
ined by HRTEM analysis. The TEM image (Fig. 1C) reveals that

View Article Online
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the apparent coating layer consisted of a layer of Co/C-based
particles, which agrees with the SEM (Fig. S1f) and atomic
force microscopy results (Fig. S27). The HRTEM image reveals
that the coating layer consisted of many defects (Fig. 1E, yellow
arrows), as indicated by the black dots or canals and short-range
disorder throughout. The absence of a clear lattice in the TEM
image suggests the presence of an amorphous material and is
consistent with the diffuse selected area electron diffraction
(SAED) pattern from the corresponding image (Fig. 1F). The
presence of carbon in the boundary region with a thickness of
up to 5 nm can be explained by the presence of a lattice with
a parameter of 0.34 nm that does not have long-range order
(Fig. 1E). This indicates that the carbon layer shielded the inner
structure. The uniform distribution of the elements, as shown
in the STEM elemental mapping images (Fig. S31), highlights
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Fig. 1 FE-SEM images (A and B), elemental mapping images (C), HRTEM images (D and E), SAED pattern (F), and (G) XRD spectrum of the a-

PC@CoPi-CC8.
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the intercalation of all major components throughout. The C, O,
P and Co contents were 76.6, 12.8, 7.6, and 3.0%, respectively.
The XRD pattern (Fig. 1G) for the a-PC@CoPi-CC8 contains
broad reflection peaks located at approximately 25° and 45° that
corresponds to carbon, further confirming the amorphous
nature of the composite. XPS was conducted for the a-PC@CoPi-
CC8 as a representative amorphous structured composite to
understand the chemical bonding and elemental composition.
Fig. 2A, B, C and D show the Co 2p, O 1s, C 1s, and P 2p high-
resolution emission spectra, respectively. In the Co 2p spectra,
the peak at 781.9 eV and its satellite peak at 786.4 eV from Co
2ps, electrons are ascribed to Co species in the CoPi.*” Besides,
the peaks at 797.4 eV and 802.5 eV are attributed to Co 2p,,, and
its shakeup excitation, respectively.*® The binding energies at
531.3 and 534.2 eV are ascribed to C-O and O=C bonding,
respectively, while the peak at 532.7 eV can be explained by P-O
bonding.** The C 1s XPS spectrum possesses three main peaks
at 284.1, 285.3 and 288.2 eV corresponding to functional groups
C-C, C-0, and C=0, respectively. For the wide-range P 2p
spectrum, the binding energy of 132.9 eV corresponds to P-C
bonding, suggesting the doping of additional P into the
network.*® On the other hand, the peak at 133.6 eV is assigned to
the metal phosphate (Co-PO,).** These results confirm the
inclusion of the CoPi/C composite into the CC.

Supercapacitor electrodes with high mass loading are crucial
for obtaining favorable electrochemical performance in real-
world applications that require a loading of approximately
10 mg cm 2. Therefore, we loaded different amounts of active
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materials in the substrate. As the first step of the evaluation, the
surface morphology and material phase were studied.
Increasing the active materials from 2 mg to 12 mg did not show
any morphological differences in terms of the fiber surface
(Fig. S4t). However, the fiber junctions were likely to appear
filled with active materials in the case of higher mass loaded
samples, as shown in the FESEM images (Fig. S4C and D
arrowst). The amorphous nature of the sample was observed
independent of the loading amount, as indicated by the SAED
pattern of the a-PC@CoPi-CC12 (Fig. S4D insett). However, by
increasing the concentration of the cobalt salt to 0.72 mM in the
reaction solution, noticeable particle aggregates were observed
to be randomly attached to the CC (Fig. 3A and B). Elemental
mapping images show that C, O, P, and Co were present
(Fig. 3C). The crystallinity was evaluated by XRD. As shown in
Fig. 3D, XRD peaks at 26 values of 14.4, 20.9, 26.1, 28.0, 29.7,
31.2, 34.4, 37.7, 43.2, 53.9, 56.9, and 60.4° correspond to the
(011), (—112), (121), (310), (—222), (013), (400), (—323), (—233),
(—622), (—440) and (—633) planes, respectively, for CoPi. All the
peaks agreed well with the standard pattern for CoPi (JCPDS 00-
027-1120). As the results indicated, the sample obtained from
the 0.72 mM cobalt salt was crystalline, and the sample is
referred to as c-PC@CoPi-CC. The loading amount of the active
material was estimated to be 8 mg cm™>. The sample prepared
from a cobalt salt concentration of 0.36 mM was also crystalline,
as indicated by XRD pattern (Fig. S51). But only a few peaks with
lower intensities at 26 = 26.1, 29.7, 43.2, and 53.7° were

Intensity (a.u.)

Intensity (a.u.)

Binding energy (eV)

810 805 800 795 790 785 780 775

538 536 534 532 530 528 526

1© 8 cc

Intensity (a.u.)

Intensity (a.u.)

Binding energy (eV)
(D)

| &%‘”

f5%
[ 3

292 290 288 286 284 282
Binding energy (eV)

280 140 138 136 134 132 130 128 126

Binding energy (eV)

Fig.2 Co 2p (A), O 1s (B), C 1s (C), and P 2p (D) high-resolution XPS survey spectra for the a-PC@CoPi-CC8.
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Fig. 3 FE-SEM images (A and B), corresponding elemental mapping images (C) and XRD of the c-PC@CoPi-CC (D). The inset in (D) shows the

schematic crystal structure of the CoPi based on the mp-541790 data.

observed in this condition. This may be due to less abundance
of the cobalt salt with respect to PA used.

The substantial phase variation of the a-PC@CoPi-CC and c-
PC@CoPi-CC hints that the formation of amorphous CoPi or
crystalline CoPi was ultimately mediated by the concentration
of Co monomers (Fig. S6t). For the a-PC@CoPi-CC, PA suffi-
ciently bound the cobalt ions when there was a low cobalt salt
concentration, thereby reducing the chance for mutual inter-
action of the cobalt ions. This process could prevent crystalli-
zation of the in situ formed CoPi during pyrolysis. This was
unlikely to occur for the c-PC@CoPi-CC, where the formation of
large crystallites occurred, which can be attributed to an
insufficient amount of PA with respect to the high cobalt salt
concentration.

The morphology of the GC@Co-CC as the carbon source was
studied by electron microscopy. Results show the pure Co

This journal is © The Royal Society of Chemistry 2020

particles were attached on the fiber surface. Details are pre-
sented in ESI (Fig. S7t1). Upon exposure to Co salt at a high
temperature, Co ions are readily reduced in situ to metallic Co,"
thereby forming the glucose-derived carbon/Co composite. The
PA/ethanol mixture was evenly distributed on the CC surface, in
contrast to the low absorption of the water/ethanol mixture
(Fig. S8t). Therefore, all PA-assisted amorphous samples (a-
PC@COPi-CCs) prepared in PA/ethanol showed a uniform
particle distribution on the substrate, unlike the samples
without PA (GC@Co-CC/GC@COoPi-CC). A glucose-assisted
CoPi/C composite on the CC was also prepared for compara-
tive study using the commonly used simple hydrothermal
process followed by phosphorization. The sample is referred to
as GC@CoPi-CC. CoPi particles with a size from 20-50 nm were
found anchored on the carbon fiber surface. Some particle
agglomerations were also observed randomly on the fiber

Nanoscale Adv., 2020, 2, 4918-4929 | 4923
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surface (Fig. S9A and Bf). The XPS results confirmed that the
particles were CoPi (Fig. S9D and Ef). An overall comparison of
the morphologies of the PA-assisted synthesized samples and
non-PA synthesized samples showed that the prior sample had
a uniform coating layer consisting of small particles attached to
the substrate (Fig. 1A and B); this is in contrast to the particle
aggregates randomly found in later cases (Fig. S7 and S97%),
suggesting that PA acted as a structural directing agent in
addition to acting as a precursor for carbon and phosphate. The
BET surface area and pore size of the samples were evaluated by
N, adsorption-desorption methods, and the results are
summarized in Fig. 4 and Table 1. The a-PC@CoPi-CC8 sample
exhibited a higher BET surface area of up to 105.4 m> g '
compared to the significantly lower BET surface areas of 58.1
and 10.1 m? g~ for the ¢-@PC-CoPi-CC and GC@CoPi-CC
samples, respectively. Additionally, the amorphous sample
had a higher pore volume (Table 1). After sufficient PA induc-
tion, sufficient porosity developed in contrast to other samples
that show large particles embedded into the CC. The PA
released carbon dioxide during carbonization, leading to the
formation of highly microporous materials on the carbon
support. The pore distribution data supported that the a-
PC@COoPi-CC8 possessed micropores (<2 nm) (Fig. 4A) fol-
lowed by mesopores (4-50 nm) whereas the c-PC@CoPi-CC and
GC@CoPi-CC had average pore sizes of 9.8 and 139.5 nm,
respectively (Table 1). The N, sorption data in Fig. 4B show that
the a-PC@CoPi-CC8 exhibited significant N, uptake at a relative
pressure (P/P,) below 0.01, which was attributed to the presence
of micropores.* The continuous N, uptake at P/P, between 0.05
and 0.3 was attributed to N, adsorption in the mesopores,
suggesting the presence of micro- and mesopores in the a-
PC@CoPi-CC8 sample, which is in good agreement with the
pore distribution data. This can result in improving electro-
chemical performance. Raman spectra of the amorphous and
crystalline samples exhibited typical D and G bands at 1353 and
1596 cm ', respectively, representing the disordered (D) and
graphitic (G) phases in the carbon, respectively (Fig. 4C).
However, the ratio of D/G, which reveals the level of ordering
and defects in the carbon structure, indicates that the a-
PC@CoPi-CC showed a higher D/G ratio (0.80) than the c-
PC@CoPi-CC (0.65). This indicates that many defects or disor-
dered sites were present in the a-PC@CoPi-CC8, which agrees
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Table 1 The detailed BET surface area, average pore size and BJH
pore volume of the as-prepared samples

Surface area Average pore size Total pore volume

Sample (m*g™ (4V/A by BET) (em® g™
a-PC@CoPi-CC2  93.2 1.9 nm 0.11
a-PC@CoPi-CC5  95.3 1.9 nm 0.12
a-PC@CoPi-CC8 105.4 1.8 nm 0.14
c-PC@CoPi-CC 58.1 9.8 nm 0.10
GC@CoPi-CC 10.1 139.5 nm 0.09

well with the HRTEM results. Additionally, this result can be
related to the increased porosity of the amorphous sample.
The electrochemical performance of the a-PC@CoPi-CC
electrodes with different mass loading capacities (2, 5, 8, and
12 mg) was evaluated by cyclic voltammetry. The obtained
results were compared with those from the control samples,
such as c-PC@CoPi-CC, PC@CC, GC@CoPi-CC, and GC@Co-
CC. The CV results show that all the amorphous samples (a-
PC@COoPi-CCs) exhibited an EDLC charge storage behavior
over a wide range of negative potentials from —1.2 to 0.0 (Fig. 5A
and S10-S12%). The corresponding GCD profiles also showed
a linear charge—-discharge pattern consistent with that for the
EDLC storage-type materials. Fig. 5A and B shows the CV and
GCD data, respectively, of the a-PC@CoPi-CC8. The areal
capacitance estimated from the GCD curves was 1.99, 1.58, 1.44,
1.30, 1.13, and 1.05 F cm ™2 at current densities of 4, 6, 8, 12, 20,
and 40 mA cm >, respectively. Fig. 5C shows that the areal
capacitances were a function of the mass loading of the active
materials. For instance, a-PC@CoPi-CC12 and a-PC@CoPi-CC8
showed much higher areal capacitances of approximately 2.15 F
em™> and 1.99 F em™? at a current density of 4 mA cm™?,
respectively, compared to areal capacitances of 1.60 F cm 2 and
1.21 F cm ™2 for a-PC@CoPi-CC5 and a-PC@CoPi-CC2, respec-
tively (Table S11). However, the specific capacitances were
found to have an opposite trend to that of the areal capaci-
tances, ie., a low mass loading electrode (a-PC@CoPi-CC2) had
the highest capacitance of 606.1 F g~ ' compared to lower
capacitances of 322.0, 248.7 and 179.5 F g~ for the a-PC@CoPi-
CC5, a-PC@COPi-CC8 and a-PC@CoPi-CC12 ata 1 A g~ ' current
density, respectively (Table S1t). These values are superior to
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Fig. 4 BJH pore distribution (A), where the inset shows the BET surface area of the different samples. N, adsorption isotherms (B) and Raman

spectra (C) of the a-PC@CoPi-CC8 and c-PC@COPi-CC.
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Fig.5 CV (A) and GCD (B) curves of the a-PC@CoPi-CC8. A comparative view of the capacitance of the given electrodes (C) and capacitance
retention as a function of stability cycles (D). The inset in (D) shows the GCD pattern for 10 cycles after the stability test (10 000 cycles at 20 mA

cm™2). CV (E) and GCD (F) curves of the c-PC@CoPi-CC.

most reported values for anode materials (Table S2t).** High
mass loading per unit area gives the high current than for the
low mass loading which is a general notion. According to the
eqn (I), areal capacitance is directly proportional to the
current (area of electrode kept constant i.e. 1 cm?). Hence, it
was justifying that upon increasing the mass loading from 2
to 12 mg cm™ %, the areal capacitance linearly increased.
However, the current may not increase with the same
proportion to the mass loading because high mass loading
may cause lower electrical conductivity, limited accessing of
electrolyte ions, and higher series resistance due to longer
transport paths for the diffusion of protons.*> Moreover, high
mass loading in the same area can lead to the increased
thickness of the electrode material and more chances of
agglomeration may occur. These also affect negatively on the
conductivity of the electrodes and eventual performance.
According to eqn (II), the specific capacitance is indirectly
proportional to the mass of the material. Therefore high mass
loading electrode had lower specific capacitance than for the
low mass loading electrodes. All amorphous samples retained
50-60% of the capacitance of the initial value even at a high
current density of 40 mA cm ™2 and retained about 95% of the
capacitance following the stability tests (Fig. 5C, D and Table
S1t). In practical applications, the importance of a high mass
loading of materials for the fabrication of
supercapacitors has been highlighted.*® High mass loaded
electrodes can offer high charge storage, which is critical to
increasing device capacity. The high mass loading as reported
in this study is attributed to the metal chelating effect of PA.
The repeated dipping-drying process of the CC in a solution
containing PA/metal salt led to the higher mass loading due

active

This journal is © The Royal Society of Chemistry 2020

to the PA-assisted gelation effect. The GC@Co-CC and
GC@CoPi-CC samples prepared without PA had a lower mass
loading of only 2 mg ecm ™2, which supports that claim. Inter-
estingly, amorphous electrode (a-PC@CoPi-CC8) can also work
in a positive potential window (Fig. S13Aft). Fig. S13Bt presents
the representative GCD curves for the a-PC@CoPi-CC8 that
shows it can work over a wide potential range from —1.4 to 0.5V
under a high current density of more than 10 mA cm 2. More-
over, the a-PC@CoPi-CC8 was efficient in the neutral electrolyte
(1 M aqueous Na,SO,) as well (Fig. S14A and Bf¥). For example,
the a-PC@CoPi-CC8 exhibits a capacitance of 1.63 F cm 2 at
a current density of 4 mA cm > (204.5 Fg~ " at 1 A g~" current
density). However, according to the CV data shown in
Fig. $14C,T the a-PC@CoPi-CC8 can work over a wider potential
window of 3.0 V (—1.5 to +1.5 V) when the process was con-
ducted in Na,SO,. This finding can be possibly the highest
working potential range to date reported in aqueous electro-
lytes.*” The widening of the cell voltage has a great advantage in
enhancing the energy density of the supercapacitor as it is
proportional to the square of the cell voltage. Correspondingly,
the widening of the operative voltage for amorphous samples
can be ascribed to the presence of phosphate groups as these
block the active oxidation at a positive potential and the
adsorption of hydrogen at a negative potential.*® This result
suggests that the electrode proposed in this work can be used as
both an anode and a cathode material.

In the absence of CoPi, the sample (PC@CC) had an areal
capacitance of only 0.64 F cm™> at 4 mA em™ > (Fig. S15 and
Table S1t), whereas the sample prepared in the absence of PA
and with a glucose replacement as the carbon source (GC@Co-
CC) had the lowest areal capacitance among all samples at
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approximately 0.10 F cm ™~ * (Fig. S16 and Table S17). Pristine CC
had negligible capacitive storage capability (data not shown).
These values are significantly lower than the amorphous (CoPi/
C) composites highlighting the synergistic effect of the PA and
CoPi for improving the capacitive performance. Interestingly,
the c-PC@CoPi-CC, which was prepared by the same method as
for the a-PC@COPi-CC, except for the use of a higher concen-
tration of Co salt, showed pseudocapacitive behavior with clear
redox peaks (Fig. 5E and F), unlike the other amorphous
samples. The GCD data exhibited an areal capacitance of
approximately 0.54 F cm ™2 at a current density of 4 mA cm™>
with a stability of ~76% (Fig. 5F and Table S1t). These values
are much lower than those of the corresponding amorphous
samples (Table S1t). Similarly, a CoPi/C composite on the CC
(GC@CoPi-CC) was prepared using the common phosphoriza-
tion exhibited clear redox peaks (Fig. S177) close to the CV/GCD
patterns of the c-PC@CoPi-CC. The intense anodic and cathodic
peaks are ascribed to the conversion reaction of metal phos-
phates to metal hydroxides and oxides.** The capacitance was
reported to be 0.25 F em™> at a current density of 4 mA cm™>
(Fig. S18%), which is 50% lower than the capacitance obtained
for the c-PC@CoPi-CC and 4-8 times lower than that for the a-
PC@CoPi-CC samples (Table S17). This result could be attrib-
uted to the lower BET surface area, and randomly found bigger
particles on the fiber surface of GC@CoPi-CC in contrast to the
PA-derived samples which had higher surface area and PA-
induced internal carbon wrapped uniform CoPi particles.
Importantly, the a-PC@CoPi-CCs exhibit an EDLC-type energy
storage pattern that is different than the pseudocapacitance
from the c-PC@CoPi-CC/GC@COoPi-CC. This result can be
ascribed to the amorphous phase along with the influence of
the phosphorous with short-range disorder and defects.***° The
PA assisted the formation of an amorphous sample and
generated a microporous carbon support with abundant phos-
phorus content that synergistically contributed to forming the
electric double layer. Wang et al. demonstrated that amorphous
microporous carbonaceous samples with heteroatom doping
can contribute to the electric double-layer capacitance prop-
erty.*" The crystallized samples show a typical pseudocapacitive
behavior that is closely related to that in other works.*** The
electrochemical stability of the c-PC@CoPi-CC sample exhibited
a ~76% capacitance retention, which is significantly lower than
the ~95% achieved for the a-PC@COoPi-CC, indicating an
obvious kinetic limitation of the crystallized sample. It has been
reported that crystalline samples undergo faster structural
deformation during the charge/discharge process, leading to
poor stability. However, transformation into the amorphous
form of the samples resulted in a significantly higher retention.
Postcycling analysis of the a-PC@CoPi-CC electrode material
was done by SEM and TEM, as presented in ESI (Fig. S18A and
Bf) and showed no apparent changes in the physical
morphology, and the particle layer remained intact close to the
initial sample. The sample remained amorphous (Fig. S18C
insett) during the round-trip charge and discharge cycles. The
a-PC@COoPi-CC electrode contained many micropores that
resisted the volume change and structural pulverization.**?®
Moreover, the carbon layer that coated the CoPi/C protected it
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from overexposure into the electrolyte solution, which
enhanced the stability of the material. Moreover, the a-
PC@CoPi-CC8 retained its morphological integrity and config-
uration even after continuous sonication (power 99%) for 30
minutes (Fig. S19t), confirming that the sample was mechan-
ically strong enough to bear a high shear stress and agitation.

The excellent supercapacitive performance of the a-
PC@COoPi-CC electrode can be attributed to several factors.
First, the preferable synergistic promotion of the PA-derived
porous carbon together with the homogenously distributed
amorphous CoPi improved the capacitive properties. The
proposed mechanism behind the enhanced capacitance can be
explained by the uniqueness of the amorphous structured
composite which had a higher degree of the disorder as indi-
cated by the TEM image (Fig. 1E) and Raman spectra analysis
(Fig. 4C). Based on these observations the mechanism of ion
storage and electron transfer was proposed and illustrated in
Fig. S20 (left).t The abundance defects and disorders enabled
the hydroxide ions to access very deep active sites to a large
extent and fast electron transfer using multiple diffusion paths
as shown in the illustration (Fig. S207). Second, the significantly
higher surface area of the a-PC@CoPi-CC than its correspond-
ing crystalline counterparts provided more effective ion
adsorption/desorption. A third reason could be due to the
higher conductivity of the amorphous samples than their crys-
talline counterparts. Herein, the conductivity of the samples
was evaluated by Nyquist plots (Fig. S211). The semicircular
diameter in the high-frequency region corresponds to the
charge transfer (R.) process occurring at the electrode/
electrolyte interface and double-layer capacitance.” It was
observed that the c-PC@CoPi-CC had a larger diameter for the
semicircle in the high-frequency region than that of other
amorphous samples. The R values were 0.28, 0.001, 0.16, and
0.23 ohms for the a-PC@CoPi-CC2, a-PC@CoPi-CC5, a-
PC@CoPi-CC8, and a-PC@CoPi-CC12, respectively, compared
to higher R values of 0.7 and 0.4 ohms for the c-PC@CoPi-CC
and GC@COoPi-CC, respectively (Table S31). This suggests that
electron transfer was more efficient in the amorphous samples
than in their crystalline counterparts. This can explain why
a lower capacitance was obtained for the c-PC@CoPi-CC elec-
trode. The linear region parallel to the imaginary axis (Zj,,) in
the low-frequency region was attributed to Warburg impedance
(Z., diffusion of ions in the electrode). The linear region at low
frequencies for the PA-assisted electrodes came closer to an
ideal straight line along the imaginary axis than the line for the
¢-PC@COPI-CC, suggesting higher ion diffusion kinetics
through the amorphous electrode samples. The a-PC@CoPi-CC
exhibited a more uniform and porous nanostructure that can
offer a more efficient exposure of accessible active surfaces for
faster electrolyte penetration. The homogeneous carbon
content efficiently increased the electron transport for the
amorphous sample, which consequently improved the electro-
conductive performance as shown in Fig. S20.7 On the other
hand, the crystalline samples demonstrated that the presence
of aggregated particles without a sufficient carbon support
resulted in an increased resistance. Furthermore, the iR drop
evaluation of the a-PC@CoPi-CC8 showed that there was no

This journal is © The Royal Society of Chemistry 2020
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significant iR drop observed at the beginning of the constant
current discharge, indicative of the low contact resistance
(Fig. 5227).

Encouraged by the excellent supercapacitive performance,
a symmetric all-solid-state flexible supercapacitor device was
prepared by taking an equal weight of amorphous electrodes.
Due to the having superior conductivity of a-PC@CoPi-CC5
compared to other amorphous samples as indicated by the
lowest R and R value (Table S37), we have chosen this elec-
trode to assemble a SSC device. The CV curves of the SSC are
shown in Fig. 6A at different scanning rates at voltages ranging
from 0.0 to 1.9. Similarly, the SSC is shown in Fig. 6B with
operation voltages at a sweep rate of 50 mV s '. The GCD
profiles of the device are presented in Fig. 6C and D, which show
a linear GCD curve compatible with the corresponding CV
curves. The areal capacitance was calculated from the GCD
curves (Fig. 6C) to be 620.0, 589.4, 552.0, 488.1, 484.0, 426.0, and
342.0 mF cm ™2 at current densities of 5, 8, 10, 16, 20, 30, 40 and
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50 mA cm ?, respectively. In the gravimetric data, the SSC
showed specific capacitances of 62.8, 59.2, 55.2, 52.2, 49.4, 42.6,
42.1 and 34.2 F g at 0.5, 0.8, 1.0, 1.6, 2.0, 3.0, and 5.0 A g~
current density, respectively. Additionally, the device showed an
excellent stability with a 95.2% capacitive retention after 5000
cycles at a current density of 10 mA cm > (Fig. 6E). Capacitance
retention was still achieved 78.6% of initial capacitance when
the current density increased from 5 to 20 mA cm™ > which later
reached to 55.1% at 50 mA cm™ 2 while the coulombic efficiency
of SSC was 95% or more above 10 mA c¢cm > current density
(Fig. S23A%). Based on the Nyquist plot (Fig. 6F and Table S3t)
the R, and R were similar for SSC before and after the stability
test, suggesting the electrodes are capable of fast electron
transport for an extended period. The Ragone plot correlating
the areal energy densities (E) with areal power densities (P)
indicated the highest power density of 47.4 mW em™> and
a maximum energy density of 620.0 yW h cm ™~ (gravimetric E =
31.1 Whkg 'at P=476.0 W kg™ '). This output surpasses many
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relevant supercapacitor devices (Fig. 6G).>'***** The highest
volumetric energy density was achieved 2.0 mW h cm™? at
a 31.65 mW cm > power density (Fig. S23B7). Importantly as-
assembled SSC device alone lit the red LED bulb for about
1 min in 40 seconds charge at 10 mA cm > (Fig. 6H). This
observation further confirms the wider working potential
window up to 1.9 of SSC as claimed by CV/GCD. Further the two
SSC devices were assembled to make double SSC (DSSC) devices
in series (Fig. S241). The CV and GCD data show the DSSC works
up to 3.8 V. The result showed a red LED which remained lit for
4 min by DSSC with more brightness. The study demonstrated
that the as-assembled supercapacitors could store high energy
which implies their application in several types of electronic
devices. The mechanical stability of the as-prepared flexible
supercapacitor was evaluated by monitoring the capacitive
behaviors during bending and twisting. As seen in Fig. 6I, the
CV curves are identical in conditions including normal,
twisting, and bending states, demonstrating the excellent
mechanical flexibility and stability of the device. The extended
durability of the device could be attributed to the high
conductivity and flexibility of carbon fibers.

4. Conclusions

In summary, PA-facilitated controlled synthesis of amorphous
CoPi/C composites on CCs was successful with the use of
a carbonization process. The PA contributed multidimension-
ally to the composite synthesis. It acted as a structure-directing
agent and carbon precursor, and it assisted with the synthesis
of the metal phosphate with the reaction of a metal salt.
Additionally, it provided a platform for additional phospho-
rous doping in carbon. The amorphous samples delivered areal
capacitances of up to 2.15 F cm™? at a current density of 4 mA
ecm ? and exhibited an ~95% capacitance retention after
10 000 charge and discharge cycles at 20 mA c¢cm™>. These
values were found to be significantly superior to their corre-
sponding crystalline counterpart, which had a capacitance of
0.54 F cm > and ~76% cyclic stability. Increased micropo-
rosity, a hierarchically porous carbon network containing
short-range disorders or defects, and increased conductivity
synergistically contributed to amorphous-based CoPi/C
composite samples with a high capacitance. Interestingly, the
amorphous composite electrode worked over a broad potential
window up to 1.9 V in 2 M KOH and up to 3 V aqueous 1 M
Na,SO,. The SSC device (a-PC@CoPi-CC5//a-PC@CoPi-CC5)
showed an energy density of 620.0 W h cm™? at a power
density of 4.7 mW cm™> (31.1 W h kg™ at 476.0 W kg™ ),
demonstrating that a-PC@CoPi-CC is an outstanding candi-
date for energy storage. Overall, the results support the design
and use of amorphous metal phosphate-based carbon
composites as anode materials for high-energy storage
symmetrical supercapacitor devices.
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