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Abstract
The most efficient way to mitigate the degradation of the environment and global warming is to generate clean, sustainable 
green energy. A hydroelectric cell (HEC) is a green energy device that employs oxygen-deficient, mesoporous metal oxides 
to produce electricity through water splitting at room temperature. In this work, carbon doping is explored to create oxygen 
vacancies in TiO2. The solid-state reaction method was used to process titanium dioxide (TiO2) with 0.1 wt.% and 0.5 wt.% 
of carbon (C). Photoluminescence (PL) spectroscopy confirmed the presence of microstructural defects and optical defects 
in the carbon-doped TiO2. The enhancement in microstrain and dislocation density due to the incorporation of carbon atoms 
in the TiO2 lattice was confirmed by x-ray diffraction (XRD) analysis. The HEC was fabricated by applying silver paste in 
a comb-like pattern to one face of the sample pellet and attaching a zinc sheet to the other face. The surface of the C-TiO2 
pellet was moistened with water to generate voltage and current. The fabricated 2 × 2 cm2 TiO2 and 0.1 wt.% and 0.5 wt.% 
C-doped TiO2 HECs generated short-circuit current of 5.0 mA, 6.3 mA, and 7 mA with open-circuit voltage of 0.76 V, 0.81 V, 
and 0.74 V, respectively. The cells delivered off-load output power of 3.8 mW, 5.10 mW, and 5.2 mW, respectively. Nyquist 
curves obtained for the HECs in the wet state confirmed the ionic conduction process within the material and charge transfer 
to the electrodes. Carbon-doped TiO2 processed at low temperature generated enhanced power output in comparison to pure 
TiO2. Therefore, C-doped TiO2 is a cost-effective material for producing green electricity at a large scale.
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Introduction

The excessive consumption of non renewable resources and 
effects of climate change are two major concerns society is 
facing nowadays. The long-standing energy-related prob-
lems of developing countries might be overcome by renew-
able energy sources and technologies. The need for novel 
resources and techniques for generating energy is prompted 
by a growing need for sustainable and clean energy sources.

Current energy sources comprise solar cells, lithium 
batteries, and other electrochemical batteries, all of which 
present operational hazards, waste challenges, and environ-
mental drawbacks.1,2 Humanity would benefit greatly from 
long-term, economically viable, and sustainable energy 
production strategies centered on abundant, renewable 
resources such as water, wind, and solar energy.3 There 
have been multiple attempts to utilize water or water vapor 
as a source of electrical energy, but little progress has been 
achieved in this field. The hydroelectric cell (HEC), which 
is a recently introduced renewable source of energy, gener-
ates green electricity by the dissociation of water molecules 
at room temperature through engineered oxygen-deficient 
and porous materials without the use of any acid, alkali, 
light, or electrolyte,4–9 in line with current energy source 
requirements. The HEC simply generates electricity using 
water alone, eliminating the consumption of hazardous 
chemicals. For the fabrication of the HEC, the material 
synthesized should be highly nonporous and enriched with 
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defect centers, especially oxygen vacancies. Oxygen vacan-
cies, which serve as the F-centers and dangling bonds, are 
essential in describing the absorption and chemidissociation 
of water molecules on metal oxides.10 Hydrogen production, 
photocatalysis, humidity sensing, gas sensing, and various 
other processes also utilize the concept of molecule dissocia-
tion at surfaces.11–15 Oxygen vacancies produce surface dan-
gling bonds, resulting in a powerful electric field for water 
dissociation.16 HECs are fabricated by coating silver paste 
in a comb-shaped pattern onto one face of the sample pellet 
and attaching a zinc sheet to the other side. Once the water 
comes into contact with the material, it forms a chemisorbed 
layer on the surface. Multiple water layers are physisorbed 
onto the chemisorbed layer, facilitating proton hopping 
within these layers via the Grotthuss mechanism. These 
hopping protons when trapped inside the nano-pores create 
a high electric field, able to dissociate water in physisorbed 
layers. The physidissociated ions move toward the respective 
electrode. An electromotive force (EMF) and current are 
subsequently generated due to the electrochemical reaction 
at the electrodes. An oxidation reaction occurs at the zinc 
electrode which reacts with hydroxide ions and forms zinc 
hydroxide, whereas a proton reduction reaction occurs at 
the silver cathode forming hydrogen gas. Because of the 
outstanding chemical stability and efficiency of production, 
porous oxide materials have gained increasing prominence 
as functional materials in recent years.17–19 Water molecules 
can easily travel through the pores of a porous oxide ceramic 
material, and vacancies contribute to a large effective surface 
area.20 Numerous metal oxides have been explored for use 
in HECs, including SnO2, MgO, ZnO, TiO2, WO3, CeO2, 
and SrTiO3.21–27

The family of transition metal oxides includes TiO2, 
which is an inert material with high photocatalytic activity 
due to strong oxidizing properties (with a wide surface 
area), chemical stability, and biocompatibility. It features 
a low production cost and high dielectric constant, and is 
a cheap material. TiO2 is a large-bandgap semiconductor 
with bandgaps of 3.2 and 3.0 eV for the anatase and rutile 
phases.28,29 Oxygen vacancies form by heating pure TiO2 at 
high temperatures in an inert atmosphere.30 Shukla et al.31 
reported that pure TiO2-based HECs generated power of 2.07 
mW, whereas HECs of Mg-doped TiO2, Li-doped TiO2, and 
Fe-doped TiO2 produced 5.55 mW, 2.88 mW, and 0.36 mW. 
Bhakar et al.9 reported a HEC of BaTiO3 which generated 
an output electrical power of 3.57 mW. The current research 
is focused on enhancing the output electrical power of TiO2 
-based cells. The power output of carbon-doped TiO2-based 
HECs is explored in this study due to its low-cost availability 
and ability to achieve significant electrical conduction. The 
solid-state reaction method was used to synthesize carbon-
doped TiO2 nanoparticles. Doping carbon in TiO2 is known 
to introduce oxygen vacancies, various surface defects, 

grain boundaries, and interfaces that result in an increase in 
conductivity. To improve the electrical power, carbon-doped 
TiO2-based HECs of various compositions were fabricated 
and tested.

Experimental Section

Preparation of C‑Doped TiO2

High-purity titanium dioxide (TiO2) powder (Sigma Aldrich) 
and graphite (C) powder (Sigma Aldrich) precursors were 
used in the synthesis of carbon-doped TiO2 nanoparticles.

Samples of 0.1 wt.% and 0.5 wt.% carbon-doped TiO2 
were synthesized using the solid-state reaction method. 
For better homogenization, wet grinding was carried out in 
acetone with a pestle and mortar for 30 min. The ground 
powders were calcined for 5 h at 400°C in a muffle furnace. 
The pre-sintered powder was pelletized into 2 × 2 cm2 pellets 
and sintered at 600°C. Pure TiO2 was designated as sample 
A, whereas TiO2 samples with 0.1 wt.% and 0.5 wt.% carbon 
were designated as samples B and C, respectively.

To fabricate the HECs from the sintered pellets, 
conducting silver paste was applied in a comb pattern to 
one face of each pellet to serve as the cathode, and a zinc 
sheet was attached to the other face of the pellet as the 
anode. Ohmic electrical contacts were made on electrodes 
to measure the power output from the cell.

Characterization of C‑Doped TiO2 HEC

Characterization of the synthesized samples was performed 
using various instrumental techniques. For phase 
identification, an x-ray diffraction (XRD) pattern was 
obtained with a Bruker AXS D8 Advance  diffractometer 
using Cu-Kα radiation with a wavelength of 0.154 nm. 
Detailed information about the chemical structure, phase 
composition, and defect characteristics of samples A, B, 
and C prepared by heat treatment was obtained by Raman 
spectroscopy (IndiRAM  CTR-300 spectrometer) using 
a semiconductor laser of 532 nm and power of 15 mW 
at room temperature. Field-emission  scanning electron 
microscopy (FESEM) was performed using an FEI Nova 
NanoSEM 450 at an accelerating voltage of 15 kV to acquire 
detailed information about the surface morphology related 
to the shape, structure, and particle size of C-doped TiO2. 
A PerkinElmer LS 55 fluorescence spectrometer was used 
to examine the defects such as oxygen vacancies produced 
by carbon doping in TiO2 at an excitation wavelength of 
320 nm. Voltage–current (V–I) characteristics were plotted 
using a Keithley 2430 1 kW source meter. The Nyquist 
curves for the HECs fabricated from samples A, B, and C 
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were obtained on a Wayne Kerr 6500B impedance analyzer 
in the frequency range of 20 Hz to 120 MHz.

X‑ray Diffraction (XRD)

For phase identification and determination of microstrain 
development in TiO2 by carbon doping, x-ray diffraction 
was performed. The crystallite size was calculated for all the 
synthesized samples A, B, and C using the Debye–Scherrer 
equation32:

where D is the crystallite size, K is the Scherrer constant 
with a value of 0.9, λ is the wavelength of the Cu-Kα radia-
tion (0.154 nm), β is the full width at half-maximum, and 
θ is the Bragg angle. The x-ray diffraction patterns of sam-
ples A, B, and C are shown in Fig. 1. The peaks observed 
at 25.37°, 37.86°, 48.08°, 53.89°, 55.08°, 62.74°, 68.83°, 
70.36°, and 75.10° in the XRD pattern correspond to the 
(101), (004), (200), (105), (211), (204), (116), (220), and 
(215) crystal planes of anatase TiO2, which matches well 
with JCPDS 21-1272. The (110), (200), and (202) crystal 

(1)D = k�∕�cos �

planes at 37.01°, 38.6°, and 76.01° correspond to rutile 
TiO2, which matches well with JCPDS 21-1276. The phase 
of pure TiO2 was not affected by the addition of carbon 
atoms. The high content of carbon (0.5wt.%) decreased the 
intensity of the XRD as compared to pure TiO2 and TiO2 
with low (0.1 wt.%)  carbon doping, due to lattice distortion. 
This resulted in the broadening of peaks and a decrease in 
the crystallinity of sample C.33

The average crystallite size for samples A, B, and C 
was calculated as 45.21  nm, 42.84  nm, and 40.69  nm, 
respectively. The doping of carbon inhibited the growth 
of nanoparticles. Hence, the crystallite size of the samples 
decreased with increased carbon doping.34 According to an 
earlier report, carbon atoms can replace titanium and oxygen 
in the lattice sites, causing the dissociation of Ti–O bonds to 
form Ti–C and C–O bonds.35 This results in lattice distortion 
and the creation of defects such as vacancies that induce 
strain in the crystal lattice and also act as nucleation sites for 
dislocations, hence leading to the formation of dislocation 
networks in the samples. The increased concentration of 
carbon in TiO2 causes more distortion in the lattice which 
further enhances the microstrain, as shown in Table I.

The microstrain in the lattice was calculated using the 
Stokes–Wilson equation36:

where ε is the microstrain, β is the full width at half-
maximum (FWHM) of the most intense (101) plane, and θ 
is the Bragg angle.

The Williamson–Smallman equation37 was used to 
calculate the dislocation density:

where D is the crystallite size and δ is the dislocation 
density.

The crystallite size, microstrain, and dislocation density 
calculated for the (101) plane from the XRD peak are given 
in Table I.

Raman Spectroscopy

Detailed information about the chemical structure, phase 
composition, defect characteristics, and crystallinity of 

(2)� = �∕4 tan �

(3)� = 1∕D2

Fig. 1   XRD spectra of (A) pure TiO2, (B) 0.1 wt.% carbon-doped 
TiO2, and (C) 0.5 wt.% carbon-doped TiO2.

Table I   The crystallite size, 
microstrain in the lattice, and 
dislocation density of samples 
A, B, and C

Sample Full-width half-
maximum (°)

Crystallite size 
(nm)

Microstrain (× 
10−3)

Dislocation 
density (× 
10−4 nm−2)

(A) Pure TiO2 0.18 45.21 3.49 4.89
(B) 0.1 wt.% C-doped TiO2 0.19 42.84 3.69 5.44
(C) 0.5 wt.% C-doped TiO2 0.20 40.69 3.88 6.04
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samples A, B, and C prepared by heat treatment was obtained 
using Raman spectrometry (Fig. 2). The four first-order 
Raman-active modes of vibration centered at 142.28 cm−1 
(Eg), 394.4  cm−1 (B1g), 515.67  cm−1 (A1g + B1g), and 
636.94 cm−1 (Eg) correspond to the anatase phase of TiO2.38 
The low-frequency phonon band of anatase TiO2 centered 
at 142.28 cm−1 (Eg) was the dominant mode present in both 
pure and doped TiO2 samples. The peak at 636.94 cm−1 (Eg) 
correspond to the symmetric stretching vibration of O–Ti–O 
in TiO2. The peaks at 394.4 cm−1 (B1g) and 515.67 cm−1 
(A1g + B1g) are attributed to the symmetric and asymmetric 
bending vibrations of O–Ti–O in TiO2.39,40 The decrease 
in the intensity and broadening of the peaks at 144 cm−1, 
394.4 cm-1, 515.67 cm−1, and 636.94 cm−1was observed for 
the carbon-doped samples. This may be due to the impurity 
and defects arising with increased carbon content in TiO2.41

Field‑Emission Scanning Electron Microscopy 
(FESEM) Analysis

The surface morphology of samples A, B, and C sintered at 
600°C was examined using FESEM (Fig. 3a). The FESEM 
micrographs for samples A, B, and C showed a spherical 
shape, with agglomerated grains of varying sizes, forming 
a nanocluster. Using ImageJ software, the average parti-
cle size for samples A, B, and C was calculated as 43.23 
nm, 40.25 nm, and 40.56 nm, respectively. The decrease 
in grain growth was due to the incorporation of carbon 
atoms in TiO2 that restricted the expansion of crystal-
lite size. Smaller particle sizes provide enhanced surface 
area. Samples B and C had more active surface sites for 
the reaction between the synthesized material’s surface and 
the water molecule.42 During the reduction of pure TiO2, 
carbon may have diffused into the crystal lattice of TiO2, 

resulting in a porous microstructure favorable for adsorption 
and chemidissociation43 of water molecules on the surface 
of samples. Enhanced output power is produced when more 
water molecules are adsorbed and chemidissociated on the 
material’s surface.

Photoluminescence (PL) Spectroscopy

An excitation wavelength of 320 nm was selected to study 
the defects arising in TiO2 from carbon doping. High PL 
intensity typically suggests a higher carrier recombination 
rate. PL spectroscopy of the samples was performed at room 
temperature to investigate the presence of oxygen vacancies 
created by carbon doping. To eliminate emissions from the 
bandgap, the excitation energy used to obtain the PL spec-
tra of samples A, B, and C was kept below their bandgap. 
Figure 4 shows the PL spectra of TiO2 and carbon-doped 
TiO2 nanoparticles. Ti4+ ions next to oxygen vacancies 
make up the majority of surface states.44,45 A broad emis-
sion band in the region of 360–550 nm was observed for all 
the samples, which is attributed to the oxygen vacancies in 
the samples.46 These oxygen vacancies acted as trapping 
sites which reduced the recombination rate of electron–hole 
pairs. Hence, with the doping of different amounts of carbon 
in TiO2, the PL intensity of TiO2 decreased.

Working Mechanism of the Hydroelectric Cell

Unsaturated cations (Ti4+) and oxygen vacancies act as the 
dangling bonds on the material surface. These dangling 
bonds attract polar water molecules towards the surface.47 
The water (H2O) molecules are chemidissociated to 
hydronium ions (H3O+) and hydroxide ions (OH−) on the 
material surface. More water layers are physisorbed above 
the chemisorbed layer, facilitating proton hopping by the 
Grotthuss mechanism, whereby “excess” protons can diffuse 
through the hydrogen bonds of water molecules or other 
attached water by forming and simultaneously breaking 
covalent bonds with molecules in the vicinity.48

These hopping protons create strong electric fields when 
trapped inside the nano-pores present on the material’s 
surface. This field is sufficient to dissociate water in the 
physisorbed layers. The physidissociated OH− ions migrate 
towards zinc and oxidize it to zinc hydroxide with a release 
of two electrons. The standard oxidation potential of this 
reaction is 0.76 V. At the cathode, hydronium ions accept 
these electrons and are reduced to hydrogen gas with a 
standard reduction potential of 0.22 V. In HECs, reactions 
at the electrodes produce voltage and current. The chemical 
reactions occurring in the cell are as follows:

Dissociation of water molecules at the surface:
Fig. 2   Raman spectra of (A) pure TiO2, (B) 0.1 wt.% carbon-doped 
TiO2, and (C) 0.5 wt.% carbon-doped TiO2.
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At the anode:

(4)4H
2
O ↔ 2OH

− + 2H
3
O

+

(5)Zn + 2OH
−
→ Zn(OH)2 + 2e−E

oxd
= 0.76V

At the cathode:

In samples B and C (carbon-doped TiO2), more oxygen 
vacancies are created in their lattices than in the lattice of 
sample A (pure TiO2), which is evident from the PL spec-
trum. The increased active surface enhanced the interaction 

(6)2H
3
O

+ + 2e− → H
2(g) + 2H

2
O E

red
= + 0.22V

Fig. 3   (a) FESEM micrographs of (A) pure TiO2, (B) 0.1 wt.% carbon-doped TiO2, and (C) 0.5 wt.% carbon-doped TiO2. (b) Histogram size dis-
tribution of (A) pure TiO2, (B) 0.1 wt.% carbon-doped TiO2, and (C) 0.5 wt.% carbon-doped TiO2.
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sites between the water and material surface, which resulted 
in increased current in carbon-doped TiO2-based HECs rela-
tive to the pure TiO2-based HEC.

V–I Polarization Curve of the Hydroelectric Cell

The standard V–I polarization curves were plotted for pure 
TiO2 and carbon-doped TiO2-based HECs. The open-circuit 
voltage, short-circuit current, and off-load power for the 
cells are listed in Table II.

The V–I polarization exhibited different polarization 
regions5 as shown in Fig. 5. The fabricated HEC of pure 
TiO2 and 0.1 wt.% and 0.5 wt.% carbon-doped TiO2 gener-
ated short-circuit current, open-circuit voltage, and off-load 
output power of 5.0 mA, 0.76 V, 3.8 mW; 6.3 mA, 0.81 V, 
5.10 mW; and 7 mA, 0.74 V, 5.2 mW, respectively. The 
points K, P, and T denote the open-circuit voltage of the 
cells at infinite load. The decreasing voltage at regions KL, 
PQ, and TU represents the activation losses that occurred to 
overcome the energy barrier for the electrochemical reaction 
at the electrodes.4 This can also be explained by the develop-
ment of a double ionic layer at interfaces and the fact that 

charge transfer requires more power when there are fewer 
dissociated OH− ions present.

The regions LM, QR, and UV represent the ohmic 
losses in the cells due to the internal resistance faced by 
the ions traveling through the porous material structure. 
The increased porosity in carbon-doped TiO2, as evident 
in the SEM micrographs, increased the active surface area 
for spontaneous dissociation of water. Sample C exhibits 
high porosity, as shown in SEM micrographs, as well as 
oxygen vacancy defects evident from the PL spectra, which 
enable enhanced dissociation of water molecules. Hence, 
the HEC fabricated from sample C generated higher current 
of 7 mA relative to samples A and B, at 5 mA and 6.3 mA, 
respectively. The high-current-density regions MN, RS, 
and VW exhibited rapid voltage drops because of the 
accumulation of excess ions at the  electrode interface,4 
which restrict mass transport. This rapid decrease in voltage 
is referred to as concentration loss or mass transport loss.

Electrochemical Impedance Spectroscopy (EIS)

The charge transfer mechanism and migration of dissoci-
ated ions taking place within the HECs were investigated 
by electrochemical impedance spectroscopy.49 The Nyquist 
curves obtained for HECs fabricated with samples A, B, 
and C are shown in Fig. 6. At room temperature, complex 
impedance (Z´´) was plotted against the real impedance (Z´) 
for pure TiO2 and carbon-doped TiO2. The Nyquist plots 
were separated into two sections: (i) a high-frequency region 
comprising a semicircle which provides information about 
the charge resistance due to grains, grain boundaries, and 
other components and represents the total internal resist-
ance of the cell for charge transfer; and (ii) a low-frequency 
region offering insights about the ionic diffusion process at 
the electrodes.50 A small arc diameter indicates enhanced 
charge segregation and transfer, whereas the processes of ion 
diffusion and electron migration are increased with a straight 
loop or a tail.51–53 Doping of carbon generates pores in TiO2, 
resulting in the adsorption of more water molecules through 
oxygen vacancies on the surface of the sample.54 Hence, 
carbon-doped TiO2 (samples B and C)-based cells exhibit 
lower resistance than pure TiO2.   Wang et al.55noted that the 
Nyquist curve for sample B with a lower amount of carbon 
exhibited greater potential for charge transfer than sample 
C. This can be explained by the fact that when TiO2 nano-
particles with a minimal amount of carbon were calcined for 
several hours, the carbon inside was distributed more uni-
formly and came into close contact with the inner surface. 
Sample C with higher carbon content therefore exhibited 
greater charge transfer resistance than sample B. The dif-
fusion of ions at the electrode interface is indicated by the 
presence of tails in the Nyquist plots of both wet TiO2 and 
carbon-doped TiO2 cells at low frequency.56,57

Fig. 4   Room-temperature PL emission spectra of (A) pure TiO2, (B) 
0.1 wt.% carbon-doped TiO2, and (C) 0.5 wt.% carbon-doped TiO2.

Table II   Open-circuit voltage, short-circuit current, and off-load 
power of pure and carbon-doped TiO2-based HECs

Hydroelectric cell Open-circuit 
voltage (V)

Short-circuit 
current (mA)

Off-load 
power 
(mW)

(A) Pure TiO2 0.76 5.0 3.8
(B) 0.1 wt.% C-doped TiO2 0.81 6.3 5.1
(C) 0.5 wt.% C-doped TiO2 0.74 7.0 5.2
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Conclusions

Carbon-doped TiO2 nanoparticles were synthesized by 
solid-state reaction. Carbon doping induced the formation 
of oxygen vacancies in TiO2 and also enhanced the con-
duction within the material. The greater number of oxy-
gen vacancies in the carbon-doped TiO2 samples than pure 
TiO2 is responsible for the splitting of a larger number of 
water molecules, resulting in increased green electricity 

generation by the fabricated hydroelectric cells. Higher 
material conductivity in carbon-doped TiO2 facilitated 
the movement of dissociated ions towards the electrodes, 
which ultimately led to increased power output from the 
carbon-doped TiO2 -based hydroelectric cells. Power out-
put of 5.10 mW and 5.18 mW was obtained via water split-
ting by 0.1 wt.% and 0.5 wt.% carbon-doped TiO2-based 
HECs, showing that this is a cost-effective, eco-friendly, 
and efficient method for the generation of green energy.

Fig. 5   V–I polarization curve generated by (A) pure TiO2, (B) 0.1 wt.% carbon-doped TiO2, and (C) 0.5 wt.% carbon-doped TiO2-based hydro-
electric cell soaked in distilled water.
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