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1 | INTRODUCTION

In light of the growing demand for efficient energy
storage devices, supercapacitors (SCs) have assumed a
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Summary

The pyrolysis of metal-organic frameworks (MOFs) to derive porous nanocarbons
and metal oxides has attracted scientific attention due to the advantageous proper-
ties of the final products (eg, high surface areas). In the present research, MIL-125
(MIL = Materials of Institute Lavoisier, a Ti-based MOF) has been subjected to a
single-step pyrolysis treatment in argon atmosphere. The combination of uni-
formly linked titanium metal cluster and oxygen-enriched organic linker has
acted as a template to yield a titanium dioxide (TiO,)-carbon nanocomposite. The
TiO, nanoparticles infused in carbon skeleton structure (TiO,/C) has been investi-
gated as an electrode material for supercapacitor applications. TiO,/C electrodes
have delivered an excellent electrochemical performance, for example, in terms of
charging-discharging efficiency. Two equally weighed TiO,/C electrodes have
been used to assemble a solid-state symmetrical supercapacitor (SC) device, con-
taining a gel electrolyte (poly vinyl alcohol in 1 M H,SO,). The above device has
delivered a high value of energy density (43.5 Wh/kg) and an excellent power out-
put of 0.865 kW/kg. The symmetrical SC could retain almost 95% of its initial
capacitance even after 2000 charging-discharging cycles. The electrochemical per-
formance of the TiO,/C SC was better than most MOF-based SCs reported previ-
ously. Such performance is attributed to the synergistic combination of electrically
conducting MOF-derived carbon and redox active TiO, nanocrystals with a large

specific surface area.
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paramount role.! SCs can yield about ten times greater
power density than lithium-ion batteries, because of which
they are envisaged as better options in many application
areas including electric charge and discharge devices. They
are projected as lightweight and flexible energy storage
devices.>? SCs also assume great significance as alternative
energy storage devices in relation to the harvesting of
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energy from solar and wind sources.*” They are consid-
ered to provide advantages over batteries with respect to
fast charging/discharging rates and prolonged cycle life.’
Efforts are hence underway to develop SCs with high
energy densities and appropriate cyclic stabilities to
enhance their commercial viability.”

SCs work on the principles of both non-Faradaic
(electric double-layer capacitor [EDLC]) and Faradaic
(pseudocapacitance) charge storage mechanisms. In con-
text of developing efficient electrode materials for SCs, it
is important to control the surface morphology and the
effective pore size distribution so as to ensure maximum
surface area. Traditionally, metal oxides and carbon-
based materials have been chosen for the fabrication of
SC electrodes.® For instance, in literature, TiO, has been
widely reported because of its abundance, low cost, and
limited volume change during the charging-discharging
process.” Nonetheless, the electronic conductivity of TiO,
is generally low (>107** S cm™), which restricts device
performance to an extent. In comparison, the formation
of composites of metal oxides with other conductive
materials can facilitate relatively fast electronic transfer
due to redox reaction. It can aid in the attainment of
high-power outputs and dense charge storage capability.
To date, TiO, has hence been mixed with various conduc-
tive agents (like metals, graphene, CNTs, and conducting
polymers)."> However, most of the methods employed to
synthesize the above composites involve cumbersome steps.
Moreover, the impregnation of metal oxides nanoparticles
inside the porous structure of conductive materials is not
easily possible through the conventional synthesis routes.
For example, researchers have attempted to synthesize a
composite of TiO, with reduced graphene oxide (rGO).
However, the complex synthesis steps and a poor distri-
bution of TiO, nanoparticles in the host structure are a
common stumbling block to researchers.®!' The use of
rGO sheets as a conductive material alongside the TiO,
nanoparticles also faces the problem in terms of sheet agglom-
eration. Alternatively, TiO, nanoparticles can be distributed
in porous carbon matrix with high uniformity and controlled
crystallite size. Recently, Pant and coworkers have proposed
the synthesis of TiO, nanoparticles distributed in carbon
nanofibers through electrospinning process.'* The above com-
posite was then used in a SC with a specific capacitance (C;) of
106.57 F/g (at current density of 1 A/g). Nonetheless, the
electrospinning synthesis method involves various optimiza-
tion parameters. Also, the nonuniform pore size distribution
of the material with this method is another critical issue which
cannot be ignored."® In another report, Elmouwahidi et al
demonstrated the use of TiO, nanoparticles-doped carbon
xerogels for SC application.'* The sample delivered a C; value
of 137 F/g at a current density of 0.25 A/g. Nonetheless, it was
not satisfactory as per the requirement of high-performance

energy storage SCs. The inverse emulsion method used to syn-
thesize the composite in the above study did not necessarily
yield the uniform carbon xerogels as microscopic images
also showed irregularly shaped product. As the available
information suggests, the synthesis of uniformly distrib-
uted TiO, nanoparticles in porous carbon matrix is not an
easy task. There is a need to explore a new synthesis
route that can be allowed to yield TiO,/C composites with
enhanced electrochemical performance. It should also be
highlighted here that the electrochemical properties of
TiO,/C composites with respect to the structural phase
(rutile or anatase) of the TiO, have scantily bee studied
in the literature."

Metal-organic framework (MOF) is a new class of
material with a metal cluster at the center connected
with an organic linker. MOFs are characterized with tun-
able pore size distribution and hierarchical porous struc-
ture. However, their low conductivity limits the
electronic pathways within the material and the redox
behavior of the metal cluster is also hindered as they are
coordinated with the organic linker. Lately, the pyrolysis
of MOFs has been reported as an effective option to yield
different types of metal oxides and nanoporous carbons.'®
Generally, the MOF-derived metal oxides only show lim-
ited electrical conductivity. Moreover, the irreversible
redox reaction and dissolution of metal oxide in the elec-
trolyte is another major drawback to restrict their usage
as an electrode material. MOF derived nanoporous car-
bon is a high specific surface area material and possesses
a wide range of pore size distribution. These features
have prompted the researchers to use MOF derived nano
carbon in energy storage devices. Recently, ZIF-8 (zeolitic
imidazolate framework-8) has been used to derive
nanoporous carbon (surface area of 1523 m?/g), which
was then proposed as a SC electrode material with a Cg
value of 251 F/g (electrolyte = 1 M H,SO,)."” The charge
storage mechanism in the above system was associated
with the EDLC process.

MOF-derived metal oxides or nanoporous carbons, as
individual electrode materials, have been reported with
some exciting potential in SC applications. However, the
composites of metal oxides and nanoporous carbons
should offer clear merits over the individual materials.
Such nanocomposites may facilitate the combination of
the redox and EDLC mechanisms to uplift the electro-
chemical performance. Some MOFs can also offer possi-
bilities to derive metal-oxide/nanocarbon composite via
simple pyrolysis treatments.'®

Recently, a Zn-Ti-MOF was processed with an oxidative
desulfurization approach to obtain a TiO,/C composite."®
The above nanocomposite was claimed as a highly meso-
porous structure with well-dispersed TiO, nanoparticles in
the carbon matrix. It was also projected for an excellent
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catalytic performance. Another MOF, that is, MIL-125
(Ti) (MIL = Materials of Institute Lavoisier) has also been
converted into TiO,/C composite. The potential of this com-
posite as an anode material for the lithium-ion batteries
was found to have a high capacity of 400 mAh/g.** A simi-
lar composite was also proposed for sodium-ion battery
application.*!

As the available literature reveals, MOFs can be used
as novel precursors to obtain metal oxide impregnated
nanocarbon matrices. Such nanocomposites can be used
to develop electrodes that can show stability against mul-
tiple charging/discharging cycles overcoming the issue of
dissolution of the metal oxide nanoparticles in the elec-
trolyte. To the best of our knowledge, MOF-derived
TiO,/C composite has not been investigated as an elec-
trode material of aqueous electrolyte-based SCs. The
influence of the different phases of TiO, in carbon
matrix, vis-a-vis the electrochemical performance, is also
an interesting matter of investigation.

By following a simple synthesis route, we report the
pyrolytic conversion (1000°C) of MIL-125 (Ti) into a metal
oxide/nanoporous carbon (TiO,/C) hybrid material. As a
main advantageous feature of the process, a single precursor
was used to obtain the functional TiO,/C hybrid. This pro-
cess did not require any additional source of carbon. The
synthesized TiO,/C composite, when tested for its potential
SC electrode application, offered a high specific capacitance
value with remarkable cyclic stability. A series of combina-
tions of two symmetrical TiO,/C SCs was found capable of
lighting up a white LED for about 4 minutes after a quick
charge of only 40 seconds.

o
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2 | RESULTS AND DISCUSSION
The synthesis and the other experimental procedures
have been detailed in the Supporting information

A summary of the experimental scheme adopted for
the synthesis of MIL-125 (Ti)-derived TiO,/C composite
is provided in Figure 1. MIL-125 (Ti) was synthesized via
solvothermal route, followed by its pyrolysis to obtain
TiO,/C composite. The effect on pyrolysis temperature
(600°C, 800°C, and 1000°C) has been correlated with the
specific surface area and the meso-micropores distribu-
tion. The final product had a blackish appearance
because of high-temperature pyrolysis treatment.

2.1 | XRD and thermal investigations

Xray Diffraction (XRD) pattern of synthesized MOF mat-
ched well with literature confirming the successful for-
mation of MOF (Figure S1).2*%* A characteristic 20 peak
around 6.9° was an important indicator to verify a success-
ful synthesis of the MOF.** Also, the sharpness and the
high-intensity peaks suggested the product of a high crys-
tallinity in nature. Further to investigate the transforma-
tion of MIL-125 to TiO, nanoparticles-infused carbon
composite with temperature, Thermogravimetric analysis
(TGA) was performed up to 900°C (Figure S2). The initial
weight loss of about 34% up to 170°C was attributed to the
removal of the adsorbed gases and the evaporation of the
solvent/adsorbed water molecules from the MOF pores.
Second weight loss regime (21%) up to around 300°C was

Pyrolysis
Washing with HCI

Schematic illustration of the synthesis of MIL-125 derived TiO,/C composite nanostructures [Colour figure can be viewed
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associated with the structural reorganization after the
departure of hydroxyl groups bonded in between two tita-
nium atoms.”® Further weight loss of around 16.5% till
550°C indicated the collapse of the MIL-125 (Ti) structure
(ie, breaking of Ti - linker bonds) and a subsequent forma-
tion of TiO,-infused carbon composite. TGA data implied
that the desired TiO,/C composite could be obtained at
550°C or greater temperatures. Once converted, the mate-
rial again displayed no significant weight loss up to 900°C,
demonstrating the structural stability of TiO,/C
composite.

XRD patterns of the TiO,/C composites obtained at
different temperatures are presented in Figure 2A. A dif-
fraction peak at 25.2° in TiO,/C-600 sample can be inde-
xed to (101) plane of the polycrystalline anatase phase of
TiO,* (JCPDS card 21-1272). A preferred formation of
the anatase phase at a lower pyrolysis temperature can be
explained on the structural basis. The formed unit cell

(TiO¢ octahedra) of anatase phase is long range ordered
as compared to the unit cell of the rutile phase {Hearne,
2004 #203}. Because of this, anatase phase of TiO, faces
low molecular restriction during nucleation process. This
reason initiates the formation of anatase phase at lower
temperature than rutile phase of Ti0O,.*® Alternatively,
from the thermodynamics point of view, the anatase for-
mation at lower temperature can also be explained with
change in Gibbs free energy of the material. Such change
reflects the combination of change in surface-free energy
and the volume-free energy. The change in surface free
energy is positive in nature that is, the material needs to
extract the energy from the surrounding to form the sur-
face (at the nucleation level). Whereas, the volume free
energy of the materials are opposite to surface free
energy.”’ Instead of extracting the energy, it releases the
energy to the surrounding. However, during nucleation,
the first thing is the formation of the surface subsequent
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FIGURE 2 Spectral characterization of TiO,/C composites: A, XRD spectra of the synthesized TiO,/C composite at different pyrolysis

temperatures. “A” and “R” indicate the anatase and rutile phases of TiO, respectively; B, XPS survey scan of TiO,/C-1000; C, Raman spectra
of the synthesized TiO,/C composite at different pyrolysis temperatures; and D, FTIR spectra of TiO,/C-1000, TiO,/C-800 and TiO,/C-600
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increase in volume. Therefore, surface free energy plays
crucial role during the crystallization of particular phase
of the crystal. In particular, the change in surface free
energy of the anatase phase is lower than that of the
rutile phase. Alternatively, anatase phase needs less
energy from the surrounding to form the stable nucle-
ation surface than the rutile phase of TiO,.?® Therefore,
the anatase phase is more likely preferred to form at lower
temperature than the rutile phase. Further, a progressive
transition from anatase to rutile phase was evident at higher
pyrolysis temperatures. TiO,/C-800 contained a mixed-phase
and partial emergence of the rutile phase was easily identi-
fied by the appearance of peaks at 27.3°, 36°, and 41.2° inde-
xed to the (110), (101), and (111), respectively.* Although
the transformation temperature for anatase to rutile is not
unique, there are certain factors that affect (inhibit or pro-
mote) this transformation. Lattice rearrangements and trans-
formations upon the removal of some atoms favor the
kinetics of phase transition. The presence of carbon should
greatly affect the phase transition temperature.* Ellingham
diagram can be referred to here to correlate the temperature-
dependent efficiency of carbon as a reducing agent® A
decrease in Gibbs free energy of the system due to the cop-
resence of carbon resulted in more oxygen vacancies even
below the phase transition temperature of TiO,, which, in
turn, brought down the structure rigidity to promote the
phase transformation of TiO,*® The pyrolysis of MIL-125
(Ti) at 1000°C led to the formation of TiO,/C composite
wherein rutile phase was the predominant one. The fraction
of two phases of TiO, (rutile and anatase) was evaluated
using following equation

Xa _Kr _Ia
%o Ka I .

Here, x5 and xy are the mass fractions of anatase and
rutile phase, respectively; likewise, I, and Iy are the XRD
peak intensities while K, and Ky refer to the XRD peak
intensity ratios.>>** The effect of temperature on the frac-
tion of anatase and rutile phases formed is given in Table 1.
The rutile phase is known for its enhanced material stability
compared to the anatase phase. Therefore, TiO,/C-1000
material is expected to offer both desirable features of mate-
rial stability (due to the Rutile phase) and electrical conduc-
tivity (due to conducting carbon content).

TABLE 1
Samples Rutile to Anatase phase ratio (%) Ip/Ig
TiO,/C-600 0 0.83
TiO,/C-800 52.36 0.9

TiO,/C-1000 98.5 0.98

SBET (mz/ g)

NERGY RESEARCH BAWA NI AR

2.2 | Spectroscopic survey of materials
XPS survey was done to determine the chemistry of pre-
sent species in TiO,/C-1000 (Figure 2B). XPS analysis
confirmed chemical bonding among oxygen (O) and tita-
nium (Ti). The survey scan (Figure 2B) indicated the pres-
ence of O, Ti, and C atoms without any trace of impurities.
Figure S3A represents the O 1 second spectra, which is
highlighted with three peaks at 527.2, 528.2, and 529.9 eV
due to Ti—O—Ti, C—0O—H, and Ti—O—H bonds, respec-
tively.>* On analyzing the carbon spectrum, the first
two peaks demonstrate the presence of C-C (282 eV)
and C=C (283 eV) bonds in the sample whereas the
third peak at 283.7 eV reflects the presence of C—O
bonds in the sample®” (Figure S3B). Another visible
peak at the bond dissociation energy of 285.3 eV is due
to the Ti—O—C bond resulting from the pyrolysis of
MIL-125 (Ti). Figure S3C represents the characteristics
peaks of Ti 2p spectra with doublet splitting in Ti 2ps,
(456.4 €V) and Ti 2p, (462 €V).*® A bond energy peak at
527.2 eV confirms the bonding between titanium and oxy-
gen atoms.

Energy-dispersive X-ray spectroscopy (EDS) was further
performed to investigate the percentage of carbon (given in
Table 1) in the sample pyrolyzed at different temperatures
(Figure S4). The percentage of the carbon atoms in compar-
ison to titanium and oxygen is found increased. The pres-
ence of Ti peak at 4.5 keV and oxygen peak at 0.5 keV
confirms their respective presence. Elemental atomic and
weight % are given in Table S1. The weight percentage of
the titanium decreases with the increase in temperature,
which can also be evaluated from the TGA curve in which
a slight decrease in weight can be observed even after the
complete collapse of the MOF structure.

2.3 | Raman and FTIR spectroscopic
investigations

Raman spectra of TiO,/C composites are shown in
Figure 2C. These spectra were recorded from 1000 to
2000 cm ™ to verify the presence of carbon content in
the composite. Two broad Raman shifts at 1344 and
1594 cm™! are referred to well-known D and G bands,
respectively.®”*® Thus, Raman spectroscopic analyses

Important material characteristics of different TiO,/C samples derived from MIL-125 (Ti)

Pore Volume (cm®g™")  Carbon Percentage

48.16 0.0468 32
185.89 0.1956 36
265.19 0.3586 46
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were successful to verify the presence of carbon in the
synthesized composites. Another analysis includes the
increment of D and G band intensity ratio (0.83-0.9) with
increases in pyrolyzing temperature (600°C-1000°C,
respectively). This increase in intensity ratio suggests that
the defects also increase in the carbon structure with tem-
perature. It was also noted that the width of the D-band
expands with the sample pyrolysis temperature
(600°C-1000°C). The width of D peak is directly related
to the distorted aromatic rings in graphitic layers while
its broadening is related to the distortion of aromatic
rings of the carbon. Hence, the sharpening of the D
band at high pyrolysis temperatures (eg, TiO,/C-1000)
indicated the transition of high order aromatic carbon
ring to six-membered aromatic carbon rings. Both the
above observations on an increasing Ip/Ig ratio and a
sharpened D band were comparable to the phase trans-
formation of carbon from amorphous to nanocrystal-
line graphite with increasing defects.*®

FTIR spectra of different TiO,/C composite samples
are shown in Figure 2D. A common band around
3400 cm™" in all three samples is due to the O—H bond
as different samples could adsorb water molecules from
the environment when stored under ambient conditions
after their synthesis. A band around 1629 cm™" is due to
the combined effect of O—H bending vibration of chemi-
cally adsorbed water and C=C skeletal vibrations from
graphitic domains. An absorbance band around 600 cm™"
explains bond stretching harmonic motion in between

the Ti and O atoms of TiO,*® while sharpening of the said
peak at a higher pyrolysis temperature (eg, at 1000°C)
indicates the increasing relative purity of TiO, in the
formed composite.

24 | Morphological analysis

The surface morphology is a crucial material parameter
with regard to the application as an electrode for SCs.*°
Favorable surface morphology can facilitate electrode—
electrolyte interactions.>***! Figure 3 shows the FE-SEM
analysis of the synthesized TiO,/C-1000 composite sam-
ple. Carbon particles were spherical and almost homoge-
nous in their dimensions (submicron) with noticeable
surface roughness. Their particle size ranged between 0.5
and 2 pm. TiO, nanoparticles were found to be distrib-
uted over and inside the carbon structure. Note that the
titanium atoms form complex with the organic ligands
and get uniformly distributed in MIL-125. During the
pyrolysis of MIL-125 in Ar atmosphere, with the rise in
temperature, the titanium bonds with organic linkers
break down and react with oxygen atoms (provided by the
BDC linker) to form TiO, nanoparticles. The advantage of
this route of synthesis can be considered from the fact that
the uniformly distributed titanium metal gets converted to
TiO, nanoparticles which are still uniformly distributed
inside the pores of the carbon structure. This explana-
tion is further supported by the FESEM image of the

FIGURE 3 FE-SEM images
of TiO,/C-1000 at different
magnifications
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TiO,/C-1000, in which TiO, nanoparticles found to
come out from the spherical carbon. The spherical-
shaped morphology of TiO,/C-1000 composite should
facilitate electrochemical performance due to the
enhanced chances of efficient ion transport during the
charging/discharging process.> For reference, a FESEM
image of MIL-125(Ti) is provided in Figure S5. Similar to
TiO,/C-1000, the average size of the MIL-125(Ti) MOF
found with a diameter range of 0.5 to 2 pm.

2.5 | BET surface area analysis

The surface area calculation and analysis are done using
N, adsorption-desorption isotherms (Figure 4). The curve
for the TiO,/C-600 sample followed a typical type I sorp-
tion. This type I isotherm curve is governed by a steep
increase at low pressure with no hysteresis loop during
adsorption—desorption behavior. This behavior suggested
that the material predominantly contained micropores
(Figure 4A).** The samples pyrolyzed at higher tempera-
tures (TiO,/C-800 and TiO,/C-1000) were characterized
by a Type IV isotherm indicating the presence of
micro—mesopores.43 In this context, the isotherm col-
lected for the TiO,/C-1000 sample exhibited more pro-
nounced hysteresis when compared to other samples,
that is, TiO,/C-600 and TiO,/C-800. A higher degree of
hysteresis in the absorption/desorption isotherms in
TiO,/C-1000 is likely to reflect an enhanced meso-to-
micropore ratio relative to other composite forms
(ie, TiO,/C-600 and TiO,/C-800). The specific surface
area of TiO,/C-1000 was calculated to 265 m?/g, signifi-
cantly higher than others (ie, 185 m?/g (TiO,/C-800)
and 48 m?/g (Ti0,/C-600)). Further to investigate the
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fraction of meso-micro and macro pores in the sample,
Barrett Joyner Halenda (BJH) plots have been analyzed
(Figure 4B). The pores of the TiO,/C-1000 sample
mostly lie in the mesopores range (1-5 nm) centered
at 2 nm. As seen from the above results, TiO,/C-1000
was characterized by a better distribution of meso to
micropores unlike the other two samples, that is,
TiO,/C-600 and TiO,/C-800. Therefore, the application
of TiO,/C-1000 should be advantageous as it would
likely support better transport of electrolytic ions via
shorter diffusion paths.

2.6 | Electrochemical performance of
TiO,/C composite
Based on the material characterization results

(as discussed in the preceding sections), TiO,/C-1000 was
finally selected as a SC electrode material for detailed
analysis in this research. Comparative cyclic voltammetry
(CV) characteristics of different samples (TiO,/C-1000,
TiO,/C-800, TiO,/C-600) are presented in Figure S6A.
Here also, based on these preliminary studies, it can be
inferred that the TiO,/C-1000 sample would provide the
best values of capacitance.

Figure 5A represents the CV curves of the TiO,/C-1000
sample which are found to be of rectangular shape with-
out obvious redox peaks. This typical EDLC behavior,
supporting the well-known relation of I(f) = C(dV/dy),
could be attributed to the presence of carbon in the com-
posite.** Nonetheless, a small redox peak also appeared
at slow scan rates (1-5 mV/s) attributed to the cop-
resence of TiO, particles as redox-active species in the
electrode material. The appearance of this redox peak

—o—Ti0,/C-600
—0—Ti0,/C-800

0.08 4 =—=—TiO,/C-1000

0.06 -

&
7

;QQ*FO
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FIGURE 4 Surface area and pore size distribution analysis of TiO,/C-1000, TiO,/C-800, and TiO,/C-600. A, N2 adsorption-desorption
isotherms; B, BJH pore size distribution plots for TiO,/C-600, TiO,/C-800, and TiO,/C-1000 samples [Colour figure can be viewed at

wileyonlinelibrary.com]
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also suggested that the selected system should have a
high energy density.>*** As such, the present TiO,/C-
1000 composite electrode-based SC has combined EDLC
and Faradaic types of charge storage mechanisms to
result in a system with features of both high charge stor-
age capacity and their fast deliveries when needed.
Further, the Cg of the electrode material was calcu-
lated using derived calculations provided in Supporting
information (Equation S1). From CV curves, the sample
@1000°C delivers the Cg value of 314 F/g @ 1 mV/s. A
decline in the Cg value of the system was observed with
increases in the scan rate (Figure S7A). This effect
became more apparent when the system ran at fast
scan rates. It is because of the fact that at fast scan
rates the electrolyte ions are able to partially only
access the reaction sites on the surface of the electrode
material. Therefore, the inability of electrolyte ions to
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access reaction sites under fast voltage scans leads to a
decrease in C, value.

Further, CV data have been used to determine the
mechanism of charge storage by the TiO,/C-1000 elec-
trode. For this, a logarithmic plot of peak current vs scan
rate was prepared (Figure 5B). The linearity relationship
of the data plotted in Figure 5B satisfied the following
power-law equations.***

i =a’ (2)

log(ip) = blog(v) +loga (3)

The plots in Figure 5B have been used to compute the
values of variables “a” and “b.” It may be highlighted
here that the value “b” is taken as an indicator to
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determine the nature of processes involved in the charge
storage mechanism. The “b” value of 0.5 indicates the
involvement of a diffusion-controlled process. In contrast,
b = 1 would point toward capacitive reactions over the
electrode—electrolyte interface as the capacitive current
shows a directly proportional relationship with respect to
the sweep rate.*® The “b” values for the cathodic and
anodic peak current presented in Figure 5B have been
estimated as 0.72 and 0.81, respectively, which are close
to 1. Hence, these values confirm the predominance of a
capacitive type of charge storage process, which also con-
tributes to the fast charge transfer.*®

Figure 5C shows the effect of increasing current
density over the charging/discharging time. These pat-
terns with typical linearity and a very small voltage drop
are clearly indicative of the system possessing a low inter-
nal resistance.*® Furthermore, a linear discharge curve
suggested the predominant EDLC characteristic of the
electrode. Additionally, a small bend in the discharging
curve also signified the involvement of Faradaic reactions
in the system owing to the copresence of TiO,. This
behavior can be related to the same activities happening
at fast scan rates (described in CV analysis). At such high
current density, the electrolyte ions did not get enough
time to access all the inner part of the electrode mate-
rial.>® This excellent electrochemical performance can be
attributed to the presence of redox-active species and
well-distributed carbon pores. For comparison purposes,
the galvanostatic charge-discharge (GCD) plots for the
three different synthesized electrode materials are given
in Figure S6B. Among them TiO,/C-1000 demonstrate
the maximum discharge time demonstrate the higher
specific capacitance than the other two samples. Apart
from this, the open circuit potential (OCP) for sample
TiO,/C-1000 is 0.42V (vs Ag/AgCl). Therefore, above
0.42 V the sample will show charging/discharging curve
in the positive potential window and below 0.42, the sam-
ple will show charging/discharging curve in the negative
potential window. The 100% coulombic efficiency
(CE) was calculated for the sample in positive potential
window however this CE decreases below 100% when the
sample enters in negative potential window (shown in
Figure S8). Thus, the sample takes higher time when the
potential of the sample changes from 1 to 0 V
(vs Ag/AgCl) as compared to potential changes from 0 to
1 V. For simplicity, Figure S8 demonstrates the different
charging and discharging time in the positive and nega-
tive potential window.

For further quantitative analysis of the EDLC
(absorption of ions) and pseudocapacitive behavior
(redox reactions and diffusion of electrolyte in the
pores of active material), the variation of the total
capacitance per electrode (Cr) with respect to s™/2
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(s = scan rate) has been accounted (Figure 5D). It can
be clearly seen that the proportion of pseudocapacitive
contribution in total capacitance decreases as the scan
rate is increased. It may be noted that pseudocapacitive
processes take place as a result of Faradaic reactions at the
surface of active material (ie, electrode material). Pseudo-
capacitance is a relatively slow process compared to EDLC.
Therefore, higher scan rates, as well as fast discharge condi-
tions, may lead to weakened pseudocapacitive properties,
which, in turn, are also reflected in an attenuated value of
total capacitance per electrode (Cp).>* In other words, high
scan rates would not allow maximum output from the elec-
trode due to hindrance in its pseudocapacitive property.
Such a situation is characterized by a nonlinear relationship
between Cr and s™/*°* However, the present TiO,/C-1000
electrode has delivered an almost linear behavior for Cr vs
s/? (Figure 5D). Therefore, the TiO,/C-1000 electrode can
deliver unabridged SC performance even at high scan rates.
As the linear fit model in (Figure 5D) has revealed, the
EDLC mechanism contributed 76 F/g out of the total
258 F/g (5 mV/s). The rest of the capacitance (ie, 182 F/g,
around 70% of the total capacitance) is driven by the
pseudocapacitive mechanism. In contrast, the TiO,/C-600
and TiO,/C-800 electrode-based devices yielded non-linear
behaviors under high scan rate conditions (Figure 5D). An
estimation of pseudocapacitive and EDLC contributions
with the use of TiO,/C-600 and TiO,/C-800 is also provided
in Figure 5D. The linear fit curves for TiO,/C-600 and
TiO,/C-800 (Figure S9A,B). Compared to TiO,/C-1000 elec-
trode (182 F/g), TiO,/C-800 and TiO,/C-600 yielded
lesser values of pseudocapacitance, that is, 164 and
152 F/g, respectively. The superior pseudocapacitive
nature of TiO,/C-1000 can be associated with it bearing
an improved distribution of meso and micropores as
compared with the other two processed materials.

Apart from the better pseudocapacitance, TiO,/C-1000 is
also characterized by a better EDLC characteristic (76 F/g)
than TiO,/C-800 (49 F/g) and TiO,/C-600 (35 F/g). This
factor is explained by the relatively higher surface area
of TiO,/C-1000 compared to the other two materials. An
enhanced electrode/electrolyte interfacial contact region
allowed the TiO,/C-1000 electrode to deliver better
EDLC nature as well.

As both CV and GCD investigations have revealed, the
TiO,/C-1000 electrode delivered remarkably enhanced
specific capacitance, attributable to considerable ionic con-
ductance through the presence of active sites in the carbon
structure.® The cyclic stability of the TiO,/C-1000 elec-
trode has also been investigated (Figure S10). After 2000
charging discharge cycles, the present system retained
excellent capacitance retention of 95%, clearly indicating
the potential practical usability of our SC design. Further,
the EIS characterization has been carried out to investigate
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the resistance generated during charge transfer at the inter-
face of electrode/electrolyte of the TiO,/C-1000. The
recorded EIS curves (Nyquist plots) displayed an almost lin-
ear pattern with a negligible semicircle shape (Figure S11).
Accordingly, the TiO,/C-1000 electrode should have oper-
ated with little charge transfer resistance (ESR = 7 Q). Such
a significant conductive nature of the electrode material
can be attributed to the presence of carbon in the composite
material, which helps to minimize the electrode/electrolyte
interfacial resistance consequently leading to fast charge
transfer.” Further, the effect on Cg value of the electrode
material with different mass loading has been studied. Four
different electrodes have been prepared with a mass loading
of 1,2, 3 and 4 mg/ cm?>. The GCD curves of all the four elec-
trodes at 3 A/g are shown in Figure S12A. The discharging
time, measured at a constant areal current density of
3 mA/cm?, shows an increase with the increasing mass
loading. Accordingly, the specific gravimetric capacitance
shows a decrease. This behavior is caused by the inability
of the electrolyte ions to access the inner part (called dead
area) of the electrode material.'” An increased mass load-
ing also caused more thick material layering over the elec-
trode surface. Under such conditions, the whole TiO,/C
material (particularly inner part) would not be efficiently
usable during fast charging-discharging processes. The
gravimetric and areal capacitance at different mass load-
ings have been calculated and given in Figure S12B and
S12C. The detailed discussion of mass loading effect over

areal and gravimetric capacitance is also mentioned in
Supporting information.

A comparison of the present system with similar SC
designs reported previously has been summarized in
Table 2. Based on the available data, the TiO,/C-1000
electrode system can be projected to possess the excellent
potential to develop highly efficient SCs. This impregna-
tion of TiO, nanoparticle provides extra stability towards
its dissolution in the electrolyte. Moreover, the volume
change of the TiO, nanoparticles due to their redox activ-
ity can be overcome with a flexible carbon matrix. Thus,
the outstanding electrochemical performance of the
Ti0,/C-1000, when compared to the composites used in
the literature, is attributed to the novel synthesis route
which provides the effective infused TiO, nanoparticles
in the pores of carbon network.

2.7 | Performance analysis of TiO,/C-
1000// TiO,/C-1000 symmetrical SC

The aforementioned results derived with a three-
electrode SC system highlight the practical applicability
of the hybrid TiO,/C-1000 composite electrode. The
investigations were further extended to evaluate the per-
formance of symmetrical SC, fabricated using two equally
weighted TiO,/C-1000 electrodes (two-electrode cell con-
figuration, 0.95 mg material over each electrode). For this

TABLE 2 A comparison of supercapacitor performance parameters of the MIL-125 (Ti)-derived TiO,/C electrode with previously

reported metal-organic framework (MOF)-derived NPC composites and TiO, composites electrodes

S.No. Electrode Material Electrolyte  Scan rate/Current Density  Specific Capacitance (F/g) Ref.
1 MOF-5-derived NPC 1 M H,SO, 5mV/s 167 49

2 MOF-5-derived NPC 1 M H,SO, 1 mV/s 236 50

3 TE-MOF-5-derived NPC 6 M KOH 0.25A/g 271 54
4 MOF-2-derived NPC 1 M H,S0, 1A/g 170 51

5 HKUST-1-derived NPC 3 M KOH 0.1A/g 143.3 52

6 ZIF-8-derived NPC 0.5M H,SO, 5mV/s 214 53

7 ZIF-8-derived NPC 1M H,SO, 5mV/s 251 13

8 ZIF-69-derived NPC 0.5M H,SO, 5mV/s 168 55

9 Zn-BTC-derived NPC 1 M H,SO, 1A/g 134 51
10 MOF-5-derived NPC 6 M KOH 0.1A/g 121.3 52
11 N-doped ZIF-8-derived NPC 6 M KOH 0.1A/g 258.5 56
12 N-doped ZIF-11-derived NPC 1M H,SO, 1A/g 307 57
13 rGO/TiO, nanofibers aerogels 1 M Na,SO, 1A/g 178 58
14 TiO,/Graphene hydrogel 1M Na,SO, 0.5A/g 206 59
15 rGO/TiO, nanobelts 1 M Na,SO, 0.125 A/g 225 60

rGO/TiO, NPs 62.8
16 MIL-125 (Ti)-derived TiO,/C 1M H,SO, 5mV/s 258 This work
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device, we preferred an electrolyte prepared by infiltrat-
ing a polymer gel with 1 M H,SO,. The resulting polymer
gel electrolyte is likely to offer certain important device
advantages such as flexibility, leakage-free operation, and
a wide potential window.>> The polymer gel electrolyte
has been deployed as a separator and electrolyte between
the two identical electrodes to assemble a solid-state
symmetrical SC.

The first thing to do with the fresh assembled
symmetrical SC is to determine its operating voltage
window.**! This is because the voltage window of the
device can affect various parameters (eg, Cs, energy den-
sity, and cycle life). For example, the energy density of
the device is directly related to the square of the operat-
ing voltage of the device.*® So, the higher the voltage
window, the higher will be the energy density of the
device. However, in this scenario, one should have kept
the running device under the safe voltage window. If the
device is working in a safe operating voltage window, it
will have high energy density for a large number of
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charging-discharging cycles. Keeping this in mind, the
assembled device was scanned across different voltage
windows to determine the decomposition point of elec-
trolytes through CV curves collected from 0 to 1.8 V
(Figure 6A). The obtained CV curves in this study suggest
that the safe operating voltage of the assembled device is
limited to 1.8 V. At such extreme voltage, the evolution of
hydrogen and oxygen gas started due to the decomposition
of electrolyte (electrolysis of water present in the electrolyte)
at the electrode surface. This effect can be observed from
the steep increase in CV current (Figure 6A). The operation
of the device beyond this voltage window can nonetheless
lead to device failure mainly due to the loss of ions during
the evolution of hydrogen and oxygen gas at the surface
of the electrode material. Also, the evolution of gas
changes the molarity of the electrolyte, which can subse-
quently affect the operating voltage window of the
device. Other snags of operating the device above its
working voltage window include the irreversible redox
reactions in the electrode material (at a higher voltage).
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FIGURE 6 Electrochemical performance of TiO,/C-1000//TiO,/C-1000 symmetric supercapacitor in the presence of PVA-1 M H,SO,
polymer gel electrolyte: A, CV curves for various operating potential windows; B, CV curves at different scan rates from 10 to 100 mV/s; C,

GCD plots at different current densities from 1.5 to 5 A/g; and D, Variation of specific capacitance as a function of current density [Colour
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This effect may not be prominent in the single course of
charging-discharging cycles. However, with every subse-
quent cycle, the device started to lose the Cg value with a
reduction in the energy density of the device. Therefore,
the operation of the device above its safe voltage window
to achieve high energy density may lead to the loss of
charge storage capability after a few cycles of charging-
discharging. Apart from this, while determining the true
operating voltage window, one should also consider the
voltage ranges for the maximum CV area which directly
resembles the C; of the device.”® Therefore, the selection of
voltage range with a maximum CV area (maximum I-V
area coverage) is a crucial parameter to achieve the high
electrochemical performance of the device (eg, high energy
density). In our case, the curve with a 1.8 V window was
found to attain the maximum IV area among other lower
voltage windows. Also, the operation of the device above
this voltage window range will be unsafe due to the steep
increase in CV current at 1.8 V, which resembles the

starting of electrolyte decomposition. Further, the CV pat-
terns at different scan rates for a device were typical,
possessing an almost perfect rectangular behavior
(Figure 6B). Here again, the appearance of a small redox
peak (particularly at slow scan rates) could be ascribed to
the contribution from TiO,-related Faradaic processes.

Figure 6C represents the charging—discharging curves
at various current densities. The device exhibits the excel-
lent electrochemical performance as expected from the
three-electrode system analysis. The coulombic efficiency
of the device was almost 100% as there was no significant
difference between the charging and discharging times
(Figure 6C). The C decreases with a decrease in current
density as presented in Figure 6D. The same was also
observed during the three electrode-based studies; the better
C, value was achievable for lower current densities.

An estimation of the quantitative contribution from
among EDLC and pseudocapacitive behaviors for a single elec-
trode of the device is made by plotting the capacitance values
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Investigations on energy density, cycle stability, and independence characteristics of the fabricated supercapacitor: A,

Ragone plot (Inset showing two symmetrical supercapacitors combined in series to energize a white LED); B, Cyclic stability of TiO,/C-
1000// TiO,/C-1000 device for 1200 cycles evaluated at a current density of 10 A/g; C, Nyquist plot (Inset showing equivalent circuit); D,
Phase frequency curve for TiO,/C-1000 based 1.8 V symmetric supercapacitor in the presence of PVA-1 M H,SO, gel electrolyte [Colour
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with respect to the reciprocal of scan rates (Figure S13A).
Based on the mathematical calculations, an EDLC value of
70 F/g per electrode is estimated for the symmetrical device.
The above-calculated value is very close to the value (76 F/g)
obtained from the three-electrode systems investigated in this
work. In an ideal situation, both CV and GCD should yield
comparable values of capacitance for the symmetrical device.
This information has been deduced by plotting curves between
values of capacitance and dV/dt collected at different current
densities based on both CV and GCD methods (Figure S13B).
It can be concluded from this analysis that the electrochemical
behavior of the proposed symmetrical capacitor is fairly stable
and reproducible as it is characterized by similar curve trends
for both CV and GCD operations.

The two crucial parameters of energy storage devices are
the energy density (Es) and power density (Ps), which ulti-
mately expose the real potential of a device. The two parame-
ters of the assembled device were calculated using
Equations S4 and S5. The deliverable energy density at differ-
ent power rates is shown in the Ragone plot
Figure 7A. The device attained the maximum Eg of
43.5 Wh/kg. This high Es value was obtained when the
device ran at the power output (Ps) of 0.865 kW/kg. How-
ever, with the increase in the rate of energy deliveries (Pg),
the Eg decreased. The same trend is plotted in Ragone plot,
that is, with increases in the power output values (P;), the E
value decreases. The acquisition of these excellent device
parameters suggests the potential practical applications of
the herein proposed SC design (TiO,/C-1000//TiO,/C-1000).
Furthermore, the device was capable of retaining almost 99%
of its C; even after 1200 charge-discharge cycles (Figure 7B).

EIS characteristics of the TiO,/C-1000//TiO,/C-1000
device is presented in Figure 7C (Nyquist plot) and Figure 7D
(phase relationship). The ESR (effective series resistance) and
R (charge transfer resistance) values were calculated as 5.33
and 0.179 Q, respectively, from Nyquist plot. The equivalent
circuit is given in the inset of Figure 7C. These parameters
reveal the excellent conductivity of the device. An almost
ideal SC behavior was evident from the maximum phase
observed at 70°. Nonetheless, a little deviation from the ideal
SC behavior was probably due to the presence of TiO,, which
caused partial pseudocapacitance.

As such, the excellent capacitive performance, cyclic
stability, and energy storage capability of the herein pro-
posed TiO,/C composites assembled device can be
ascribed to two main synergistic factors, for example,
(a) coinvolvement of two types of charge-storage mecha-
nisms, that is, predominant EDLC (carbon nature) and
redox activity of TiO, nanoparticles and (b) conducting
and porous nature of TiO,/C network, which allowed the
device to perform with little R, values and efficient diffu-
sion of electrolyte ions at the -electrode-electrolyte
interface.
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3 | CONCLUSIONS

This work was carried out to demonstrate the potential
utility of hybrid TiO, nanoparticles infused in carbon
pores for the application in supercapacitor. The con-
trolled pyrolysis of Ti-MOF (MIL-125) at 1000°C has
guaranteed a porous structure containing both meso and
micropores apart from also being highly electrically con-
ducting. The sample TiO,/C@1000°C with rutile phase
was found to exhibit higher electrochemical performance
than the other two samples pyrolyzed at 800°C and
600°C with mixed and anatase phases, respectively. TiO,/
C@1000°C sample attained the highest specific surface
area of 265 m?/g. TiO,/C@1000°C electrode has yielded a
C; value of 258 F/g at 5 mV/s of scan rate. On the same
line, the assembled device exhibited a high energy den-
sity of 43.5 Wh/kg at a power density of 865 W/kg. Apart
from this, the reversible redox reactions over the surface
of the TiO, fraction resulted in an additional advantage
of pseudocapacitance, which yielded high energy density
from the device. The TiO,/C-1000 electrode can be devel-
oped as a single symmetrical device or can be combined
in series for high voltage applications. This idea of using
uniformly infused metal oxide in the carbon matrix can
further be elaborated to control the fraction of the rutile
phase in the carbon matrix. The effect of varying fraction
of the rutile phase in the carbon matrix deserves to be
explored in more details. Acknowledging this approach as
an effective route to obtain well-dispersed nanoparticles in
a carbon matrix, different types of other pseudocapacitive
hybrid material can be realized and investigated for energy
storage application.
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