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Abstract
Functionalized metal oxide electrode material plays an important role in the energy
application of the supercapacitor. In this work, the comparative study of super-capacitance
performance of hafnium oxide (HfO2) and sulfonated hafnium oxide (S-HfO2) nanomaterials is
reported. The HfO2 nanoparticles were synthesized by the precipitation method. Subsequently,
the prepared HfO2 nanoparticles were functionalized using sulfuric acid (H2SO4). Further, the
synthesized nanoparticles were characterized and confirmed by X-Ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectroscopy, High-resolution transmission electron
microscope (HR-TEM), Field-Emission scanning electron microscope (FE-SEM) and Energy
Dispersive X-Ray spectroscopy (EDS) techniques. The electrochemical properties and ion
transfer characteristics of the supercapacitor were investigated by the cyclic voltammeter (CV)
and galvanostatic charge-discharge (GCD) experiments. Moreover, the internal resistances of
the material (HfO2 and S-HfO2) were analysed using Electrochemical Impedance Spectroscopy
(EIS) technique. Both the nanoparticles showed a good improvement in specific capacitance.

The supercapacitor values were measured for HfO2 and S-HfO2 electrodes which exhibit a
specific capacitance value 126 Fg-1 and 210 Fg-1 respectively at the scan rate 5 mVs-1. Hence, it
is noted that functionalized HfO2 nanoparticle enhances the specific capacitance and is used as a
promising material for energy storage device. Moreover, this method is suitable for developing a
variety of functionalized metal oxide based nanomaterials for energy applications.

Keywords: Hafnium Oxide (HfO2), Sulfonated Hafnium Oxide (S-HfO2), Functionalized
Hafnium Oxide, Supercapacitor, Galvanostatic Charge/Discharge and Cyclic Voltammetry.

1.

Introduction
In recent years, many researchers have shown considerable interest in the development

of a supercapacitor using functionalised metal oxide nanoparticles for its high power density,
cost effectiveness, long cycle life, safe operation and good ecofriendliness compared to the
traditional battery [1-3] The traditional charge storage devices like batteries, cannot satisfy the
increasing global power demands. In order to overcome the drawbacks of traditional storage
devices, scientist and researchers have focused to develop solid state, light weight and flexible
supercapacitors, to meet their demands for future. The nature of electrode material plays an
important role in the performance of supercapacitor [4]. Past few years researchers have
cocentrated more on transition metal oxide based supercapacitor due to its pseudocapacitance
with fast surface redox reactions, display significantly higher capacitance and energy density [5].
So far different transition metal oxides including ruthenium oxide [6], manganese oxide [7],
nickel oxide [8], cobalt oxide [9,10], iron oxide [11] and zirconium oxide [12] etc. have been
examined for psuedocapacitance capability. Like aforesaid series, hafnium oxide (HfO2) is also
one of the metal oxides in transition metals and it offers a lower cost, less toxic and its
availability creates us more interest. Consequently, expectation of nanosized HfO2 particles
towards supercapacitor performance has increased [13] and addition of oxides can improve the
cycling stability of energy storage devices (ESD) [14-16]. But, functionalization and dispersion
of metal oxide are of crucial importance for their applications, as they have enormous utilization
in several areas including defense, aerospace, electric vehicles and consumer electronics
applications [17]. This finding gives a clue that nanosized transition metal oxides when
functionalise with sulphuric acid could enhance [18] the performance of electrochemical
electrodes due to their varying oxidation state. However, the roles played by the sulfonated

nanosized HfO2 particles in the enhancement of super capacitance (SC) have not yet been clearly
reported.
In the present study, HfO2 nanoparticles were successfully synthesised by the
precipitation method and further it was functionalized with sulphuric acid to increase the proton
conductivity of the nanosized intrinsic HfO2. Subsequently, both the nanoparticles were
characterized. Meanwhile, the electrochemical behaviour of both HfO2 (before functionalized)
and S-HfO2 (after functionalized) nanoparticles were examined by cyclic voltammeter (CV) and
galvanostatic charge-discharge (GCD) techniques followed by internal resistance of (HfO2 and
S-HfO2) the nanomaterials were measured by Electrical Impedance Spectroscopy (EIS)
technique, and afterwards, specific capacitance values of both the nanoparticles were compared.
2.

Experimental Details

2.1. Materials
Hafnium tetrachloride (HfCl4, 98%), sodium hydroxide (NaOH. 98%), were purchased
from Sigma Aldrich, USA., concentrated sulfuric acid (H2SO4), and methanol (CH3OH) were
obtained from Daejug Chemicals & Metals Co., Ltd, Korea and used as received.
2.2. Preparation of HfO2 Nanoparticles
The HfO2 nanoparticles were synthesized using a precipitation method [19]. Briefly, 0.4
M (100 mL) of NaOH solution was added dropwise to 0.1 M (100 mL) of aqueous HfCl4
solution and stirred for 8 h, resulting in the formation of a hafnium hydroxide (white precipitate).
The white precipitate was then washed repeatedly with

de-ionized water by centrifugal method

at 4000 rpm for 15 min to seperate the residuals. The powder form of final product was dried at
100 °C in a hot air oven for 3 h. Subsequently, it was calcined further at 500 °C for 3 h to obtain
HfO2 nanoparticles.

2.3. Synthesis of Sulfonated-HfO2 nanoparticles
The prepared HfO2 nanoparticles (1 g) were mixed in a solution comprised of methanol
and sulphuric acid (20 mL of methanol and 15mL of 1 M H2SO4) and sonicated it for 2 h. The
product was dried at 100°C for 24 h to obtain S-HfO2 [20,21]. Then, the dried product of S-HfO2
was used for further characterization.
2.4. Characterization techniques
The crystal structure, orientation and size of HfO2 and S-HfO2 nanoparticles were
analyzed by X-ray diffractometer (XRD) (D8 Advance, Bruker, Ettlingen, Germany) using Cu
Kα radiation (λ = 1.5406 A°) operated at 40 keV and 30 mA. The presence of functional groups
and types of vibrational frequency present in the HfO2 and S-HfO2 nanoparticles were confirmed
by Fourier Transform Infrared (FT-IR) spectrocopy (Alpha Bruker Spectrometer). The surface
morphology of synthesized HfO2 and S-HfO2 nanoparticles were examined by HR-TEM (FEITecnai TF-20) and FE-SEM (Model: S-4200, Hitachi, Japan). All the prepared materials were
coated with platinum prior to the examination. Elemental analysis was performed using Electron
dispersive spectroscopy (EDS) attached to the FE-SEM. The internal resistance of the material
was characterized by using Electrical Impedance Spectroscopy (EIS). Before measuring the
impedance all the prepared samples (intrinsic HfO2 and S-HfO2) were immersed in water at room
temperature for 24 h followed by placing the sample between the two electrodes (with 0.62 cm2
area) with the frequency range of 1-100 Hz and the signal amplitude of 10 mV using an Autolab
potentiostat (GSTAT128N, Metrohm Autolab, Utrecht, Netherlands) electrochemical system.
The conductivity (σ) was determined using Eq. (1)
(1)
where σ = proton conductivity of the prepared material (S cm−1);

L = thickness of material (cm);
R = material resistance (Ω) and
A = electrode (cm2) [22]
2.5. Electrochemical Measurements
The CV experiments were performed using a Autolab PGSTAT128N, Utrecht,
Netherlands to evaluate the electrochemical behavior of the intrinsic HfO2 and S-HfO2 under the
open-circuit potential. The working electrode was connected to the anode then the connectors of
counterelectrode and reference electrode were connected to the cathode. CV was measured in the
potential range from 1 to −1 V at scan rates of 10 mVs-1. The configuration and electrode
preparation for the study of CV, GCD were explained briefly in results and discussions. The
specific capacitance was calculated by integrating the area under the CV curve using equation
(2).
∫

(2)

where m is the mass of active material (g), V is the scan rate (mVs-1), VU and VL are the
upper and lower voltage limits (V) and I is the current (A).
In addition to this, the specific capacitance were also calculated from the slope of the
galvanostatic charge-discharge curve at the different current densities using the following
Eq. (3).
(3)
where I is the discharge current (mA), m is the mass of the electro-active material (mg)
and ∆t is the difference in discharge time (t).

3. Results and Discussion
3.1. XRD characterization of HfO2 and S-HfO2 nanoparticles.

Fig. 1 XRD pattern HfO2 (C sign, cubic HfO2) nanoparticles.

Fig. 2 XRD pattern S-HfO2 (C, cubic HfO2; m, monoclinic HfO2; dollar sign,
hafnium sulfate) nanoparticles.
Fig. 1 represents the XRD pattern of HfO2 (before it was functionalized) nanoparticles
which is exhibited in cubic phase. The main characteristic peaks at 24.23°, 30.47°, 35.41°,
50.79° and 60.20° on the 2θ scale were assigned to (110), (111), (200), (220) and (311)
crystalline planes respectively, which is exactly in good agreement with the standard JCPDS card
no. 53-0550 of cubic-HfO2. Fig. 2 represents the XRD pattern of S-HfO2 (after functionalized)
nanoparticles; which revealed that cubic and monoclinic phases of HfO2 nanoparticles. The
crystalline peaks at 24.23°, 30.47°, 35.41°, 50.79° and 60.20° were attributed to the cubic phase
of HfO2 planes (110), (111), (200), (220) and (311), respectively. But the peaks at 28.77° ( ̅ 11)
and 31.41° (111) were assigned to the monoclinic crystalline planes of HfO2. It is confirmed that

the monoclinic phase of HfO2 were formed by influence of calcination (100°C for 24 h) during
the sulfonation process. The crystallites size was calculated using a Debye Scherrer’s formula
[23]. The average crystallites size of the HfO2 and S-HfO2 nanoparticles were mentioned in
Table 1. In addition to this, some peaks concur with the hafnium sulfate, such as 18.39°, 20.83°,
39.11° and 46.40° were assigned to (011), (111), (204) and (411) (JCPDS no. 24-0467) planes
respectively. Hence, it was confirmed that oxidized sulfur groups, such as sulfones, sulfate or
sulfonate were present in S-HfO2.

3.2. Spectroscopic characterization of HfO2 and S-HfO2 nanoparticles

Fig. 3 FT-IR Spectrum of HfO2 nanoparticles.

Fig. 4 FT-IR Spectrum of S-HfO2 nanoparticles.

Fourier Transform Infrared (FTIR) spectroscopy has been performed for chemical
identification of the prepared nanomaterial to find the presence of various bonds, and whether
each bond vibrates at a specific frequency. The FT-IR spectra were taken in the ranges between
400 and 4000cm-1. The characteristic peaks were observed at 761, 672 and 513 cm-1 in the Fig. 4
were assigned to the Hf-O vibrational mode of HfO2; Moreover, vibrational mode of HfO2 is in
the range of IR (800-400 cm-1) active phonon modes of crystalline HfO2 [19]. The position of
these peaks is exactly coinciding with already reported theoretical values of monoclinic HfO2
[24]. The absorption frequency found at 1613 cm-1 (Fig. 3) and 1633 cm-1 (Fig. 4) is assigned to
the bending vibration of H-O-H bond and at 1339 cm-1 (Fig. 3) and is due to the bidentate
carbonate symmetric stretching. These results were comparatively same as the already reported

literature results [25]. The absence of additional peaks in FT-IR spectra confirms the purity of
the synthesized HfO2 nanoparticles.
The Fig. 4 represents the FT-IR spectra of functionalized hafnium oxide (S-HfO2)
nanoparticles. The peaks observed at 1088, 1026 and 871 cm-1 were due to the symmetric
O=S=O, S=O and S-O stretching vibration of sulfonic acid group present in S-HfO2
nanoparticles respectively. In addition to this the broad peak found at 3122 cm-1 is due to the –
OH (water molecules) stretching vibration and is absorbed by the sulfonic (-SO3H) group [2629].

3.2 Surface Morphology of HfO2 (before it was functionalized) and S-HfO2 (after it was
functionalized)

Fig. 5 Mapping of SEM with EDS of HfO2 (before it was functionalized)
nanoparticles.

Fig. 6 Mapping of SEM with EDS of S-HfO2 (after it was functionalized)
nanoparticles
SEM – EDS analysis was performed to determine the surface morphology of HfO2
(before it was functionalised) nanoparticles. Fig.5 shows the SEM-EDS mapping image of HfO2
nanoparticles, which reveal the presence carbon (C), oxygen (O), hafnium (Hf) and platinum (Pt)
present in the HfO2 nanoparticles. Moreover, from the Fig. 5 we observed that the HfO2 particles
were fine microstructure and uniform distribution of dense particles, spherical shaped and
agglomerated with each other [30]. The average grain sizes observed from SEM image were
found to coincide well with the calculated grain size using XRD data. In addition to this, SEMEDS was performed to S-HfO2 (after functionalised) nanoparticles, which was used to examine
the dispersion and presence of sulfonic group in HfO2 nanoparticles. Moreover, the presence of
additional image (S) in Fig. 6 was attributed to sulfonic groups that were functionalised

uniformly with HfO2 particles. Consequently it also confirmed that (-SO3H) group is more
compatible with HfO2 nanoparticles.
Furthermore, the elements present on the surface of the S-HfO2 nanoparticles were
identified using EDS analysis as is shown in the Fig. 5 (a, HfO2) and (b, S-HfO2) respectively. It
was observed that, the sulfur (S) element was present on the surface of the HfO2 nanoparticles,
which revealed that, the organic grafted sulfonic acid group (-SO3H) had condensed with the
hydroxyl groups of HfO2 [31,32].

Fig. 7 EDS Analysis results of HfO2 (a) and S-HfO2 (b) Nanoparticles.

Fig. 8 HR-TEM images of HfO2 (a & b) and S-HfO2 (c & d) nanoparticles.
The surface morphology of HfO2 and changes in surface morphology of S-HfO2 (after
it was functionalised) were also observed by HRTEM which is showed in Fig. 8 It is clear that
all the HfO2 NPs aggregated and were amorphous, spherical like / interconnected with each other
due to high stressed and temperature diffusion [33]. The particle size is ranged from 10 to 70 nm
(Fig. 8a). The S-HfO2 nanoparticles in Fig. 8 (c & d) showed spherical bud shaped and
aggregated with other particles. Consequently, the spherical size of S-HfO2 were futher reduced
(Fig. 8(c)) may due to under sulfonation process of HfO2 nanoparticles.

3.3. Electrochemical behavior of HfO2 and S-HfO2 nanoparticles
To identify the usefulness of functionalized HfO2 (S-HfO2) nanoparticles as electrode
materials, their electrochemical properties were assessed. So the pseudo-capacitance of HfO2 and
functionalized S-HfO2 nanoparticles has been evaluated by cyclic voltammetry method. CV
studies were recorded by the three traditional electrode system [34] composed of HfO2 and/or SHfO2 (working electrode), standard calomel electrode (counter electrode) and platinum wire
(reference electrode) in 1.0 M H2SO4 electrolytes; applied potential ranges from 0 to 0.8V with
sweep rates (5 to 50 mVs-1). Fig. 9 shows cyclic voltammograms of HfO2 and S-HfO2.

Fig. 9 Cyclic voltammetry curves of HfO2 (a) and functionalized S-HfO2 (b)
electrode at different scan rates in 1M H2SO4 electrolyte.

Fig. 10. Variation of specific capacitance of HfO2 and S-HfO2 electrodes with scan
rate.
There was a characteristic difference of the electrochemical activity in Fig. 9 between
glassy carbon electrodes coating with and without of HfO2/S-HfO2 nanoparticles. The
characteristic redox peaks in the CV curve of S-HfO2 shows in Fig. 9b reveals that current
density is increased while the scan rate is increased gradually. This behavior in the CV is due to
the transport of ions onto the surface of the electrode through –SO3H groups in S-HfO2 [35].
Obviously, the specific capacitance has been increased by decreasing the scan rate which is
present in Fig. 10 In addition to this, CV curve area of S-HfO2 is larger than that of HfO2 which
illustrates that the electrochemical performance of S-HfO2 nanoparticles is highly improved
owing to the presence of sulfonic group. However, the peak current density almost linearly
depends on the scan rate, which reveals a controlled redox process and the excellent rate

capability of the S-HfO2 electrode. The electrochemical behavior of the S-HfO2 electrode
material demonstrates that the functionalized S-HfO2 nanoparticle is equipped with excellent
electrochemical properties [36].
Table-1: Specific capacitance values of HfO2 and S-HfO2 from CV and GCD techniques
Specific Capacitance (F/g) in 1M H2SO4
CV

Galvanostatic Charge/Discharge (GCD)

S. No.
Product Size (nm) Voltage Scan Rate (mVs-1)

Current Density (Ag-1)

5

10

20

30

50

0.2

0.3

0.4

0.5

1

1.

HfO2

10-70

126

122

113

106

92

107.63

81.25

53.25

38.56

13.25

2.

S-HfO2

20-60

210

176

138

116

96

200.63

110.94

76.43

65.23

38.63

Fig. 11 Charge/Discharge curves of HfO2 and S-HfO2 nanoparticles.

Fig. 12. Variation of specific capacitance of HfO2 and S-HfO2
electrodes with current density.
Cycle stability is one of the most important criteria for supercapacitor applications. In
order to find out the cycle stability of HfO2 and S-HfO2 nanoparticle electrodes in 1.0 M aq.
H2SO4 electrolyte was evaluated by galvanostatic charge-discharge measurement ranges from
0.2 Ag-1 to 1 Ag-1 and the potential ranges between 0 and 0.8 V. All the charge/discharge curves
of the HfO2 and S-HfO2 nanoparticles displayed nearly symmetric and equivalent triangular
shapes (Fig. 11). It was a good evidence of excellent capacitance. These charge/discharge curves
further indicated a good reversibility in the course of the charge/discharge process. The discharge
curves of S-HfO2 showed an evident pseudo-capacitance performance as they deviated from a
perfect linear shape. Moreover, the redox peaks of S-HfO2 were present in positive potential is

influenced by the presence of –SO3H that increases the conductivity of the nanoparticles, thereby
facilitating the charge transfer mechanism. The specific capacitances of the HfO2 and S-HfO2
were calculated using the various sweep rates (i.e. 0.2 mA, 0.3mA, 0.4mA, 0.5mA and 1mA) and
their values are tabulated in Table (1). For HfO2 the specific capacitance value ranges from 13.25
Fg-1 to 107.63 Fg-1 but S-HfO2 has increased ranges between 38.63 Fg-1 and 200.63 Fg-1. The
higher capacitance of S-HfO2 is due to increased surface area and an additional pseudocapacitance owing to the presence of oxygen-containing functional groups (–SO3H) in HfO2
nanoparticles [37-40]. The specific capacitance (200.63 Fg-1) value of S-HfO2 is comparably
high with HfO2.
Moreover, the specific capacitance increases while decreasing the current density as is
displayed in Fig. 12 The specific capacitances under constant current in three electrode system
(GCD) were calculated according to this (Csp (F/g) = IΔt/ΔEm) equation.

Fig. 13 Nyquist Impedance plots of HfO2 and S-HfO2 electrodes.

To understand more about supercapacitive performance, the internal resistance of
electrodes were analysed using EIS technique. Figure 13 shows the EIS data were analysed by
the Nyquist plot of the prepared electrode (HfO2 and S-HfO2). In a Nyquist plot the imaginary
component (Z″) of the impedance plotted versus the real component (Z′). The Nyquist plots of
the two samples (HfO2 and S-HfO2) consist of an incomplete semicircle at high frequency and a
slope line (Warburg region) at low frequency, this indicating that the electrode process is in the
control of both charge transfer and diffusion processes. The interfacial charge transfer resistance
(Rct) between electrode and electrolyte is responsible for the generation of the incomplete
semicircle [41]. The supercapacitor behaviour of an electrode increases with increasing the slope
of the vertical line. Moreover, the reason for the generation of a Warburg region is that the
charge transfer rate is larger than the ion-diffusion rate. The major difference is that the HfO2
showed a slightly larger semicircle than the S-HfO2 nanoparticles in the intermediary frequency
range, indicating a higher charge transfer resistance because HfO2 is a semiconductor and the
conductivity of S-HfO2 nanoparticles increased due to the –SO3H group on the surface of the
HfO2. Another difference is the straight line inclined at an angle of around 45° to the real axis
(Z’) in the intermediate-frequency region, corresponding to the semi-infinite ion diffusion
resistance; compared to HfO2, the process of S- HfO2 nanoparticles electrodes is under the
control of diffusion in the lower-frequency. At high frequency, the behaviour of the
supercapacitor is mainly resistive. As shown in Fig. 13 the differences between the Nyquist plots
of the HfO2 and S-HfO2 nanoparticles reflected due to the functional group (–SO3H), changing
the conductivity and the properties of the electrode/electrolyte interface [42]. On the other hand,
the long-term electrochemical stability of the prepared materials is attributed to the presence of a

−SO3H functional group on HfO2 nanoparticles. The hydrophilic nature of −SO3H increases the
wettability of the electrode and thus enhances the SC performance [43].

4. Conclusions

HfO2 nanoparticle was synthesized by a precipitation method and it was functionalized
using sulphuric acid. The HfO2 and functionalized HfO2 (S-HfO2) nanoparticles were
characterized by XRD, FT-IR, FE-SEM, EDS and HR-TEM. Further, the supercapacitance
performance of both intrinsic HfO2 and S-HfO2 were evaluated using cyclic voltammetry
technique and it was found to be 210 Fg-1 for S-HfO2 and for intrinsic HfO2 was 126 Fg-1. It was
found that the S-HfO2 nanoparticles having superior SC than intrinsic HfO2 and S-HfO2 can be a
promising candidate for energy applications. Importantly, electrochemical impedance
spectroscopies demonstrate that -SO3H group not only provide the electron transfer channels for
HfO2, but also benefit the electrolyte penetration in HfO2 nanomaterials.
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