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Quantitative framework development for
understanding the relationship between doping and
photoelectrochemical energy conversion of TiO2†

Aparna Markose, Debanita Das and Prasanth Ravindran *

Efficient energy harvesting devices are required to achieve sustainable development goals. Titania is a

semiconductor that has attracted substantial research attention in pursuit of energy independence

since it is an abundant, stable, toxin-free, and energy-prospective substance. Careful tailoring of

morphological and electronic properties is required to address the poor conductivity of TiO2 to achieve

competitive Power Conversion Efficiency (PCE). Adding an optimum amount of impurity to TiO2 is one

of the prominent methods to increase its conductivity. This review critically analyzes doping of TiO2 in

light of the power conversion efficiencies of various electrochemical cells. This review suggests an

alternative quantitative framework for developing and establishing the relationship between doping and

photoelectrochemical energy conversion in TiO2-based devices. It offers an alternative for accurate data

reporting after a careful analysis of the PCE data in research articles and data reporting processes now

in use. This study provides information on data analysis, visualization, and contemporary techniques for

doping TiO2.

1. Introduction

Titanium dioxide (titania, TiO2) is a semiconductor with diverse
applications in solar cells, catalysts, sunscreens, medicine,
inks, wastewater treatment, water splitting, energy storage,

and electrochemical cells1–4 (Fig. 1). The properties of titanium
dioxide such as its wide bandgap, charge injection, extraction-
favored band edge alignments, long excited electron lifetime,
abundance, chemical inertness, and resistance to photocorro-
sion make it an excellent material for photovoltaic applications.
TiO2 has three natural polymorphs: anatase, rutile, and broo-
kite (Fig. 2). Anatase and rutile have the same tetragonal
structure, while brookite is orthorhombic. Even though broo-
kite is the most stable form, anatase exhibits low recombina-
tion and superior charge transfer properties.5–8 Employing
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titanium dioxide for photoelectrochemical conversion became
a milestone in the history of dye-sensitized solar cells (DSSCs).9

Until the discovery of Grätzel cells, DSSCs performed poorly
due to their low photon absorption.10 Other wide bandgap
semiconductors such as ZnO, SnO2, and Nb2O5 have been used
in DSSCs instead of TiO2.11,12 The abundance, stable and
trouble-free production of mesoporous particles, non-toxicity,
stability, and apposite band alignment with popular dye N719
made TiO2 the most suitable electrode material for DSSCs.12

The limitations of other organic-based solar cells have been
an ongoing focus of DSSC research due to the explosive growth of
the perovskite solar cell industry over the past five years. Whereas
the majority of PV technologies fail to succeed, humidity, oxygen
conditions, and an easy production process are favorable for
DSSCs.13 One significant benefit of DSSCs is their exceptional
power production in all lighting circumstances, even indoor light-
ing. It has been found that under diffused or dim sunlight
conditions silicon based solar cells do not perform well.13–15 This
requirement gap is satisfied by DSSCs in an efficient and compe-
titive way. Indoor light harvesting using DSSCs even surpassed 30
percentage without co-sensitizers. For wireless sensor nodes, con-
sumer electronics, wearable technology, and smart meters, DSSCs
can be implemented indoors as portable electronic modules.16 The
potential to scale up and that to minimize production costs are key
game changers in DSSC research. Because of their potential for
indoor lighting, DSSCs can maximize energy efficiency while
minimizing their carbon footprint.

In DSSCs, the current is generated when a dye molecule
absorbs a photon and injects an electron into the semiconduc-
tor’s conduction band. The circuit is completed when the dye is
degenerated by the electrolyte’s redox species. This electrolyte
is then reduced at the counter electrode, which is usually
platinum. A monolayer dye absorbs approximately 1% of the
incident monochromatic light. In order to increase the photon
absorption, Grätzel cells were equipped with stable dyes and
high surface area TiO2 films. These transparent, nonporous
titanium dioxide films increased the absorption of incident
solar energy to 46%.18 According to Henry J. Snaith, it is
possible to attain a maximum efficiency of 20.25 percent in
DSSCs. Photovoltaic loss in a DSSC originates from the following
(Fig. 3): (a) incomplete light harvesting, (b) inefficient electron
transfer, where absorbed photons are diverted to non-injecting
channels, (c) heterogeneity of dye and the semiconductor band
alignment, which results in an ‘‘overpotential’’ to unify the
electron transfer, (d) energy loss when dye relaxation causes a
conformational change in the dye structure (this change causes
electrons to diffuse into the oxide with lower energy), and (e) dye
regeneration which causes a potential drop of around 0.3 eV,
eventually leading to the most significant single loss in the DSSC.
Considering these, reducing the difference between the optical
bandgap of the absorber and the open circuit voltage increases
the Power Conversion Efficiency (PCE).

By lowering the bandgap between the semiconductor and
sensitizer, it is possible to reduce the loss in potential by a
factor of 0.2 eV. When the dye is strongly coupled to TiO2, it
broadens the absorption width and rearranges the optical
bandgap of the DSSC. Hence the DSSC’s optical bandgap
cannot be determined from the sensitizer’s absorption alone.
Furthermore, the optical bandgap can be estimated only from
the sensitized electrode’s absorption onset values.19

Fundamental quantities that affect the PCE are the open
circuit voltage (Voc), short circuit current (Jsc), and fill factor
(FF) of DSSCs. Jsc depends on the charge collection efficiency
of TiO2 and the light absorption efficiency of dye. The open
circuit voltage depends on the valence band (VB) of the hole
transport material (HTM), the band configuration of TiO2,
and recombination inside the DSSC. The fill factor accounts
for the resistive losses in the DSSC circuit. The more sophis-
ticated and vigilant the architecture, the better the FF. It is
essential to engineer the CB of TiO2 and the CB/lowest
unoccupied molecular orbital (LUMO) of the hole transport
material for higher Voc and improved electron injection to
enhance PCE.

Device power output is determined by the TiO2/dye/electrolyte
interface’s charge separation and collection. According to the
detailed energetics, forward kinetic processes are light absorption,
electron injection, dye regeneration and charge transport.21–26

The thermodynamically downhill loss pathways are excited state
decay to the ground state, electron recombination to dye and
electron recombination to electrolyte (Fig. 3(b)). The appreciable
point in here is that the efficiency of electron injection in DSSCs
depends on the magnitude of these injection kinetics relative to
excited state decay to the ground state. It is also noteworthy to

Fig. 1 Applications of titanium dioxide.

Prasanth Ravindran

Dr. Prasanth Ravindran is professor
at Madanjeet School of Green
Energy Technologies, Pondicherry
University. He received his PhD
from the Eindhoven University of
Technology, Netherlands, for the
thesis entitled ‘‘Photonic switching
in III–V nanostructures.’’ He pur-
sued his post-doctoral research at
the Peter Debye Institute at Utrecht
University. His current research
interest is developing one-
dimensional and zero-dimensional
nano-systems for energy conversion.

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ni
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

4.
02

.2
02

6 
00

:5
1:

40
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00059a


© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 3399–3451 |  3401

mention that fast electron injection dynamics requires strong
electronic coupling of the dye LUMO to the metal oxide
conduction-band states and energetically accessible TiO2 density
of states from the excited state of the dye. The key to achieving
maximum efficiency devices lies in minimizing free energy losses,
while maintaining high quantum efficiencies.27

The electron injection rate (kinj) can be expressed as the sum
of all electron transfer processes as follows:

kinj ¼ A

ð
V2 1� f E;EFð Þð ÞrðEÞ � exp

� E��Eox
þ l

� �2
4plkBT

8><
>:

9>=
>;dE

Fig. 2 Structures of TiO2 natural polymorphs: (a) rutile, (b) anatase and (c) brookite.17

Fig. 3 (a) Illustration of the energy level of the DSSC.20 (b) Charge transfer and recombination mechanisms involved in the DSSC.27
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where E is the absolute energy relative to NHE of the semi-
conductor acceptor state, E�ox is the redox potential of the dye
excited state, r(E) is the density of semiconductor acceptor
states at energy E relative to NHE, V is the average electronic
coupling between the dye excited state and different states in
the semiconductor with the same energy E, f (E,EF) is the Fermi
occupancy factor for each semiconductor acceptor state which
can be determined from the semiconductor electron Fermi level
EF and l is the total reorganization energy for electron injection.28

The TiO2 conduction band density of states increases exponen-
tially in the presence of electrolyte. This exponentially increasing
density is explained by the localized intraband states corres-
ponding to the Ti4+ sites which reduce to Ti3+ when subjected
to oxygen vacancies or in the presence of more electronegative
impurities. The exponentially increasing DOS originates from an
inhomogeneous distribution of conduction band edge energies.
An example of this type of system is nanoparticle crystals showing
inhomogeneous surfaces and charge.29

Doping plays a significant role in PCE by affecting the
morphology and particle size of TiO2 and changing the conduc-
tion band edge DOS. These intentional changes induced via
doping influence the TiO2–dye interaction and determine the
energetics. If the doping favors the injection dynamics, the PCE
increases. If the acceptor DOS potential (Semiconductor, TiO2)
and injection state energy (Dye excitation) potential match,
there will be a three-fold increase in the injection kinetics
(kinj).

30–35 Surprisingly, the importance of electron injection
and its influence on PCE is not considered widely. One of the
reasons for this negligence is the early model systems which
indicated an increase in photocurrent with increased proton/
lithium concentration. The studies employing ultrafast transi-
ent absorption spectroscopy showed that the injection dynamics
in N719 sensitized TiO2 films was two orders of magnitude
slower in the presence of typical redox electrolyte.36–44 However,
recent studies have employed time correlated single photon
counting to measure injection kinetics and correlated these
measurements with photocurrent. In these cases, a correlation
was observed between the efficiency of electron injection and
photocurrent density. These studies are in perfect agreement
with IPCE data, and transient kinetic studies.34,35,45–49

TiO2 is a natural n-type semiconductor with a 3.2 eV band-
gap and an electrical resistivity of 1013–1018 Ohm cm.50,51

According to DOS calculations, the extreme upper end of the
valence band is dominated by O 2pp orbitals, and the bottom of
the conduction band consists of isolated Ti 3dxy orbitals.52

Decreasing the resistivity of TiO2 is the key to increasing the
efficiency of DSSCs. Once the electron is injected, two highly
undesirable yet unavoidable reactions occur in DSSCs. Injected
photo-induced electrons (i) recombine with oxidized dye mole-
cules and (ii) react with the electrolyte to produce iodide. This
recombination reduces the number of electrons traveling
through the designated pathways to complete the DSSC circuit;
consequently, the PCE is reduced.53 We can resolve these issues
by increasing the conductivity of TiO2, by improving the dye–
TiO2 interaction by refining the band alignment and increasing
the surface area of TiO2 to increase the dye loading.

The most crucial property in increasing the efficiency of a
DSSC, the conductivity of TiO2, depends on its carrier con-
centration, carrier separation, charge collection efficiency, and
charge transport efficiency.54–57 Conductivity is directly pro-
portional to charge mobility and carrier concentration. Charge
mobility indicates a carrier’s ability to move through the
material under an electric field. This is linked with charge
transport and collection efficiency. Oxygen vacancies, titanium
interstitials, and the presence of impurities and defects in the
structures can improve the conductivity.50,52,58 Introducing
elements into the TiO2 lattice disturbs the conduction band
and forms subbands below the CB. These can be either from
the formation of Ti3+ or from the impurity which replaced Ti4+.
These n type defects can increase the carrier concentration and
boost the conductivity. Moreover, if electrons from deep trap
states which lie in the DOS tail are freed, they will also promote
conductivity.59

HTM and TiO2 share a delicate interface in DSSCs. This
heterojunction creates a space charge region, indicating an
energy level difference between the CB of TiO2 and HTM, causing
a band bending. An external voltage that cancels out this band
bending is called the flat band potential (Vfb). Negative shift in
the existing Vfb will result in an upward shift of the CB and Fermi
level and vice versa. The upward shift in the CB reduces the
efficiency of electron injection. Nevertheless, an intentional
impurity causing a downward shift in the CB by introducing
defects makes electron injection efficient.60 Throughout the
discussion, doping is identifiable as a trivial method for increas-
ing the conductivity of TiO2, hence improving the PCE of DSSCs.

Electrodes require higher sunlight harvesting efficiency,
photoelectron injection efficiency, and electron collection effi-
ciency in order to increase PCE. The surface area and absorp-
tion coefficient of TiO2 determine how effectively sunlight is
captured. If doping changes the morphology and increases the
surface area without altering the active TiO2 mass, it can
enhance PCE through light absorption. Photoelectron injection
efficiency kinetics is dependent on the density of states in the
conduction band. The photocurrent density fluctuates as a
result of how the flat band potential influences the conduction
band density. Electron collection efficiency is determined by
electron transport, electron transfer resistance and electron
recombination. The crystallite size of doped TiO2 is connected
to the density of states and electron kinetics. Throughout the
review, with available data, we explain how doping affects the
flat band potential and PCE. The bandgap too plays an influen-
cing role in recombination dynamics. All the recombination
pathways are connected to conduction band and surface states.
Three major charge recombination pathways are direct transfer
from the conduction band to electrolyte, indirect transfer from
monoenergetic deep surface states, and indirect transfer from
the distribution of bandgap surface states. Understanding how
the bandgap changes with doping is the primary step in
tackling the recombination.

Doping is an incredible way to engineer the electronic properties
of materials. Since the first report of TiO2 photovoltaic properties,
there has been a growing trend in the research industry to
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increase the conductivity of TiO2. Fig. 4 shows conclusive evidence
for ongoing and booming research in doping TiO2. Doping TiO2 for
improving the physical and morphological properties is well-known
in solar cell research. In DSSCs, TiO2 acts as a photoanode that
facilitates electron transportation from the dye to the conductive
oxides. This anode requires high absorbance, a reduced bandgap,
and a low recombination rate for better performance. Doping affects
all these properties by altering the morphology and structural
properties. For example, Ag and Ni doping make TiO2 more porous,
and the size and shape of big particles become irregular. Also,
doping creates a sponge-like structure, increasing the surface area
and the efficiency of light absorption. Single doping, co-doping,
doping into a composite, and growing delicate designs with doped
TiO2 have been tried for efficiency enhancement in DSSCs.61

Although TiO2 is the most suitable candidate as a photo-
anode material in terms of abundance and non-toxicity, it is a
poor conductor. Generations of researchers have doped TiO2

with various elements in the periodic table. A comprehensive
view is essential to understanding doping and its effect on
materials properties to engineer a new material. Many reviews
have been published based on doping in TiO2 since the begin-
ning of interest. There are reviews about doping of TiO2 to
increase the efficiency of DSSCs, the fundamental mechanisms
and properties of TiO2 photoanodes, and different TiO2 fabri-
cation methods.1,62–64 In doped TiO2, the cell efficiency varied
with the doping strategy. Hence, this review creates a frame-
work for analyzing the effect of doping by normalizing the
increase in efficiency. Up until this point, doping has been
reported as changing the DSSC output if there is a change in
efficiency. However, there are errors involved in this type of
analysis. When the preparation method is sophisticated, we get
higher efficiency solar cells for undoped TiO2.65 Different
researchers have reported different efficiencies for bare TiO2-
based DSSCs. This ambiguity in bare DSSCs’ efficiency makes
it difficult to find the effect of doping. There are undoped TiO2-
based DSSCs with less than 1% efficiency and above 5%.65,66

The efficiency of DSSCs based on undoped TiO2 changed
between 0.019 and 9.05%.65–75 To understand how a dopant
affects the performance of DSSCs, we need to reframe the
understanding of how the Power Conversion Efficiency (PCE)
changes when we add a tiny amount of dopant into TiO2. This
review provides a detailed summary of the effect of doping of
TiO2 on its photoconversion efficiency based on the perfor-
mance of the DSSC. However, the trends predicted with this
analysis help optimize TiO2-based thin-film heterojunction
solar cells and PEC hydrogen production.

Alkali metals, alkaline earth metals, transition metals, lantha-
noids, post-transition metals, metalloids, non-metals, and halogen
were doped into TiO2 to increase the efficiency of electrochemical
cells.76–84 Elements doped into TiO2 for electrochemical appli-
cations are marked in Fig. 5. This review is structured to discuss
doping and co-doping separately in different electrochemical
systems. Single elemental doping will be discussed based on the
periodic element group-wise. Codoping is categorized into three
main sections: metal doping, non-metal doping, and metal–non-
metal doping. A detailed discussion of bandgap tuning, size effects
with doping, and different preparation methods of doped TiO2 is
included. The review structure is illustrated in Fig. 6.

2. Framework for analyzing the impact
of dopants in DSSCs

The impact of a dopant on the efficiency of a DSSC is estimated
from the percentage increase/decrease in efficiency calculated
using eqn (1):

Enhancement of PCE ¼ Zd � Zb
Zb

� 100% (1)

where Zd is the efficiency of the doped TiO2 electrode-based
DSSC/QDSSC, and Zb is the efficiency of the bare TiO2-based
DSSC (control cell).

Fig. 8 is obtained after calculating the percentage increase in
PCE on doping TiO2 with alkali and alkaline earth metal
dopants using eqn (1). The analysis shows that among all the
alkali and alkaline earth metals explored to date, Sr dopant has
the maximum impact on the efficiency enhancement of the
bare TiO2 photoanode when treated with TiCl4, and a scattering
layer is introduced. However, if we consider only the impact of
the dopant alone on a bare TiO2 photoanode, then Mg and Na
are the potential dopants.

3. Single elemental doping

Doping a semiconductor increases the conductivity and tunes
its optical properties. Metal dopants block recombination and
enhance the driving force for electron injection. They also form
complexes that enhance dye binding on the surface of TiO2.
Hence the overall power conversion efficiency can be enhanced.
TiO2 is doped with various elements in the periodic table to
adjust its optical and electrical characteristics. This section
discusses single elemental doping on TiO2 in groups. Alkali

Fig. 4 Growing trend of TiO2 doping (Articles published from 1960 to
2020 using the keywords ‘‘TiO2’’ and ‘‘Doping’’ on the ScienceDirect
website, scrutinized by checking their relevance).
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metals, alkaline earth metals, transition metals, and post-
transition metals are all thoroughly discussed. Lanthanoids,
metalloids, halogens, and other non-metals are also extensively
investigated for doping TiO2. The link between doping and the
bandgap is examined using presented bandgap data.

3.1. Alkali metals

The alkali metal group consists of lithium, sodium, potassium,
rubidium, cesium, and francium. All the elements in this group
have their outermost electron in the s-orbital. Usually, these
metals are all shiny, soft, and highly reactive. Among alkali

Fig. 5 Elements doped into TiO2 included in this review.

Fig. 6 Structure of this review.
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metals, sodium and lithium were doped into TiO2 to enhance
the PCE of solar cells. Table 1 lists the most recent Jsc, Voc, and
PCE data of alkali metals.

Sodium (Na). When Na is doped into the TiO2 lattice
structure, then the Ti4+ ions are substituted by Na+ ions. Such
substitution leads to the generation of oxygen vacancies and
electrons. As a result, the electron concentration increases,
increasing the conductivity. Another impact of Na dopant is
that it positively shifts the flat band potential, leading to a high
band gap and driving force resulting from incident photons.
The enhanced device performance can also be attributed to the
large surface area. However, optimizing the dopant concen-
tration is necessary as an excess of dopant can lead to the
generation of deep dopant levels or electron–hole recombina-
tion centers. Thus, it is clear that excessive dopant can increase
the recombination rate, which will be the reason for the
reduced percentage absorption and poor performance of the
device.68 Fig. 7(a) and (b) and Table 1 explain the position of
sodium among dopants in alkali–alkaline metals.

Lithium (Li). Electron transport in liquid electrolyte is
defined based on carrier diffusion due to the absence of a
sizeable electronic field. This can be associated with the
formation of traps. When electrons spend more transient time
in traps, it will cause slow diffusion. The population of traps
has a direct relation to surface area. High concentrations of Li+

in the lattice can change the trap population and electron
diffusion as well.85 Li ions adsorbed onto TiO2 can intercalate
into the interstitial sites and result in the shifting of the TiO2

conduction band.86 Li doping does not increase the effective-
ness of the DSSC, despite the fact that it aids in our under-
standing of structures and processes. A DSSC prepared with Li
doped into TiO2 performed 40% less effectively than a P25-
based DSSC.87

3.2. Alkaline earth metals

Elements with an oxidation state of +2 and having a full outer s-
orbital belong to alkaline earth metals. They have a shiny,
silvery appearance. These elements usually exhibit low density,
melting point, and boiling point values. Magnesium, calcium,
and strontium are some potential dopant candidates that can
enhance the photocurrent and efficiency of DSSCs by modifying
TiO2 electrode properties.

Magnesium (Mg). Mg is a readily available, low-cost metal
dopant that can enhance the photoanode’s performance. Due
to the comparable atomic radii of Mg2+ (0.72 Å) and the Ti
cation (0.64 Å), Mg2+ ions occupy quadrivalent Ti4+ sites via
substitutional doping.88 This results in a reduced e�/h+ pair
recombination rate and an increased electrical conductivity of
the Mg-doped TiO2 photoelectrode due to the increased excited
state electron injection or generation of donor levels.88,89 Mg
doping also positively impacts the flat band potential, which
improves the driving force for electrons injected from the
LUMO of the dye into the conduction band (CB) of TiO2.89

The enlarged energy difference between the LUMO of the dye
and the CB of TiO2 also plays a vital role in enhancing the short
circuit current of the device. Mg doping also shifts the T
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absorption towards the visible region which is attributed to the
lowering of the band gap due to the formation of another state
between the O 2p VB and Ti 3d CB of the parent lattice. Mg
doping increases the electron transport which improves the
photocurrent density. Another work has reported a 65% increase
in the efficiency of device performance on switching from single
layer Mg doping to 7-layer Mg doping due to the increment in
grain size and reduction in band gap.90 Efforts must be made to

optimize the dopant concentration as higher concentrations can
affect the crystal growth of the lattice and create defects which, in
addition to increasing the charge recombination, also decreases
the electron transport proficiency. Mg2+ significantly affects Voc,
increasing it by up to 1.2 volts.91,92 There are works claiming that
Mg doping causes a decrease in Jsc as well.93

Calcium (Ca). Doping of the TiO2 lattice with Ca results in
replacing quadrivalent Ti4+ with the divalent Ca2+ ions,

Fig. 7 (a) Performance of alkali & alkaline earth metal doped TiO2 based DSSCs. (b) Voc and Jsc values of alkali & alkaline earth metal doped TiO2 based
DSSCs. Data points are labelled with references.
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resulting in oxygen deficiencies and donor levels. Ca doping is
also observed to shift the flat band potential positively. These
factors are responsible for enhanced electron density and
electrical conductivity. Another notable impact of Ca doping
is carrier relaxation. The rate of charge transport in the doped
photoanode is faster than the relaxation of the excited state of
the sensitizer dye. The recombination time is also higher,
thereby increasing the photocurrent density. The reduction in
band gap plays a significant role in shifting the absorption
spectra to the visible region.94–96

Strontium (Sr). On increasing the concentration of Sr
dopant, the crystallite size of TiO2 is observed to reduce and
cause TiO2 lattice distortion. The local lattice distortion can be
attributed to the mismatch of the sizes of the dopant Sr2+ ions
(1.18 Å) and host Ti4+ ions (0.60 Å).99 The higher ionic radius of
Sr2+ than that of Ti4+ enhances the possibility of local lattice
distortions due to the insertion of larger ions into the smaller
lattice. Insertion of Sr in the TiO2 lattice results in oxygen
vacancy lattice defects that can trap photogenerated holes, thus
prolonging the life of the photo-excited electrons and holes.
This results in increased Jsc. The distortion of TiO6 octahedra
and the introduction of oxygen vacancies generate dipole
moments. The internal polarization fields in the structure
facilitate better charge separation efficiency of photogenerated
electrons and holes and decrease the recombination probabil-
ity. Due to the suppression of the recombination rate and the
increment of the electron lifetime, the open circuit voltage of
the device increases. Substitution of Ti4+ with Sr2+ has an effect
on the electronic energy levels, which is supposedly near the
conduction band edge, i.e., Ti4+ 3d bands, as a result of which
the band gap decreases and the absorption curve becomes red-
shifted. Additionally, an optimum Sr concentration is also
observed to increase the pore diameter, resulting in enhanced

dye adsorption. The narrowing of the band gap and enhanced
dye adsorption facilitate better photoexcitation, thereby improving
the electron density in the device.99 Another work has reported an
improved dielectric constant on adopting Sr doping. This is
attributed to extrinsic and intrinsic effects like the development
of Schottky barriers between semiconductor grains at insulating
grain boundaries (interfacial/grain boundary effect) and the den-
sity of the samples. The work has also suggested the introduction
of a light-scattering nanocrystalline TiO2 layer due to the transpar-
ency of the Ti1�xSrxO2 film towards visible light. The TiCl4 treat-
ment can effectively prolong the charge carrier lifetime of the
device, thus claiming its application for a long-term light conver-
sion photovoltaic commercial device.100

3.3. Lanthanoids

Rare earth elements offer sharp and stable luminescence ideal
for optoelectronic uses. Rare earth elements such as lanthanum
(La),101–103 neodymium (Nd),80 samarium (Sm),104,105 europium
(Eu),70 gadolinium (Gd),106 terbium (Tb),107 erbium (Er),108,109

and ytterbium (Yb)108–113 have been doped into TiO2 to improve
its optoelectronic properties.77,80,104,107 Coupling of weakened
ligands arising from 4f orbital shielding by 6s, 5p, and 5d orbitals
and forbidden f–f transitions works in favor of stable and sharp
luminescence for rare-earth ions. Due to their insolubility and
thermal quenching, there were limitations in incorporating rare-
earth ions into various semiconductors. However, combustion
processing, sol–gel, hydrothermal, solvothermal and ball milling
methods have made rare-earth doping possible.

Lanthanoids effectively alter the absorption range of semi-
conductors by enhancing visible photons’ absorption. All but
one lanthanide have significant chemistry associated with 4f
orbital filling. 4f orbitals are effective in the adsorption of
pollutants and increase photocatalysis. The 5d electronic

Fig. 8 Percentage increase in PCE due to alkaline and alkali metal doping. Data points are labelled with references.
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configuration of these ions contributes to high charge mobility
and redox coupling. Lanthanoids are utilized to reduce the
bandgap of TiO2 and increase the surface area. There is an
existing conflict regarding the position of lanthanum ions after
doping. Some researchers claim that no rare earth elements can
penetrate the TiO2 lattice due to their larger ionic size. They
tend to either be in the surface interstitial of TiO2 or create
Ti–O–La bonding on the surface. This bonding enhances the
oxygen vacancies and surface area of TiO2. Doping with rare
earth elements improves the photovoltaic performance of
TiO2-based devices. However, there are also reports regarding
La3+ located in the crystallite interstitials. This penetration can
inhibit crystal growth as well.114 The PCE performance of the
Lanthanide group elements doped into TiO2 is illustrated in
Fig. 12(a) and (b). The statistics of doping and its effects are
listed in Table 2.

Lanthanum (La). Doping lanthanum (La3+) into TiO2 does
not change the binding energy of Ti2p peaks. This steady
binding energy can be attributed to absorbed oxygen. Surface
treatments with lanthanum promote its absorption into the sur-
face of TiO2. This absorbed oxygen counteracts oxygen vacancies
and band bending effects with lanthanum co-doping. From DRS
studies, it is evident that visible light photon absorption is reduced
in La-doped TiO2 in comparison with pure TiO2. Doping La into
TiO2 distorts the O–Ti–O triad to induce oxygen vacancies. These
distortion-generated oxygen vacancies act as deep and near-surface
traps. These vacancies change the electron–hole interaction and
thus avoid electron–hole recombination. As a result of doping, the
absorption edges of the samples shifted to high-energy wave-
lengths and reduced visible light absorption. Oxygen vacancies
generated from the doping, which act as trapping sites, increase
the average free electron energy (Fermi energy) towards the con-
duction band edge minimum and increase the bandgap.114–116

Neodymium (Nd). Neodymium doping increases the surface
area and reduces the pore diameter. Due to the increase in dye
adsorption, a Nd-doped TiO2 photoanode-based DSSC shows
significant increases in the corresponding efficiency. Increasing
the Nd-doping beyond a particular doping concentration reduces
the efficiency due to the shielding of active sites. The high areal
coverage by neodymium shields the TiO2 and prohibits the
absorption of photons. Additionally, excessive doping can intro-
duce traps and defects into the TiO2 lattice. Photogenerated
electrons are trapped in defect centers, consequently inhibiting
the electron transfer process, thus decreasing the photogenerated
current. Nd-doped TiO2 retained its superiority in all applications
such as DSSCs, QDSSCs, and PECs. Nd doping affects the particle
size and strain created in the TiO2. The particle size decreases to a
minimum and bounces back with an increase in doping both in
QDSSCs (Fig. 10) and in DSSCs (Fig. 11). In this study, the change
in the bandgap of TiO2 according to the doping is portrayed
perfectly (Fig. 9). Nd3+ doping provides additional energy states in
the bandgap of TiO2 by increasing the oxygen vacancy and
enhancing the charge injection rate. This charge injection rate
spike is a consequence of the higher dielectric constant exhib-
ited by Nd doping. The 4f suborbitals of TiO2 enabled by Nd
atoms linked to the surface and reduction in oxygen vacancies. T

ab
le

2
C

u
rr

e
n

t
st

at
is

ti
cs

o
f

la
n

th
an

o
id

d
o

p
in

g
in

T
iO

2

S.
n

o.
D

op
an

t
St

ru
ct

u
re

Sy
n

th
es

is
m

et
h

od
V o

c
(V

)
Ph

ot
oc

u
rr

en
t

d
en

si
ty

(m
A

cm
�

2
)

FF
PC

E
(%

)
E

n
h

an
ce

m
en

t
in

PC
E

(%
)

B
an

d
ga

p
(e

V
)

A
pp

li
ca

ti
on

Se
n

si
ti

ze
r/

d
ye

R
ef

.

1
E

u
ro

pi
u

m
(E

u
)

N
an

op
h

os
ph

or
s

C
om

bu
st

io
n

an
d

d
oc

to
r

bl
ad

e
0.

67
18

.5
3

0.
70

9
8.

8
5.

77
3.

32
D

SS
C

N
71

9
70

2
E

u
ro

pi
u

m
(E

u
)

N
an

op
ar

ti
cl

es
So

l–
ge

l,
d

oc
to

r
bl

ad
e

0.
77

9.
61

0.
69

5.
16

21
.9

9
D

SS
C

N
71

9
10

5
3

G
ad

ol
in

iu
m

(G
d

)
Sp

h
er

es
H

yd
ro

th
er

m
al

an
d

sp
ra

y
py

ro
ly

si
s

0.
72

3
7.

74
9

0.
73

6
4.

12
73

.8
4

D
SS

C
N

71
9

10
6

4
G

ad
ol

in
iu

m
(G

d
)

M
es

op
or

ou
s

So
lv

ot
h

er
m

al
0.

72
3

7.
74

9
0.

73
6

4.
12

42
.4

8
D

SS
C

N
71

9
10

6
5

N
eo

d
ym

iu
m

(N
d

)
A

n
at

as
e

H
yd

ro
th

er
m

al
0.

62
12

.8
3

0.
66

5.
23

34
.1

0
2.

6
D

SS
C

N
71

9
11

7
6

N
eo

d
ym

iu
m

(N
d

)
N

an
op

ar
ti

cl
es

Sc
re

en
pr

in
ti

n
g

0.
78

11
.5

0.
68

3
6.

15
13

.8
9

3.
26

55
D

SS
C

N
71

9
80

7
Sa

m
ar

iu
m

(S
m

)
N

an
op

ar
ti

cl
es

H
yd

ro
th

er
m

al
0.

86
3

14
0.

50
32

6.
08

72
.7

2
D

SS
C

N
71

9
10

4
8

Sa
m

ar
iu

m
(S

m
)

N
an

op
ar

ti
cl

es
So

l–
ge

l,
d

oc
to

r
bl

ad
e

0.
81

10
.9

0.
67

5.
81

37
.3

5
D

SS
C

N
71

9
10

5

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ni
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

4.
02

.2
02

6 
00

:5
1:

40
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00059a


© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 3399–3451 |  3409

The oxygen vacancies prevent charge carrier recombination and
consequently increase the charge transport.117

Samarium (Sm). Samarium (Sm3+) doping into TiO2 could
transform the incident ultraviolet light into visible light with a
down-conversion luminescence effect. The downconversion
improves the utilization of sunlight and increases the ability
of the dye to excite the electrons effectively. Samarium doping
introduces traps into the TiO2 photoanode. The trap density
increases with the doping concentration, and some of the
trapped electrons will reach the valence band and cause a
nonradiative transition unfavorable to the efficiency of the cell.
Samarium doping shifts the absorption edge towards a smaller
wavelength. The increase in Voc explains the observed increase
in the band gap. Zala and coworkers claimed that a wide
bandgap can make an effective energy barrier to suppress the

recombination of electrons. Sm-doped photoanodes show
enhanced absorption in the visible region compared with bare
TiO2 samples. Optimal doping significantly increases the effi-
ciency and performance of doped photoanodes in the case of
samarium. An increase in samarium doping concentration
favors the efficiency until a particular point, and a further
increase in doping decreases the efficiency.104

Europium (Eu). Nanophosphors synthesized through the
solution combustion method with different concentrations of
europium enhanced the efficiency of DSSCs. Eu3+ doping
changed the morphology of TiO2 from tightly packed spheres
to a network of larger spheres. The porosity of the samples
increased with the Eu doping concentration. These effects wear
off when the doping percentage increases above a nominal
range. The Eu doping decreases the defect emission in TiO2

Fig. 9 Crystallite size and bandgap in Nd doped TiO2.117

Fig. 10 Crystallite size and efficiency in a Nd doped TiO2 based QDSSC.117
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samples. The Ti3+ defect level is below and the oxygen defect
level is above the conduction band for TiO2. Eu doping into
TiO2 reduces the defect emission due to their positions. Once
UV radiation is absorbed, the energy is released to the defect
states. Since the 5D0 emitting state of Eu3+ ions is lower than
TiO2, the energy will be transferred to these crystal-field states
of Eu3+, and this energy transfer improves the PL intensity.70,107

Gadolinium (Gd). Gadolinium doping leads to a high surface
area, interconnected nanostructures, better charge transport, and
better light scattering that eventually lead to higher efficiencies in
electrochemical cells, including DSSC and photo-related applica-
tions. Doping reduces the grain size of TiO2 significantly and
increases the specific surface area. Incorporating Gd in a small
percentage into TiO2 leads to elevated light absorption and
shifting in absorption edge towards the red end. Gd has a half-
filled 4f electronic configuration, which is stable. Compared to
undoped TiO2, Gd3+ doped samples exhibit higher photocatalytic
degradation owing to the rearrangements in the 4f orbitals.
When a Gd3+ ion traps an electron, this electron gets immediately
transferred to an absorbed oxygen molecule to regain stability for
Gd. In the case of DSSCs, this leads to the decomposition of
methylene blue. Gd3+ ions at higher concentrations effectively
become recombination centers due to the decomposition of
methylene blue. However, at optimum doping concentrations,
Gd3+ doping increases efficiency.106

Terbium (Tb). According to the literature, terbium isn’t a
particularly effective single dopant for TiO2. Tb3+ doping dras-
tically reduces the efficiency in a TiO2 based DSSC. Tb3+

provides a p type doping effect by replacing Ti4+ with Tb3+ ions.
This will cause an upward Fermi level shift. This shift contri-
butes to the increment of open circuit voltage. So, whenever the
Tb doping increases, the open circuit voltage increases by 6%.
The Tb3+ doping endorses Ti4+ substitution, which produces
excess charge and deep traps. This creates local recombination
centers in the host material. These sink the electrons produced
and reduce the current production. Even though there is a high

open circuit voltage production, the efficiency is reduced signifi-
cantly owing to the low current efficiency. Nevertheless, co-
doping TiO2 with terbium with other rare earth elements shows
excellent voltage and current output.107

3.4. Metalloids

Metalloids are also called semi-metals due to their mixed
behavior of metals and non-metals. Boron,118,119 antimony120

and germanium121 have been doped into TiO2 for attaining
better DSSC efficiencies. When doped with metalloids, it cre-
ates excess electrons in the system. Increased electron concen-
tration will improve electron transport efficiency, enhancing
photocurrent density.

Boron (B). Boron is doped into TiO2 nanotubes to increase
the efficiency of DSSCs. Doping is done via electrochemical
anodization using a boric acid precursor. The introduction of
boron into the lattice increases the electron lifetime and
reduces the recombination rate. Undoubtfully, this is reflected
in their high light-harvesting efficiency and short circuit photo-
current density. Additionally, introduction of boron into the
interstitial sites of TiO2 contributes to the conduction band’s
shift.122 The homogeneous and porous layer created by boron
doping facilitates the absorption of significant amounts of dye,
increasing Jsc.123 Boron (B3+) doping also favors the production
of oxygen vacancies and conversion of Ti4+ into Ti3+.124,125 DFT
calculations show that boron can exist either in the interstitial
sites or substitutionally by replacing Ti4+ in the TiO2 lattice.119

The blue shift in the UV-vis absorption spectrum can identify
boron interstitial doping.126

Antimony (Sb). When doped with Sb, Sb3+ ions are incorpo-
rated into the TiO2 lattice. Unlike the theory, the donor density
is significantly reduced when Sb is doped into TiO2. However,
IMPS measurements show that 1% Sb doped samples show
faster electron transport, contributing to higher Jsc values. A
positive shift in the flat band potential of TiO2 increases the
energy gap between the LUMO of dye and the conduction band

Fig. 11 Crystallite size and efficiency in a Nd doped TiO2 based DSSC.117
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of TiO2. This increase in energy gap results in increased injec-
tion driving force and improves the electron injection from the
LUMO of the dye to the conduction band of TiO2. Sb doping also
follows the trend like other doping methods under study that
increase the efficiency to optimum doping and decrease. We can
see the doping percentage–efficiency trend in Fig. 13.120

3.5. Transition metals

Transition metals are the largest set of cation providers in the
periodic table. These elements have a partially filled d subshell or
can provide cations with an incomplete d subshell. Transition

metals provide a large pool of complex ions with various oxida-
tion states. Doping TiO2 with transition metals creates additional
energy levels in the CB due to the aforementioned partially filled
d-orbits. This section discusses the effects of doping these
elements into TiO2 such as scandium,127 vanadium,128

chromium,129,130 manganese,131–133 iron,134 cobalt,135 nickel,136

copper,137–139 zinc,140 yttrium,141 zirconium,78 niobium,142

silver,143 cadmium,144 tantalum,145 and tungsten.146

Scandium (Sc). On doping TiO2 with Sc, the Ti4+ sites are
found to be substituted by Sc3+. This particular substitution
positively affects atomic disorder (morphological alterations

Fig. 12 (a) Percentage increase in PCE with lanthanide doping. (b) Voc and Jsc values of lanthanoid doped TiO2 based DSSCs. Data points are labelled
with references.
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such as size and pore size distribution and deformation of the
tetragonal lattice) and electronic disorder. The holes generated
in the valence band counterbalance the donor levels evolving
from the oxygen vacancies of anatase, resulting in a reduction
of the energy difference between the conduction band and the
LUMO level of the dye, in contrast to W doping. The reduction
of the energy difference implies a reduction in the rate of
electron injection. Sc doping does not have any positive impact
on carrier density. The bandgap varies linearly with Sc concen-
tration on TiO2. The atomic disorder plays a vital role in
governing the transport properties within the semiconductor
layer. At an optimum concentration of 0.2 at% Sc, the photo-
current density increases due to the enhancement of electron
lifetime. However, beyond this concentration, the transport rate
suffers a detrimental impact, leading to a decrease in the photo-
current density. In summary, an increase in Sc concentration can
have three effects – an increase in flat band energy and electron
lifetime and a reduction in transport rate. In contrast to the
expectation, the open circuit voltage decreases due to the voltage
drop due to series resistance.127

The electron lifetime increases with the substitution of Ti4+

with trivalent ions such as Y3+ and Ga3+ but the transport rate
decreases. In the VB group of the periodic table, as we move
from top to down, the current increases (due to the increase in
the concentration of carriers and reduction in film resistance),
while the voltage decreases (due to the faster recombination of
electrons and reduction of the energy difference between the
flat band potential and the I3�/I� redox potential). Nb doping is
more beneficial among the group VB elements. Group VB
elements also improve the electron transport rate, improving
the charge collection efficiency. The bandgap undergoes red-
shift, and there is also an increment in visible light absorption.

Vanadium (V). The advantage of using V is that it can extend
the light absorption edge from the UV region to visible region
of the TiO2 semiconductor and increase the carrier lifetime.
The increase in visible absorption and photogenerated e�/h+ is
attributed to two facts: (1) the ionic radii of V are much close to
Ti and (2) the tetragonal crystal structure of VO2 is similar to

that of TiO2. The positive shift of the flat band potential
resulting from doping with V improves the driving force for
injecting electrons from the LUMO of the dye to the conduction
band of TiO2 and the photocurrent. Charge transport was also
seen to increase on doping with V. Since V has one electron more
than Ti(IV), a donor level was created, which can increase the
concentration of the carriers in the V doped TiO2 material, which
results in reduction in the film resistance.145 In a different work, V
is integrated into high surface area porous TiO2. Lowering the
cell’s internal resistance increased the conductivity of TiO2. Addi-
tionally, it offered higher chemical stability and improved electron
transport compared to the undoped TiO2.147

Chromium (Cr). The similar cationic radii of Cr3+ (0.755 Å)
and Ti4+ (0.745 Å) have made Cr3+ a suitable dopant candidate,
ensuring insertion of Cr3+ into the TiO2 without damaging the
structure, but causing a slight expansion. Cr doping reduces Ti4+

to Ti3+ by replacing Ti4+.148 Ti3+ states and oxygen vacancies have
suppressed the recombination rate of electron–hole pairs. The
oxygen vacancies are also referred to as hole-trapping defects. The
generation of oxygen vacancies leads to the trapping of the
positive carriers, thus making the carriers less mobile than usual.
This results in electron mobility improvement and hence reduces
charge recombination. This results in the improvement of the
photocurrent efficiency of the device. Due to the different oxida-
tion states, Cr can induce multiple mid-gap energy levels that
modify the electronic properties of TiO2. Cr doping decreases the
bandgap energy owing to the formation of Ti3+ states and oxygen
vacancies. Cr doping also enhances dye adsorption owing to the
better binding of the dopant ions and dye molecules. Cr doping
enhances the photocurrent density, which is attributed to the
formation of mid-gap states. The mid-gap states reduce the
movement of photoelectrons to the valence band, reduce the
recombination with the oxidized state of dye and therefore
strengthen the lifetime of electrons.149,150

Manganese (Mn). The ionic radius of Mn2+ (0.67 Å) almost
equal to that of Ti4+ (0.605 Å) makes Mn a suitable dopant. Owing
to the minimum difference between the ionic radii of Mn2+ and
Ti4+, Mn2+ doping is more prone to agglomeration. The doping
mechanism can follow any of the following routes – exchange of
parent ions with dopant ions, insertion of dopants into the
interstitial sites of the parent lattice or surface doping of the
parent lattice. Within a low level of Mn doping, the crystallinity of
the parent lattice can be improved by increasing the amount of
doping. Mn doping has been observed to follow the route of
replacing Ti ions at the interstitial sites of the lattice. Contrary to
the general perception of TiO2 growth inhibition on doping, Mn
doping increases the crystallite size. An increase in crystallite size
can negatively impact efficiency due to the decrease in the surface
area of the photoanode available for dye adsorption. Another
suitable impact of Mn doping is the decrease in the bandgap for
undoped TiO2 crystals. Such a property can be attributed to the
formation of impurity states between the conduction and valence
bands of TiO2. Additionally, the sp–d interaction between the
band electrons of TiO2 and localized dopant d cations is also
responsible for the decrease in the band gap. The trap states
induced by doping also influence the recombination process in

Fig. 13 Change in PCE with Sb doping concentration.120
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DSSCs, which can negatively impact efficiency. Therefore, an
optimum doping concentration is required to determine the
achievable PCE. It has been observed that the structural impact
is more dominant than the recombination with high Mn doping
on the device’s efficiency.151

Iron (Fe). Fe doping increases the crystallite size of the TiO2

lattice structure, resulting in decreased dye adsorption. Fe
doping leads to the generation of Ti3+ trap states and induces
band edge shift. The Ti3+ population is a result of the substitu-
tion of Ti4+ with Fe3+. Creation of Ti3+ states and oxygen
vacancies at deep levels increases electron density and causes
a downshift in the quasi-Fermi level. The trap states act as
photoactive sites facilitating electron transport via hopping and
trapping/de-trapping events. Fe doping is observed to introduce
lower defect concentration than Cu doping but higher defect
concentration than Sn doping.152 Fe doping also facilitates an
increase in surface-hole concentration, a broad absorption peak
and fast transient decay, thus resulting in poor current density
at 430 nm compared to a Sn-doped, Cu-doped or undoped TiO2

lattice. Compared to Cu and Sn, Fe doped TiO2 photoanodes
undergo faster recombination of injected electrons with surface
holes, thereby leading to poor performance of the device. Fe
doping induces an increase in oxygen vacancies and a reduction
in the crystallite size of the TiO2 lattice structure. The oxygen
vacancies lead to defect concentrations of trapped holes. This
results in trapped free electrons at sub-energy states (Fe2+, Fe4+,
etc.) in the conduction band being quickly excited to the Ti4+

conduction band, causing higher absorbance. The oxygen
vacancies also cause d–d transition within the distorted geome-
try of the transition metals, resulting in longer lives of excited
states in Fe-doped TiO2 photoanodes. The longer lifetime of
excited states can prove detrimental to the device due to
recombination. Fe doping has shown less photoelectric conver-
sion efficiency relative to undoped TiO2.153,154 Fe-doped TiO2

samples can be more beneficial for the near-visible photocata-
lytic reduction process due to their characteristic fast rate of
decay of transient absorption kinetics at 430 nm.154 This fast
rate of decay is attributed to the increased concentration of
holes in the doped sample. Recombination at the surface states
of oxides plays a dominant role in deciding the cell performance
with the Fe doped TiO2 photoanode. Fe doping must be done
with caution because excessive Fe3+ doping changes n type TiO2

into p type TiO2.155

Cobalt (Co). Co doping decreases TiO2 lattice size attributed
to the hindrance of the crystal growth of TiO2 nanoparticles.
The reduced size implies the availability of more surface area
for dye adsorption. M. I. Khan reported the influence of using
stacked Co doped TiO2 multilayer thin films.156 The exciting
result of the work is the phase transformation of anatase TiO2

to brookite TiO2 on the introduction of multilayer thin films.
Also, using a multilayer of Co doped TiO2 films shifts the
absorption spectra to the visible range due to the d–d electronic
transition of Co2+ in octahedral coordination. Codoping also
decreases the bandgap due to the formation of impurity states
in the forbidden bandgap of TiO2. Increasing layers also
increases free carrier concentrations and decreases the

multilayer film’s resistivity. However, an optimal number of
layers must be decided to prevent internal resistance obtained
from the increment in thickness.

Nickel (Ni). Ni doping increases the crystallite size of the
parent TiO2 lattice, which can be due to the insertion of Ni ions
into the lattice. The increase in size is detrimental to the dye’s
adsorption capacity due to the reduced surface area. Counter to
this effect, the decrease in bandgap induced by Ni doping in the
TiO2 structure results in little increase in the performance of
cells.140,157 Doping Ni into TiO2 nanowires can enhance charge
mobility. EIS studies of Ni-doped samples confirm lower charge
transport resistance and reduced charge recombination. When
Ni2+ replaces Ti4+, the crystallinity is improved, and certain
surface trap states are partially eliminated.136,158

Copper (Cu). The size similarity of the ionic radius of Cu2+

(0.73 Å) with that of Ti4+ (0.605 Å) has grasped attention among
researchers to explore its suitability as a dopant. Cu doping is
less likely to form agglomeration in the structure than other
dopants like Mn.151 With 1% and 2% Cu doping, there is a
probability of the formation of CuO on the lattice. Cu doping
can lead to an increase in the crystallite size.151,159 Such a
condition suggests the inclusion of Cu either at the interstitial
site or on the surface of the anatase TiO2 crystals. The formation
of additional states between the conduction band and valence
band of TiO2 and the sp–d interaction between the band
electrons of TiO2 and localized dopant d cations decrease the
bandgap and improve the optical response. The introduction of
trap states impacts the bandgap in addition to the recombina-
tion process. Therefore, an optimum doping concentration is
highly recommended to balance the positive and negative
impacts of trap states. K. Sahu et al. reported an increment in
Voc from 714 to 781 mV with increased Cu doping. The Cu
doping facilitates the space charge region owing to increased
structural disorder. This increases the conduction band edge of
TiO2 and the upward shift of the Fermi level. Another significant
impact of the shift of the Fermi level towards the conduction
band edge is a decrease in electron injection efficiency from the
dye into TiO2 and thus a loss in current. Compared to Mn doped
TiO2 photoanodes, Cu doped TiO2 photoanodes have lower
electron lifetimes.151 Another vital feature of Cu is its localized
surface plasmon resonance (LSPR). The LSPR effect enhances
the light absorption proficiency of dye molecules and boosts the
separation of carriers by inducing a collective oscillation of
metal free electrons at resonance. The LSPR effect induces a
strong electromagnetic field around Cu nanoparticles, facilitat-
ing their interaction with dye molecules. This results in the
effective resonant energy transfer between the excited state of
the dye and surface plasmons.151 Cu doping is responsible for
increasing the light-harvesting efficiency of the dye sensitizer by
enhancing the far-field scattering, inducing charge separation,
or increasing near-field local surface plasmons. Another work154

compared the concentration of defects introduced on TiO2 and
reported that it was in the order – Cu doped TiO2 4 Fe doped
TiO2 4 Sn doped TiO2 4 pure TiO2. The work also reported that
the lower the oxidation number of the dopant, the more
significant the broadening of the fundamental vibration modes

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ni
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

4.
02

.2
02

6 
00

:5
1:

40
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00059a


3414 |  Mater. Adv., 2023, 4, 3399–3451 © 2023 The Author(s). Published by the Royal Society of Chemistry

(Eg1) in Raman peaks and the greater the generation of oxygen
vacancies. Cu2+ leads to the generation of Ti3+ states due to the
availability of more oxygen vacancies. At the oxygen deficient
sites, trapped free electrons facilitate charge equilibrium,
enhancing the electron density of states and increasing the
light absorption. R. T. Ako et al. suggested that the significant
factor for choosing a metal dopant for the photocatalytic or
photovoltaic device should be governed by the elevation of
surface free energy states of photoanodes rather than bulk
defect generation. In view of this, their work concluded that
the bulk defects in Cu doped TiO2 can also lead to reduced
electron density due to the electron–hole recombination. Along
with Cu, the plasmonic behavior of Ag and Au also affects PCE,
as illustrated in Fig. 14.

Zinc (Zn. The comparable ionic radii of Zn2+ (0.74 Å) and Ti+4

(0.75 Å) make Zn2+ the most effective choice among all the
transition metals. Due to this, Zn2+ can easily substitute Ti4+

without altering the TiO2 crystal structure.160 Zn doping also
decreases the bandgap due to the creation of energy bands
between the bandgap of TiO2. Zn doping also creates pores on
the surface film. The porous structure aids dye adsorption and
provides a high volume ratio for incrementing charge collection
and transportation efficiency on the surfaces of Zn–TiO2 thin
films.161–164 Zn–TiO2 exhibits suitable photocatalytic properties
owing to its porous surface and introduction of conductive
channels. The increment in short circuit current density can
be attributed to the improvement in the incident light harvest-
ing, enhancement in conductivity due to the generation of more
electron–hole pairs, reduction in internal resistance, and
reduction of electron traps.74

Yttrium (Y). Y(III) contains one 4d occupied orbital and can
quickly produce several electron configurations.165 The larger
ionic radius of Y3+ (0.90 Å) relative to the Ti4+ radius (0.61 Å)
prevents the easy penetration of Y into the TiO2 lattice. The
effect of Y doping on the crystallite size is reported differently
by different research groups. For easy penetration into a porous
film, X. Qu et al. reported the fusing yttrium nitrate solution
and observed that Y2O3 covered the surface of TiO2 or, if

annealed, formed the sub-grains among grain boundaries.166

A. K. Chandiran et al. reported the shrinkage of crystallite size
along [001] on Y doping and suggested the accommodation of
Y3+ at the interstitial site of TiO2.141 B. Zhao et al. reported the
expansion of the TiO2 lattice by incorporating Y3+.165 Such an
increment in specific surface area and pore volume helps more
extensive dye loading. Such structures can enhance light har-
vesting capability by increasing the number of excited elec-
trons. When dopant levels of Y-doped anatase TiO2 are created
near the conduction band, the f electrons from Y3+ are trans-
ferred to the conduction or valence band of TiO2. This results in
a lowering of optical bandgap energy compared to pristine
TiO2. The increased conductivity of the TiO2 lattice on Y doping
can be attributed to the introduction of a point defect. Low
electrical resistance is another side effect of moderate trivalent
dopant concentration, which prolongs the effects of in-Y dop-
ing on the short-circuit current and fill factor while barely
affecting the photovoltage. It has also been reported that Y
substitution has a negligible impact on the energy distribution
and density of the trap states available below the conduction
band.141 The formation of the Ti–O–Y complex can lead to the
generation of charge imbalance of the lattice. To compensate for
the charge imbalance, more recombination of –OH with –COOH
radicals can occur when more –OH radicals are absorbed. This
results in the improvement of dye loading capacity.

Zirconium (Zr). Similar to titanium, Zr is a quadrivalent
element with a slightly larger cation radius. This suggests that
Zr doping can either replace Ti4+ or locate in the interstitial
sites. Introducing Zr in TiO2 reduces the crystallite size and
increases the porosity of Zr-doped TiO2 electrodes, enhancing
the dye adsorption capacity. The decrease in crystallite size on
Zr doping is attributed to the segregation of Zr4+ in the grain
boundaries of anatase titania grains, implying the location of
Zr4+ at interstitial locations. The negative impact of a highly
porous structure on Zr doping can deteriorate the cell perfor-
mance. Large porous structures can act as electron traps and
can be associated with the depth of traps that participate in the
electron motion, affecting the diffusion coefficient value. Thus,
an optimum porosity is highly required, implying an optimum
doping concentration of Zr.

Another exciting feature of Zr doping is that this transition
metal accelerates the anatase to rutile transformation.167 Doping
of anatase with elements have valency smaller than 4+ provides a
charge compensation by forming vacancies, amplifying the ionic
transport in anatase, thereby increasing the anatase to rutile
transformation. However, ions with a valence higher than 4+ form
Ti3+ cations and hinder the change. This high rutile content for
Zr-doped TiO2 also leads to a slighter difference between the
Fermi level and the redox potential of the electrolyte. A recent
research study reported that Zr-doped TiO2 exhibits the lowest
bandgap relative to Fe-doped, Ni-doped, and undoped TiO2. It
also suggests that Zr gets doped into TiO2 on the surface and
inside the lattice.72 Zr transition metal doping can improve
photocatalytic performance at higher rates. The decrease in
bandgap implies that it enhances the light absorption capacity
of the electrode. A decreasing trend in the Voc can also be

Fig. 14 Impact of the plasmonic behavior on percentage increase in
efficiency (note: Au is used only as composites). Data points are labelled
with references.
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observed at a higher level of Zr concentration, suggesting an
increase in recombination processes.

Niobium (Nb). The most extensively researched dopant for
TiO2 is niobium, which is incredibly promising for DSSCs.
Because of its superior optical and electrical properties, it is
an ideal dopant for TiO2 in photovoltaic applications.56,168–170

XPS analysis reveals the shift of the Fermi level away from
the conduction band minimum (CBM) for low Nb content
attributed to the passivation of oxygen vacancies at the surfaces
of the TiO2 nanoparticles but towards the CBM for high Nb
content. T. Nikolay et al. reported that the inclusion of Nb
inhibits the formation of rutile phase TiO2 while supporting the
growth of the anatase phase of TiO2.171 Low Nb doping leads to
a slight shift of Fermi energy and a decrease in the concen-
tration of oxygen vacancies on the TiO2 surface. The passivation
of oxygen vacancies by Nb available at the surface site of the
lattice occurs because of the attraction between oxygen and Nb.
The dangling bonds of the attracted oxygen neutralize the
donor defects of Nb. This results in the suppression of recom-
bination at the sturdy junction of the TiO2/electrolyte interface
due to the widening of the space charge region. This also plays
a vital role in enhancing the open circuit voltage for low Nb
doping levels. Nb doping has been seen to lower the CBM
relative to the undoped sample which can impact the electron
injection from the dye to the conduction band of TiO2.

The optimum amount of Nb dopant results in the substitution
of Ti4+ with Nb5+ so that the Ti3+ 3d1 and Nb5+ 4d0 levels exist in
the nanostructure, resulting in the formation of intraband states in
the structure. This improves the charge transport and driving force
for electron injection from the dye to the TiO2 conduction
band.171,172 Also, the Ti 3d orbital has one excess electron for each
Nb5+ substitution, thus implying that an increase in electron
concentration improves electron conductivity. Such improvements
in electron conductivity and increment of electron injection
induced by the positive shift of the CBM enhance Jsc in addition
to incident photon-to-current conversion efficiency, and the sup-
pression of surface recombination at the TiO2/electrolyte interface
along with a shift in Fermi energy results in the influence of Voc.
Doping TiO2 with Nb also results in the decrease in bandgap. H. Su
et al. demonstrated the long-term stability of Nb doped photo-
voltaic devices by a 1200 h-aging test.142 The group showed a
10–20% improvement in efficiency and Jsc of Nb doped cells
relative to undoped cells. Fig. 15 illustrates the influence of Nb
doping on the average size of TiO2 nanoparticles. Similarly, Fig. 16
shows the variation of Voc, Jsc, FF, and efficiency with time of the
Nb-doped TiO2-based DSSCs.

Nb loading influences the parent structure’s morphology,
pore volume, and porosity. Parameters like Jsc, Voc, and FF
determine the photoelectron conversion efficiency. To achieve
higher efficiency, the primary requirements are higher Jsc and
larger Voc. Jsc can be determined by factors listed below:

(1) Sunlight harvesting efficiency – it is directly related to the
surface area of photoanode structures that determines light
scattering and dye adsorption abilities. Low Nb doping was found
to be suitable for utilizing solar light effectively. However, the
absorbance property was reduced, implying a reduction in

surface area. With high doping, in addition to the reduction in
light scattering, the structure also suffered from the reduction of
dye adsorption. Thus, it has been concluded138 that the enhanced
conversion efficiency should not be determined by morphologi-
cal modification of Nb-doped TiO2 composite structures.

(2) Photoelectron injection efficiency – with the increase in
Nb dopant, the flat band potential (Vfb) exhibited a positive

Fig. 15 Influence of Nb doping on the average size of TiO2

nanoparticles.173

Fig. 16 Variation of Voc, Jsc, FF and efficiency with time for Nb doped
DSSCs. Reproduced from ref. 142 with permission from Elsevier.142
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shift, implying an increase in photoelectron injection (Fig. 17).
The active and easy electron injection resulted in an improve-
ment in photocurrent density. The shape and defect of the
structure influence the Vfb. A smaller size might induce a
positive shift of Vfb, thus increasing the photoelectron injection
efficiency.

(3) Electron collection efficiency – it is determined by the
electron transport ability, electron transfer resistance, and electron
recombination resistance. Thorough experiments are required to
determine optimal doping to attain maximum electron collection
efficiency (Fig. 18).

Another work reported the use of a blocking layer along with
a Nb-doped TiO2 photoanode structure.174 DSSCs with a block-
ing layer exhibited pronounced increments in Voc and Jsc, which
is attributed to the suppression of the electron recombination
process. The advantage of using a blocking layer is that it

prevents backward electron transfer at the FTO/electrolyte
interface. An alternative study focusing on annealing revealed
an increase in efficiency when annealing was followed by H2O2

treatment.175 Fig. 19 shows how the PCE of DSSCs using Ti–Nb
photoanodes with and without H2O2 treatment after annealing
under different conditions and the corresponding improvement in
efficiency percentage of Ti–Nb compared to Ti photoanodes.175

Silver (Ag). Plasmonic photoanodes have significant bene-
fits, including easy fabrication, minimal use of photoanode
materials, and high potential for incredibly high light absorp-
tion through the localized surface plasmon resonance (LSPR)
effect, making them potential candidates for investigation.176

The added advantage of the electron sink effect or photochar-
ging effect in metallic nanoparticles improves the electron
lifetime, lowers the recombination rate, and enhances electron
transfer. A study showed that Ag doping increased the size of
TiO2, indicating the facilitation of interstitial substitution in
the tetragonal lattice.177 Another work reported that despite the
decrease in the surface area with the introduction of Ag, the
doped photoanode did not negatively impact the dye-loading
capacity.176 In contrast to the usual trend, the unexpected
impact is attributed to the modification of trap states. The Ag
atom being a donor atom contributes to the shifting of Fermi
energy toward the conduction band. As compared to a single
layer and an undoped layer of TiO2, thicker layers of TiO2 with
Ag doping at the bottom layer exhibit a smaller bandgap. An
optimum film thickness is highly recommended to facilitate
high interfacial surface area, a low recombination rate, and
easy mass transfer. With the dopant being a good conductor, it
can be ensured that the conductivity of the doped material is
enhanced manifold by improving the electron transfer rate.
Additionally, the multiple layers acting as blocking layers
between the electrolyte and conducting substrates cease the

Fig. 17 Nb dopant crystallite size and Vfb.138

Fig. 18 Nd dopant electron lifetime, recombination resistance and electron transfer resistance correlation.138
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recombination of holes and electrons, thereby facilitating
increased conductivity. The dye and plasmonic nanoparticles
show a synergistic impact through an improvement in absorp-
tion. P. Nbelayim et al. showed in their work that the absorp-
tion enhancement effect is indeed complementary; i.e.,
plasmonic nanoparticles aid in achieving a broadband optical
absorption effect with a significant enhancement effect in the
regions where the dye exhibits weak absorbance (Fig. 20).176

An optimal concentration of Ag aids in enhancing the short
circuit current density and reducing in Voc, which is attributed
to the optimal lowering of the Fermi level of the photoanode
and efficient electron injection. Optimal doping concentration
is necessary to balance the positive and negative effects of
plasmonic doping. The advantages are improved charge trans-
port and lower recombination owing to the electron-sink effect.
The disadvantage is poor charge injection efficiency due to
increasing Fermi levels.

Cadmium (Cd). Compared to undoped TiO2 samples, cad-
mium (Cd) doped TiO2 exhibits a small improvement in UV and
visible light absorption. M. Motlak et al. reported that Cd
doping does not have any impact on the bandgap. Cd doping,
when it leads to the formation of CdO in the lattice structure,
significantly reduces the electron–hole recombination rate.

Thus, it can be concluded that Cd doping could not strongly
influence the electrode’s optical properties.144

Tantalum (Ta). Ta has a 5+ valence, and it has one more
electron than Ti. Therefore, introducing Ta increases the elec-
tron concentration and the conductivity of undoped TiO2.178

The doping of TiO2 with Ta results in the following effects: (1) a
positive shift of the flat band potential, (2) an increase in electron
density (from (TiO2) = 8.43 � 1018 cm�3 to ND (TaTiO2) = 1.89 �
1019 cm�3), (3) a decrease in open circuit voltage, (4) improve-
ment of the driving force of injected electrons from the LUMO of
the dye to the conduction band of TiO2, (5) acceleration of the
transfer rate of the electrons and (6) improvement of the fill
factor of the solar cell and reduction of the bandgap. Due to the
d–d transitions and various gap states, the Ta dopant induces
redshift and increment in the absorption of the visible spectral
regime. Another work showed inverse opal Ta–TiO2 electrode
structures that could support infiltration of the hole-transport
material in films due to large, interconnected cavities/pores and
achieved a 23% increment in photoconversion efficiency.179

These structures also had the added advantage of trapping light
due to their sizeable inner scattering. The doping concentration
was optimized to 3.4 atom% to avoid the decrease in electron
mobility at high defect concentration and to avoid increased
charge recombination by the defects and increased electron
recombination. With vertically aligned nanostructured films of
tantalum-doped TiO2 nanoparticles, the DSSC achieved a 65%
increase in photocurrent and around 39% improvement in over-
all cell efficiency compared to undoped TiO2. Doping TiO2 with
Ta does not impact the percentage of dye adsorption.

Tungsten (W). The radius of W(VI) (0.06 nm) is comparable
to the radius of Ti4+ (0.0605 nm), thereby making the doping of W
into TiO2 feasible. The high ionic conductivity of W4+ suggests it
to be a favorable dopant to form titanium dioxide-based photo-
anodes. Increasing W doping at a low level positively shifts the
conduction band of TiO2 on the one hand and acts as a trapping
site for retardation of charge recombination on the other hand.
The positive shift of the CB is expected as WO3 has a lower CB
edge relative to TiO2. W doping suppresses the charge recombi-
nation, which, in addition to the downward movement of the
conduction band, increases the driving force for electron injec-
tion and thus results in the remarkable improvement of the short

Fig. 19 The conversion efficiency of DSSCs using Ti–Nb photoanodes
with and without H2O2 treatment after annealing at (a) 300 1C and (b)
450 1C for 30 and 480 min and (c) the improvement in efficiency
percentage of Ti–Nb compared to Ti photoanodes.175.

Fig. 20 Optical absorption spectra showing enhanced broadband light absorbance of the N719 dye: (a) absorbance of [0.12 mg ml�1 dye] – absorbance
of [dye-only]. (b) The absorbance of [0.12 mg ml�1 dye] Cabsorbance of [dye-only].176
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circuit photocurrent and charge collection efficiency. Therefore,
it is preferable to switch to W doping when the dye used for the
cell has an insufficiently high LUMO compared to the CB in
comparison to the undoped TiO2. W dopant also significantly
improves the electron lifetime. The positive conduction band
shift and electron lifetime increment result in almost constant
Voc for a shallow doping level. Nevertheless, for higher doping
levels, the Voc decreases.

Fig. 21(a)–(c) and Table 3 summarize the performance of
dopants which increased the efficiency by more than ten
percent. However, dopants that increased the PCE by less than
10% are also included in Table 1. As seen in Fig. 21, copper,
zinc, and zirconium increased the efficiency drastically when
doped.67,74,180 However, Ag, Cr, Nb, Ta, W, and Y showed an
increase in PCE (locked below 50%).146,166,181–184 At the same
time, in a different study, the highest-performing zirconium
and copper showed a decrease in PCE.154,185,186 Other than
these, Ag, Fe, Ni, Mn, and Co also reduced the efficiency of
DSSCs compared to the control DSSC when doped into a TiO2

photoanode.72,135,187

Even though doping research is thriving, associated band-
gap data are relatively less noted. Fig. 22 shows the variation of
bandgap and the corresponding effect on PCE with doping.
When the bandgap is reduced, there is an increase in PCE and
vice versa. Nevertheless, TiO2 nanofiber does not follow this
order. When the bandgap is higher, the PCE increases.

3.6. Post-transition metals

Post-transition metals are poor metals with lower reactivity.
They are also brittle and generally have low boiling points than
transition metals. These include aluminum, gallium, indium,
tin, thallium, lead, and bismuth. Except for thallium and lead,
all other post-transition metals were doped into TiO2 to
increase conductivity, change the absorption to the visible
region for better charge-hole separation, decrease the recombi-
nation, and tailor the surface defects for better charge transfer
by changing dimensionality.81,197–201

Aluminum (Al). Aluminum doping introduces oxygen vacancies
into the TiO2 lattice, increasing the carrier generation and
improving the internal conductivity.202–204 In addition to the
increase in conductivity, Al doping introduces electron traps
into TiO2.

These traps effectively reduce the photocurrent through
charge recombination. However, aluminum doping has a posi-
tive effect on DSSCs despite the drop in the photocurrent.202

Not just in DSSCs, Al3+ doped TiO2 has a positive influence on
PCE when used as an electrode material in QDSSCs. But the
study by R. Li et al. published in 2016 showed that doping
aluminium into the mesoporous TiO2 followed by 500 1C sinter-
ing increased the PCE significantly over the other two studies in
2011202 and 2017.71 Aluminum doping into the mesoporous
layer increased the PCE by around 67 percent. The incorpora-
tion of Al ions into the TiO2 causes a change in the concen-
tration of defect states. The flat band potential plays a vital role
by increasing the electron injection rate and charge collection
efficiency. Altogether, they contributed to the efficiency in the

DSSC. Even though the efficiency is much lower in the study by
R. Li et al., the effect of aluminum doping stands out.

Bismuth (Bi). Metal–nanocomposites can enhance the effi-
ciency of DSSCs through electron transfer kinetics at the crystal
surface, reducing the probability of electron–hole recombination.
Bismuth doping through crystallization produced Bi-doped TiO2

nanocubes. Doping and crystallization increased the efficiency of
a doped TiO2-based DSSC compared to the undoped TiO2-based
DSSC. In 2016, M. C. Wu et al. doped bismuth into TiO2

nanofibers and used them as a scattering layer.66 This study by
M. C. Wu et al. has better efficiency than M. N. An’amt et al.
study. Also the effect of doping is comparative in both studies.201

Bi3+ replaces Ti4+. The ionic size difference between Ti4+

(0.061 nm) and Bi3+ (0.103 nm) causes a slight shift in the
crystalline peak of the Bi-doped sample’s XRD pattern. Doping
with bismuth almost increases the PCE by 70 percent compared
to the undoped TiO2. Bismuth doping extends the absorption
spectra of TiO2 from the UV to visible region. Nanofibers scatter
the light more than the bare TiO2 scattering layer, contributing to
the increase in PCE. It is clear from Fig. 23(a), (b) and Table 4 that
all other post-transition metals have a minimal doping impact on
increasing the PCE when compared to aluminium and bismuth.

Gallium (Ga). Gallium’s ability to increase the photocatalytic
effect on doping into TiO2 attracted the attention of J. Chae and
his group in 2011. According to J. Chae et al., while doping, Ga3+

is inserted into the Ti4+ sites and also between the lattices. This
insertion helps in donating electrons to the neighboring oxygen
ions. AFM of doped samples agrees with this observation. The
free ions generated due to the charge balance will improve the
electron flow more easily to the conduction electrode and FTO
glass. The improved electron flow leads to better electron move-
ment compared to the pure TiO2 electrode, resulting in an
increase in the PCE of DSSCs.209 Immediately after this article,
in 2011, gallium was again considered for doping. Trivalent
elements in the TiO2 lattice can create intermediate acceptor
levels and improve the charge collection efficiency. This can
enhance the PCE without compromising the Voc.

Indium (In). Significant recombination occurs in contacts
such as TCO and TiO2 interfaces, which leads to the introduction
of indium into TiO2. Indium is also well known for its low toxicity
and better transparency. Doping TiO2 with indium leads to better
electronic properties and decreases the DSSC’s internal resis-
tance when used as an electrode material. B. Baptayev et al.
surface doped TiO2 with indium (In3+) using a simple immersion
technique. An optimum surface doping in TiO2 positively affects
the Voc and FF, thus the PCE. At the same time, higher surface
doping leads to faster recombination through an increased
number of surface trap states. Nevertheless, on comparing these
two works, it was found that doping indium into TiO2 and
applying above FTO resulted in a slightly high percentage
increase in PCE than doping indium into the mesoporous layer
of DSSCs. However, indium surface-doped DSSCs have somewhat
lower efficiency than bulk doping.199 Recent research on indium
doped TiO2 showed a remarkable increase in TiO2 electronic
properties. Indium’s ability to be transparent and low toxicity
became an added quality to consider it for doping into TiO2.
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Fig. 21 (a) Performance of transition metals when doped into TiO2 for DSSC fabrication. (b) Jsc and Voc of transition metals when doped into TiO2 for
DSSC fabrication. (c) Reduction in PCE when transition elements are doped into TiO2 for DSSC fabrication. Data points are labelled with references.
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Sol–gel produced TiO2 photoanodes showed a 17.4% increase in
PCE. This increase is due to the decrease in recombination and
internal resistance. An elaborate recombination study was done
by Baptayev et al., guiding us through the indium doping and the
cell’s internal resistances. By setting the dark conditions and
voltage to a bare minimum of 0.4 V, they analyzed the voltage
decay of doped samples one by one to eliminate the effect of
recombination through back contact. The study showed that
doping has a positive impact on reducing recombination. Accord-
ing to Baptayev et al., there are three mechanisms for charge
recombination:

(1) Direct transfer from the conduction band to electrolyte.
(2) Indirect transfer from monoenergetic deep surface

states.
(3) Indirect transfer from the distribution of bandgap surface

states.
In the indium doping case, the surface trap states are

dominant trap states and lead to decreased recombination
centers, eventually benefiting the PCE.199

Tin (Sn). Tin is the most explored element among post-
transition metals doped into TiO2.208,210,211 From 2012 to 2016,a
series of TiO2–Tin doping studies were conducted. When Sn
increases in the TiO2 lattice, the oxygen vacancies increase. Sub-
sequently, the oxygen vacancies favor photocatalytic reactions.81

When Sn4+ is doped into the TiO2 lattice, the potential of the flat
band (Efb) shifts depending on the doping concentration. A
negative shift in Efb means a shift in redox potential. However,
efficiency increases when the redox potential varies with increasing
open-circuit voltage.208 The source of tin doping has a significant
effect on efficiency. Y. Duan et al. strongly suggested choosing an
appropriate source when doping TiO2 in DSSCs.69 R. T. Ako et al.
also agreed with the increase in defect concentration while
doping Sn into TiO2. This lower defect concentration resulted
in slower transient states and consequently less recombination.
d–d transitions of untrapped electrons also had a longer excita-
tion lifetime.189 Y. Akhila et al. doped tin into TiO2 nanorods
and prepared nanorods with various Sn concentrations. How-
ever, in their study, 1% Sn doping was found to increase oxygen
vacancies in TiO2, favoring photocurrent conversion.81

Analyzing PCE to understand doping is deceiving because it
does not give any information about what it does to efficiency.
Meanwhile, an increase in PCE provides vital information
regarding the effect of doping. From the graph, it is clear that
indium and tin have higher PCEs owing to their preparation
methods. Aluminum, bismuth, and gallium when doped into
TiO2 have significantly changed the DSSC’s efficiency.

3.7. Halogens

Among halogens, fluorine and iodine showed effective narrow-
ing of the bandgap attributed to their higher ability to absorb
visible light. This observation is supported by DFT calculations
of n-type iodine-TiO2 doping and p-type nitrogen-TiO2 doping.
Comparatively, iodine doping improved the conductivity and
increased the visible light absorption of anatase TiO2. From
2011 on, iodine and fluorine alternatively have become the best
dopants for TiO2 from the halogen group. The statisticalT
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information about halogen doped TiO2 based DSSCs is sum-
marized in Table 5.

Iodine (I). In 2011, Hou and coworkers reported a higher
photon conversion efficiency of 10 percent by doping TiO2

nanocrystals with iodine (I-TNC). In the iodine doped samples,
recombination of electron–hole pairs may be inhibited due to
the ability of iodine to act as a trapping site for photogenerated
electrons. Even though the article strongly suggests iodine as a
futuristic dopant, it requires focused research to understand
the energy conversion mechanism.212 Iodine exhibits multiple
valencies of I�, I5+, and I7+. Nevertheless, XPS results indicated
that I5+ (0.062 nm) doped into the titania matrix and substi-
tuted Ti4+ (0.064 nm). Compared to the bare TiO2 samples, the
iodine doped samples exhibited an extended response in visible
light absorption. By reducing the recombination and improving
the conductivity, I5+ doping increased the Jsc of DSSCs.213,214

Fluorine (F). Song and coworkers created a multifunctional
electrode with F-doped TiO2 hollow nanoparticles to reduce
charge recombination and contact resistance. However, the
lack of details on undoped DSSCs makes it unable to distin-
guish whether the method stands out. It can be seen that there
is no significant difference in surface area in F-doped hollow
TiO2 spheres and undoped samples. This F doping is an
example of retaining the morphology and structure of TiO2

even after doping; thus, there will not be a dramatic change in
the dye loading or light scattering. However, there is a 13%
increase in the efficiency of a DSSC with F-doped TiO2.215

The idea of high-quality blocking layers that are non-metallic
leads to the use of fluorine as a dopant for TiO2. Noh and
coworkers introduced a new concept of dense layers into DSSCs
for creating a non-ohmic layer between the nanoporous TiO2

layer and FTO glass. High interfacial resistance has hindered
the efforts to develop adequate blocking layers. For example, Nb
doping on the TiO2 dense layer increased the conductivity of the
SrTiO3 substrate, but the thermal instability and production
cost were high. Compared to the undoped samples, this work
shows that the doping effect on DSSCs is substantially less.

Nevertheless, considering that this is one of the first works
in fluorine-doped TiO2, this study used a low-cost method and
materials for doping and successfully introduced a fluorine-
doped dense layer. This layer prevented back electron transfer, a
breakthrough in DSSC research.216 Fluorine (F�) is a superior
anionic dopant due to its high electronegativity. It disrupts the
CB and inhibits electron recombination by its strong electrone-
gativity. Fluorine ions can penetrate the lattice and induce Ti3+

species generation, which helps in charge collection efficiency.
Fig. 24 shows that the fluorine content increases in the TiO2

electrode and the bandgap increases. Consequently, the effi-
ciency of the DSSC increases. On the optimal doping we discuss
throughout this paper, at 6% doping, the F-doped TiO2-based
DSSC reaches maximum efficiency. Beyond this doping point,
fluorine doping adversely affects the DSSC’s efficiency. F-doped
TiO2 nanocubes with a nanovoid/pore morphology play a crucial
role in confining light and favoring electron transfer. Nano-
cubes increase the surface area, thus enhancing dye loading
and light trapping. These naturally result in the percentage
improvement in the efficiency of the F-doped TiO2 based DSSC
compared to the bare TiO2-based DSSC. The presence of
nanovoids at the surface of TiO2 influences the grain boundary
resistance by increasing the electron concentration. Conse-
quently, this leads to an increase in charge transportation rate.
However, the F-doping concentration increases with space

Fig. 22 Bandgap and increase in PCE with doping in transition elements. Data points are labelled with references.
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charge polarization effects due to intensive charge carriers,
resulting in more recombination.217

Defects generated by mesoporous TiO2 result in numerous
electronic sub-bandgap trap states.221 Peng Xiang et al. doped
TiO2 with iodine and applied it in a quasi-solid state DSSC. From
Fig. 25(a), it is clear that iodine doping is vital in improving the
cell performance by 34 percent, owing to the distributed pores,
which increase the surface area. Nevertheless, compared to

fluorine, the percentage efficiency improvement achieved is
insignificant in this study.222 Fig. 25(b) provides the comparison
of Voc and Jsc data of halogen doped TiO2 based DSSCs. Recently,
microwave-assisted solvothermal doping of fluorine into TiO2

was explored. This preparation method is very competitive with
all other fluorine doping techniques. Compared to other meth-
ods, this method is non-toxic and non-corrosive as well. In this
study, F-doped TiO2 forms a quasi-cubic morphology due to the

Fig. 23 (a) Percentage increase in PCE in post-transition metals with doping. (b) Jsc and Voc of post-transition metals when doped into TiO2 for DSSC
fabrication. Data points are labelled with references.
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fluorine iron doping. F doping introduces mesoporous struc-
tures. The ability of fluorine to separate charges is crucial in
DSSC efficiency. Fluorine doping also induces facets that have
high surface energy and lead to the formation of heterojunctions.
This improves the photogenerated carrier density. The high
adsorption capacity of fluorine creates Ti–F and Ti–F–Ti bonding
by replacing oxygen. This action favors charge separation.83

Since 2011, halogen group elements have been used as
prospective candidates for improving the conductivity of photo-
anodes for DSSCs. Researchers successfully doped TiO2 into
blocking layers into various TiO2 structures such as hollow
spheres, nanocuboids, and mesoporous structures. Since the
introduction of hierarchical TiO2 layers and quasi-solid-state
DSSCs, fluorine doping increases the conductivity, improves
dye absorption, and quickens electron transport. Around 2020,
researchers looked into the possibilities of non-corrosive, non-
toxic, green synthesis routes and green precursor materials like
polyvinylidene fluoride (PVDF).

3.8. Other nonmetals

Non-metal ions are thermally stable and suitable candidates for
engineering the bandgaps by shifting the band edges compared
with metal ionic dopants. Nitrogen is the most attractive non-
metal for doping into TiO2 due to its comparable atomic size
with oxygen. In 2009, Soon Hyung Kang and co-authors tried to
enhance the DSSC photocurrent using a nitrogen-doped TiO2

anode. They incorporated urea into the sol–gel technique
to obtain nitrogen-doped TiO2 for photovoltaic applications.
Compared to the bare TiO2 samples, these samples were
smaller in crystallite size. DSSCs fabricated with optimally
doped samples exhibited an efficiency of 4.86%. Even though
nitrogen is a frequent dopant, sulphur doped TiO2 was also

used to prepare DSSCs for achieving better efficiencies.223,224

An increase in PCE of DSSCs when TiO2 is doped with all other
non-metal elements is depicted in Fig. 26. Statistics of other
nonmetal doped TiO2 based DSSCs are provided in Table 6.

Nitrogen (N). Recently, there has been interest in nano-
crystalline materials such as nanoparticles, nanotubes, nanofibers,
and mesoscopic spheres. TiO2 nanoparticles have roughly 50 nm
radii and behave like single atoms but are generally bulk materials
called mesoscopic spheres. When doped TiO2 took the form of
mesoscopic spheres, the DSSC efficiency shot up to 10.7%. These
nitrogen-doped mesoscopic spheres broadened the absorption
from the UV region into the visible region. Applying this technol-
ogy to QDSSCs achieved a two percent increase in efficiency
through fast electron transport in the nitrogen-doped TiO2 film.
This remarkable achievement improved electron transport, charge
collection efficiency, and photocurrent density.224 The direct con-
duction path for electrons and high surface area for dye absorption
made nanotubes and nanorods desirable for DSSC applications.
M. Motlak and his group developed nitrogen-doped pristine TiO2

nanofibers as a photoanode material. They argued that nitrogen
doping created a high Schottky barrier that facilitated electron
capture. Nitrogen added intermediate electronic levels between the
conduction and valence bands of the metal oxide.225 Nitrogen-
doped nanofibers increased the efficiency by 3 percent compared
to the normal TiO2. Voc and Isc increased with nitrogen doping, but
the increase in current was relatively higher.

Wang and his group incorporated 1D structures and nano-
particles and increased the efficiency percentage by 0.27 times
that of a bare TiO2-based DSSC. Depositing nanoparticles in the
walls of nanotubes is effective for increasing efficiency. These
aligned nanotubes and dispersed nanoparticles provide a higher
surface area. This anode material can be further modified using

Fig. 24 Correlation of the percentage of F doping with bandgap, particle size and efficiency.
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nitrogen doping. By limiting electron and hole recombination,
elements doped into TiO2 can increase efficiency. Nitrogen-doped
nanoparticles decorated with TiO2 were obtained by the sol-
vothermal method. Small nanocrystals along the wall were con-
firmed with SEM and HRTEM. This modified structure was

treated with Ti(OH)3, which was found to have a more significant
influence on the morphology and photoelectric–chemical proper-
ties. The photoanode made with doped-nanoparticle-modified
films showed improved light-harvesting efficiency. These nano-
particles that stuck on the nanotubes acted as light scattering

Fig. 25 (a) Comparison of the PCEs of different halogen doped TiO2 based DSSCs from 2011. (b) Jsc and Voc of halogen doped TiO2 based DSSCs. Data
points are labelled with references.
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centers, which reflected in the higher reflectivity. This Ti–O–N
bonding, with nanotubes acting as vertical transport channels for
photoinduced electrons and adsorbed nanoparticles together,
increased the efficiency of DSSCs by 1.68 times the original
efficiency.226 While the exact position of N remains debatable,
Ti–O–N linkages point to the presence of N-ions in the TiO2

lattice by replacing the oxygen atom.
When the scattering layer came under the spotlight and

became an essential part of DSSCs, doping and modifying the
scattering layer attracted more comprehensive attention.
Mixing nitrogen-doped aggregated sub-micron size particles into
commercial TiO2, and using this as a scattering layer, increases
the scattering percentage without any drawback in electrical
properties. The IV characteristics of DSSCs with these mixed-
phase scattering layers seem to be improved, and the efficiency is
increased by 0.14 times that of the commercial scattering layer.
Adding a scattering layer introduced the concept of multilayers to
DSSC researchers. So, doping and introducing these multilayers
into DSSCs has become the next challenge. Multilayers were
introduced to increase the Jsc by adding the TiO2 layer (scattering,
P25, Doped P25) into the FTO substrate. Using a compact layer, a
P25 layer, and a N-doped TiO2 layer doubled the Jsc when
compared with using an undoped TiO2 layer in the DSSC.
However, this reduced the fill factor slightly and increased the
efficiency. The charge transfer resistance of the TiO2/electrolyte
interface is significantly less when a DSSC is prepared with
N-doped samples. The resistance–efficiency relationship in these
DSSC samples is commendably complex. When the TiO2 layers
use P25, the charge transfer resistance is meager. When undoped
TiO2 is replaced with P25 particles, nearly half of the original
charge transfer resistance is increased. Even though doped
multilayers considerably improved the solar performance of
DSSCs, when N-doped layers are used in place of undoped

TiO2, the charge transfer resistance, ion diffusion resistance,
and shunt resistance simultaneously decreased.229

In general, nitrogen induces a redshift in the absorption
band edge due to the positive shift in flat band potential
of TiO2.233–239 Incorporation of N3� into the TiO2 lattice can
cause replacement of Ti4+ and fill up interstitial sites. Even
when there is a higher Jsc due to increased dye absorption
and improved electron injection, charge transport can be
affected by lattice distortion.239,240 However, most studies agree
with increased charge transport rates and reduced carrier
recombination.226,241–244

Sulfur (S). Considering the fact that nitrogen has been
researched thoroughly and is a very successful dopant for
TiO2, sulfur is also exploited to enhance the photoactivity of
TiO2. The presence of 3p orbitals in sulfur, together with TiO2,
has a significant role in narrowing the bandgap and increasing
the valence bandwidth.230 Mahmoud et al. doped sulfur into
hydrothermally prepared TiO2 nanofibers and prepared DSSCs.
IV-characteristics show a drastic increase in FF, Jsc, Voc, and
efficiency. Nevertheless, this study requires more data to con-
firm the effects of sulfur on DSSCs. To understand this doping
effect in detail, it is essential to understand the dependency of
IV characteristics on sulfur concentration.223 Even though
sulfur has different oxidation states from S6+ to S2�, there is
no evidence of S2� (1.7 Å) replacing O2� (1.22 Å) atoms; instead,
S6+ (0.29 Å) replaces Ti4+ (0.64 Å). There is also a chance for
random replacement of Ti4+ and O2� by ions with polyoxidation
states simultaneously, causing severe lattice distortions.245,246

Over the past few years since 2009, we have seen a systematic
approach to doping and using doped materials for implement-
ing DSSCs. First, it was doping into a single TiO2 layer, and later
researchers started doping into tubes, structures, dense layers,
and mesoporous particles.247

Fig. 26 Increase in PCE with other nonmetal category dopants. Data points are labelled with references.
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4. Co-doping

The light absorption, charge transport, and charge transfer
characteristics of an anode determine the efficiency of an
electrochemical cell. Successful doping of suitable elements
into TiO2 improves these fundamental properties. However,
single elemental doping is inadequate to satisfy the requirements
of TiO2 as an anode material. These monodoped atoms act as
recombination centers due to their partially occupied impurity-
generated energy bands. Even though contradictory arguments
and theoretical calculations exist against passivation theory, many
researchers are still on board with passivation theory.248 Investiga-
tions by Dhonde et al. show that co-doping with more than one
foreign atom can passivate or cause doping asymmetry to these
impurity bands. In addition, co-doping effectively modulates the
charge equilibrium.79 Consequently, co-doping increases the sur-
face area and shifts the band edge in TiO2.82

Alkaline earth metals, transition metals, post-transition metals,
metalloids, and other non-metals investigated for codoping are
marked in Fig. 27. Depending on the type of dopant, there are
three types of strategies: metal–metal codoping, metal–nonmetal
codoping, and nonmetal–nonmetal codoping.

4.1. Metal–metal codoping

Mono-metal dopants in TiO2 create serious recombination
centers and deteriorate carrier transport. Metal atom doping
of TiO2 causes the inhomogeneous distribution of dopants
and requires high-temperature sintering, leading to particle
agglomeration.249 Metal doping also causes rapid recombina-
tion of immobilized charge species and thermal instability of
TiO2. However, it improves band structure and shifts absorp-
tion towards a longer wavelength. Codoping focuses on increas-
ing Voc and Jsc simultaneously through the synergetic effect of
dopants. The metal dopant combinations are Al–La, Ca–La,
Eu–Tb, Mg–La, Ni–Zn, Nb–Fe, Sr–V, Sr–Cr, Zn–Mg, and Zn–Ga.
Fig. 28 shows the effects of these metal codoped TiO2 based
DSSC efficiency enhancements.

Amid metal dopants, Zn–Ga combinational doping into TiO2

exhibits the highest efficiency in DSSCs. Changes in the elec-
tronic structure of TiO2 facilitate oxygen ion movement in the
lattice, superior crystallization, and lattice expansion. During
doping, Zn2+ and Ga3+ move into the lattice, facilitating the
breaking and formation of new bonds. Zinc, an n-type dopant,
causes a shift in Fermi level towards the conduction band,
leading to an increase in the redox potential of electrolyte and a
consequent increase in open-circuit voltage. Furthermore, the
trap state distribution in TiO2 has been reduced through zinc
doping and has abetted the increase in short circuit current.200

A high concentration of trap sites reduced electron transport
and formed an impurity-grazed bandgap in Al–La-doped TiO2.
Furthermore, insertion of Al3+ ions into the TiO2 lattice
increased the recombination rate and resulted in inefficiency.
In Mg–La, Mg–Ca, and Mg–Al doping, the ionic radius plays a
vital role in solar cell efficiency. Titanium has smaller ionic
radii than La3+, Mg2+, and Ca2+. While doping, these atoms
cannot penetrate the lattice. However, Al3+ quickly enters theT
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lattice without further problems. Prominent ions, Ca2+ and
La3+, cannot penetrate the TiO2 lattice after doping.77

Consequently, these bigger atoms remain on the surface,
facilitating better charge transfer. Relative to these systems, an
Al–La codoped system has inefficient charge transfer resulting
in low cell efficiency. Mg2+ ions are slightly larger than Ti4+

ions. During doping, Mg2+ enters the lattice and causes slight
distortions in the parent material lattice. Moreover, while larger
atoms induce surface charge trapping, Mg2+ doping provides
deep charge trapping in the materials. However, Mg2+ ion
substitution substitutes Ti4+, resulting in band edge shift.77

Ni–Zn doping into TiO2 achieves more than a 50 percent
increase in efficiency than the undoped material. This achieve-
ment requires tricky bandgap engineering. Ni produces a

negative shift, and Zn causes a positive shift in flat band
potential. Consequently, Ni increases the open-circuit voltage
and reduces the short-circuit current. It is vice versa for Zn.
Ni–Zn doping mainly shifts the fundamental absorption edge
and reduces the band energy. However, finding the optimum
point for the maximum Voc and Jsc is challenging. Nb–Fe
doping shifts the conduction band edge. Subsequently, the
absorption changes from UV to visible light. Fe and Nb dopants
serve as trap states and increase the electron lifetime via
trapping and de-trapping events over trapping sites of Ti3+,
Nb5+and Fe3+. Another research study on the same dopants
suggests that Fe and Nb at ultralow concentrations generate
Ti3+ donor trap states. These trap sites facilitate efficient charge
diffusion and collection in titania nanobelts.140

Sr,V codoped TiO2 shows lower electron transit time, higher
electron diffusion, and lower resistance, aiding efficiency. The
increased charge separation and electron transformation
demonstrated through EIS analysis confirm the doped sample’s
improved efficiency. The synergistic effect of Sr and Cr doping
is vital for increasing efficiency. Cr incorporation into the TiO2

lattice produces isolated energy levels adjacent to the conduc-
tion band, narrowing the band gap. Cr3+ has excess valence
electrons, leading to the generation of holes near the valence
band, further contributing to the reduction in the bandgap.250

When the crystallite size decreases, the efficiency increases
in metal codoped TiO2. Except for the Zn–Ga sample, this observa-
tion concludes that large crystallites have an adverse effect on
efficiency. Analysing the specific Zn–Ga doping instance, data
shows that the DSSC generated with the sample having a crystallite
size of around 19 nm has the highest efficiency, in line with the
most recent studies. A detailed investigation shows that when the
crystallite size increases more than 20 nm, a DSSC exhibits a

Fig. 27 Elements explored for codoping into TiO2 for DSSC applications.

Fig. 28 Effects of metal-doped TiO2 in the efficiency profile of DSSCs.
Data points are labelled with references.
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drastic decrease in DSSC efficiency (Fig. 29). Optimum crystallite
size plays a significant role even in the doping-related efficiency
profile. The notable point is that doping affects crystallite size in
general. An optimum doping amount exists for each dopant,
which decreases the crystallite size to an optimum size. Further
doping from this point consequently reduces the efficiency and
increases agglomeration.

All the doped TiO2 samples except for Zn–Ga and Nb–Fe
doped samples have nanoparticle structures. Nb–Fe doped
samples are in the form of nanobelts synthesized via a hydro-
thermal method. Zn–Ga has a thin-film structure prepared and
fabricated by sol–gel and dip coating. These structural differ-
ences might have contributed to the efficiency increase in the
Zn–Ga doped TiO2 sample. Compared with other sample pre-
paration methods, the sol–gel technique is extensively used to
prepare metal-codoped TiO2 samples. Doctor blade coating,
screen printing, and dip coating are the fabrication methods
used to prepare TiO2 anode materials for DSSCs.134

4.2. Metal–nonmetal codoping

The thermal instabilities of metal-doped TiO2 instigated the
search for non-metal dopants for TiO2. Nitrogen, fluorine,
sulfur, and boron are successful non-metal dopants. Doping
with these non-metals alone brings changes in photocatalytic
activity. However, the latest research indicates that codoping
can further improve photocatalytic activity and promote the
transportation of photogenerated electrons through the hybri-
dization orbitals. Non-metal codoping is still a feeble area in
doping TiO2. Yuanyuan and co-authors illustrated how doping

increases the formation of the pure anatase phase rather than
the rutile phase. A set of experiments with different concentra-
tions of mesoporous N, S doped TiO2 and P25 particles has
been conducted to understand the effect of doping into TiO2.
Excess doping always worsens the DSSC’s properties among
purely doped TiO2 and undoped TiO2. This efficiency reduction
is due to the larger particle size and lower surface area of the
doped TiO2 sample. While mixing the doped TiO2 with undoped
TiO2, the cell efficiency increases from 5% to 20%, reaches a
peak, and decreases. The 10% N, S doped TiO2 sample mixed
with 90% Degussa P25 shows a 35.6 percent increase in effi-
ciency yield. This work claims that unique mesoporous nano-
particles and hierarchical structures increase dye absorption
and facilitate electrolyte diffusion. Su Pei Lim and co-authors
obtained similar results when TiO2 was doped with nitrogen
and sulphur. Both the samples achieved a more than 30 percent
enhancement in efficiency.251,252 Fig. 30 compares the increase
in PCE with non-metal codoping, which is discussed in this
section.

Conductivity is a critical property of TiO2. Each doping attempt
is towards achieving this goal. Fu Lv et al. doped anatase TiO2 with
nitrogen, fluorine, and iodine to induce carriers in the lattice. This
process eventually improves conductivity. N–I codoping shows the
best blocking effect compared to undoped and single non-metal
doped samples. The magnitude of internal charge recombination
resistance (Rrec) decides the scale of the blocking effect. Usually,
the charge recombination is dominated by the interfacial meso-
porous TiO2, but the compact underlayer also has an influence
on charge recombination. The aforementioned blocking effect

Fig. 29 Codoped TiO2 efficiency–crystallite size correlation. Data points are labelled with references.
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empties the impurity band and improves the conductivity of TiO2

with N–I doping. So, the N–I doping inhibits electron recombina-
tion, leading to higher current density and efficiency. The N–I
codoping increases electron injection between porous TiO2 and
the compact layer by tuning the conduction band. The synergetic
effects of the dopants result in a 17.67% increase in efficiency.253

Trap states in the conduction band of nanostructured TiO2

play a vital role in its photochemical properties. The current–
time profiles of N–F doped samples are greatly influenced by
the applied potential. They depend on the trap state density’s
current decaying behavior. At low trap density, the trap filling is
fast; at high trap density, the trap filling is slower. Calculations
show that the N–F doping significantly reduces the trap density
due to the ability of nitrogen and fluorine to bind at the under-
coordinated surface sites of TiO2.254

Doping improves the performance of DSSCs and has similar
effects in other electrochemical systems. B–S doping in QDSSCs
is an excellent example of codoping and consequent efficiency
increase. Doping TiO2 with B–S results in bandgap narrowing
and redshift in electronic absorption, leading to the increase in
photocurrent response. The doping-induced efficiency is 12
percent greater compared to the bare TiO2�based QDSSC.118

4.3. Metal–nonmetal codoping

Metal–nonmetal codoping is constantly highlighted as a
solution to the difficulties generated by single metal and single
non-metal doping. The synergetic effect of both metal and non-
metal provides higher thermal stability, lower bandgap values,
and enhanced surface area. Furthermore, it reduces the carrier
recombination and enhances the short circuit current.255 Dop-
ing Cu/S into the TiO2 lattice minimizes the particle size and
scattering effect. In the study by Gupta et al., the concentration
of sulfur remains fixed, while the copper concentration is
changed from 0 to 0.5 percent.256 Fig. 31 demonstrates the
increase in PCE with metal–nonmetal codoped TiO2.

The synergetic effect of hybridized Cu-3d and S species with
Ti-3d orbitals significantly reduced the band gap of TiO2.

Consequently, this dip improved the redshift in favor of effi-
ciency. Fig. 32 shows the varying crystallite size with 0.05
percent sulfur and copper concentration. Optimal doping plays
a significant role in the Cu/S doping technique. When the
doping level increased, crystals with smaller sizes started to
agglomerate, clogged the microspores, and caused a severe
drop in efficiency. The probability of an improved efficiency
point between 0.2 and 0.3 percent doping is shown in Fig. 32.
A more detailed and precise study requires finding the
optimum point for maximum efficiency in Cu–S doped TiO2

anode-based cells.
Copper and nitrogen codoping was also investigated in the

same way as copper and sulfur codoping. A DSSC made with
doped TiO2 particles (crystallites) shows different efficiencies at
the doping concentration of copper. Fig. 33 shows an optimum

Fig. 30 Increase in PCE of nonmetal codoped TiO2. Data points are
labelled with references.

Fig. 31 Increase in PCE with metal–nonmetal codoped TiO2. Data points
are labelled with references.

Fig. 32 Variation of crystallite size and efficiency with copper doping
concentration. Data points are labelled with references.
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doping point in Cu–N doping, as discussed in all other exam-
ples. In this case, a maximum efficiency is attained when TiO2

is doped with copper by adding 0 to 20 mM copper nitrate into
the paste, keeping the doping amount of nitrogen constant for
all experiments. This tendency trails in the current generation
through reduced crystallite size and increased surface area.
When linking copper doping with nitrogen and sulfur, copper–
nitrogen doping exhibits only a 19 percent increase in efficiency
due to doping. The absence of data between 1 mM and 20 mM
copper–nitrogen doping is probably the reason. According to
the observations, a better optimal point for doping exists
further to increase the efficiency of anodes.137

The same trend is observed in nitrogen–aluminum doping
as well. However, as the doping increases and aluminum enters
the TiO2 lattice, a gradual fall in the peak intensities of the TiO2

anatase phase is observed. This fall is an indication of anatase
crystal growth obstruction. An appropriate combination of
aluminum and nitrogen could effectively contribute to the
efficiency. Higher doping causes severe agglomeration of the
nanoparticles, leading to sluggish charge transfer and
enhanced charge recombination. In this case, the codoping of
aluminum and nitrogen leads to a gradual decrease in bandgap
energies and an electron–hole lifetime.79

Nitrogen and lanthanum codoping leads to a decrease in
charge transport resistance, which effectively increases the dye
absorption of the photoanode. Besides, the formation of new
bonds with N, O, and lanthanum causes an increase in the

disorder of the lattice structure of TiO2 and the generation of trap
states. Consequently, Jsc increases, which reflects in efficiency.257

Yttrium–nitrogen doping into TiO2 shows a significant
observation with an XPS scan. The TiO2 anode shows a dis-
crepancy in the amount of dopant added through precursors
and dopant in the nanoparticles synthesized. When the nom-
inal molar ratio of added precursors TiO2–N–Y for synthesis is
100–100–0.5, the XPS observed concentrations of nitrogen and
yttrium are 0.30% and 0.48%, which are different from the one
we have prepared. Most studies with added precursors for
doped products may have this discrepancy if the dopant ratio
is not determined through the characterization technique.
Nitrogen–yttrium doping also follows the same trend as other
dopants in doping concentration and efficiency. The maximum
efficiency is attained for a 100–300–0.5 nominal molar ratio
combination sample. This is 18 percent higher compared to
pure TiO2 electrodes.258

Instead of producing an efficient DSSC, silver–sulfur
codoped TiO2 offered an environmentally conscious prepara-
tion approach. Even though 0.50% Ag was added for the
codoping, XPS analysis showed that the anode had 0.75% silver
in the atomic composition. Similar to our previous observa-
tions, when the anode had a doping concentration of 0.75%
silver and 0.70% sulfur, it had the highest synergy and high-
efficiency output.259

Zirconium doping with titanium increases the electron
density and uplifts the Fermi level of TiO2.78 Tin is a

Fig. 33 Copper doping concentration with (a) particle size, (b) surface area, (c) Jsc and (d) efficiency.137
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homovalent atom to zirconium. Similar to zirconium, tin also
offers lower transport resistance.81 The electron transport
resistance decreases after tin doping and increases with fluor-
ine doping. Impedance analysis shows that the dual doping
increases interfacial charge recombination resistance. This
resistance effectively decreases the recombination. A shorter
transport time, measured with IMPS, implies a faster electron
transport rate. The faster electron transport rate is favorable for
charge collection and photocurrent density. The bonding may
play a significant role in increasing efficiency as well. F atoms
are bonded with the surface fivefold that of Ti, and the binding
energy is 1 eV, showing strong chemisorption. Detailed density
functional theory implementation gives more robust validation
to existing arguments. Stronger bonding with Ti–F than Ti–O
lowers the energy of the electrons of the valence band and leads
to shifting the Fermi level towards the valence band and
extending the bandgap. Both lead to the production of
charge-trapping sites on the surface and subdue the charge
recombination at the interface by holding trapped electrons,
thus ending up in a longer electron lifetime. The longer
electron lifetime is confirmed with IMVS measurements.260

Zirconium and nitrogen doping in TiO2 results in high surface
area, enhanced charge transfer, and reduced charge recombina-
tion in electrochemical devices. When P25 TiO2 particles showed
an efficiency of 8.32%, codoping with 0.01 zirconium and nitro-
gen increased the efficiency to 12.62%. While increasing the
doping percentage of Zr/N in the anode, the efficiency of the cell
decreased drastically. While the nitrogen doping shifts the
absorption of TiO2 into the visible light region, adding zirconium

amplifies the short-circuit current. The dip in the efficiency is not
discussed in detail in the paper but is ambiguously correlated
with the dye absorption. We conclude that an optimum efficiency
point exists where various properties such as charge transfer
resistance, less electron–hole recombination, and bandgap tun-
ing increase the maximum attainable efficiency. Above this point,
the doping could negatively affect the efficiency and properties of
the TiO2 anode.261

4.4. Bandgap tuning and codoping

Doping is considered to be the best option to tune the bandgap
of any material.77 When we introduce foreign materials into the
TiO2 lattice, they can alter the properties in both ways. The
Burstein–Moss effect explains the increases in the bandgap
when TiO2 is doped with Cu, Ni, and Cr.262 Here, doping
populates the conduction band and pushes the absorption
edge to higher energies, resulting in an increased bandgap.
At lower doping concentrations, doping can decrease the band
gap. Doping with different elements can introduce additional
energy levels within the bandgap of the TiO2. Subsequently,
these levels will allow electrons with lower photon energy to
reach the conduction band. Fig. 34 shows the quantitative
relationship between the doped TiO2 bandgap and the corres-
ponding increase in efficiency. The Voc, Jsc, PCE, and bandgap
values of codoped TiO2 are provided in Table 7. A more detailed
dataset is provided in the ESI.† While the bandgap changes
between 2.5 and 4 electron volts, the PCE increases to 6 percent,
an enormous difference. Whenever the TiO2 bandgap increases
above 3, the efficiency tends to decrease. Finding the exact

Fig. 34 The quantitative relationship between the bandgap and increase in PCE. Data points are labelled with references.
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bandgap–efficiency relationship in electrochemical devices
required extensive and pointed research in doping of TiO2.
Doping with zirconium and nitrogen tunes the bandgap to
2.83 eV, and the increase in the PCE is 5.65%. Doping TiO2 with
N–La, Al–N, Zr–N, and Cu–S tunes the bandgap around 2.7 to

2.86 eV. In this range, the efficiency is maximum for TiO2 based
devices.79,256,257,261

TiO2 conduction band edges with doping Mg2+ ions are well
studied, but La doping is not profound. The Mg–La doping
increases the bandgap by 0.05 eV with doping. Contradictory to
this, Ca–La and Al–La codoping results in the decrease of the
bandgap. Lower Voc values associated with Ca–La codoping in
TiO2 are found to reduce the bandgap. Nevertheless, all these
band gap observations are made using Tauc plots, which could
affect the accuracy of these measurements. A dopant with a
smaller ionic radius than Ti4+ can enter the titanium lattice.
When this dopant goes in, it can create more impurity levels
and increase the recombination rate. Consequently, these
impurity levels are due to the bandgap changes in the case of
Al3+ and Mg2+. Moreover, Ca2+ ions have larger ionic radii than
Ti4+ ions and cannot enter the lattice and get blocked outside.
Doping with Ca–La causes a decrease in bandgap and has a
positive impact on charge transfer.77,114

In copper and sulfur codoping into TiO2, the copper doping
concentration changes while keeping the sulfur doping concen-
tration at 0.05%. Their doping ratios are validated with EDAX.
When the copper doping increases, the band gap of the doped
sample is reduced due to the synergic effect of both dopants.

Table 7 Quantitative relationship between the bandgap and increase in
PCE in numbers

S. no.
Elements doped
into TiO2

Bandgap
(eV)

Increase in PCE
through doping (%) Ref.

1 Al–La 3.25 1.33 77
2 Nb–Fe 3.08 0.25 263
3 N–F 3.2 1.26 254
4 Cu–N 2.91 1.82 82
5 Ca–La 3.25 1.01 77
6 Mg–La 3.25 �2.7 264
7 Sr–V 2.57 1.62 250
8 Sr–Cr 2.56 1.75 265
9 N–S 3.2 0.78 251
10 N–La 2.83 1.31 257
11 Al–N 2.7 3.21 79
12 Zr–N 2.83 5.65 261
13 Ni–Zn 3.78 0.29 140
14 Cu–S 2.86 4.07 256
15 Zn–Ga 3.2 3.1 200

Table 8 Distribution of dopants in TiO2 – summary with references

Name of the element Ionic state Ionic radius (pm) Lattice interaction Ref.

Lithium Li+ 76 Going into interstitial sites 86
Boron B3+ 11 Going into interstitial sites 126
Nitrogen N3� 146 Substituting O2� 239
Fluorine F� 133 Substituting O2� and inducing Ti3+ formation 217
Magnesium Mg2+ 83 Substituting Ti4+ 88
Aluminium Al3+ 53.5 Substituting Ti4+ 77
Sulfur S6+ 12 Complex behavior 245–247
Calcium Ca2+ 100 Substituting Ti4+ and distorting the lattice 77
Scandium Sc3+ 74.5 Substituting Ti4+ 127
Vanadium V5+ 58 Substituting Ti4+ 147
Manganese Mn2+ 83 Substituting Ti4+ 151
Chromium Cr3+ 61 Substituting Ti4+ and producing Ti3+ 250
Iron Fe3+ 64.5 Substituting Ti4+ and producing Ti3+ 153–155
Cobalt Co2+ 74.5 Substituting Ti4+ 156
Nickel Ni2+ 69 Substituting Ti4+ 136,158
Copper Cu2+ 73 Substituting Ti4+ and producing Ti3+ 151,154,159
Zinc Zn2+ 74 Substituting Ti4+ 200
Gallium Ga3+ 62 Substituting Ti4+ 209
Strontium Sr2+ 118 Substituting Ti4+ 99
Yttrium Y3+ 90 Substituting Ti4+ 141,165,166
Zirconium Zr4+ 72 Substituting Ti4+ 72,167
Niobium Nb5+ 64 Substituting Ti4+ 171,172
Cadmium Cd2+ 95 Substituting Ti4+ 144
Indium In3+ 80 Substituting Ti4+ 199
Tin Sn4+ 69 Substituting Ti4+ 203
Iodine I5+ 95 Substituting Ti4+ 213,214
Tantalum Ta5+ 64 Substituting Ti4+ 178
Tungsten W4+ 66 Substituting Ti4+ 146
Bismuth Bi3+ 103 Substituting Ti4+ 66,201
Lanthanum La3+ 103 Surface interstitials 114–116
Neodymium Nd3+ 98 Surface interstitials 117
Samarium Sm3+ 95 Surface interstitials 104
Europium Eu3+ 94.7 Surface interstitials 70,107
Gadolinium Gd3+ 100 Surface interstitials 106
Terbium Tb3+ 92 Surface interstitials 106
Erbium Er3+ 89 Surface interstitials 108,109
Ytterbium Yb3+ 86 Surface interstitials 107
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The 3d and s species of copper hybridize with Ti-3d orbitals and
produce localized defect levels above the maximum of the
valence band. These defect levels effectively shift the valence
band towards a longer wavelength. Impurity levels and oxygen
doping can widen or narrow the bandgap.256 Fig. 35 exemplifies
the decrease in bandgap with Cu/S codoping.

Impedance measurements by intensity-modulated photo-
current spectroscopy (IMPS) and intensity-modulated voltage
spectroscopy (IMVS) are standard techniques for understand-
ing charge carrier kinetics in oxides. The time constant can be
calculated from the impedance semicircle of the Nyquist plot.
IMPS and IMVS analysis can provide electron lifetime and
transport time details. IMPS spectra consist of two semicircles,
one representing the trap limited transport time and the trap
free transport time. The effect of doping can be determined
from the trap mediated transport time and electron lifetime.

Doping TiO2 with Fe has a shorter trap limited transport
time and a longer electron lifetime than bare TiO2. Nb–Fe
codoped TiO2 samples take longer trap limited transport times
and longer electron lifetimes than the other samples. This
observation leads to the guesstimation that during Fe doping
of TiO2, there is the formation of Ti3+ donors and Fe traps.
Shallow Ti3+ donors cause shorter transport times, while Fe has
multiple trapping and de-trapping events, causing a longer
lifetime. Fe and Nb codoping introduces Nb5+ into the TiO2

lattice, creating further shallow Ti3+ donors and Nb5+ traps.
These shallow donors extend the electron lifetime through
electron excitation and trapping transport, allowing more diffu-
sion under illumination. Oxygen vacancies generated during
doping can act in favor of or against the charge collection during
transport. However, open circuit photo-potential transient ana-
lysis shows that the Nb addition to Fe-doped TiO2 facilitates
charge relaxation through the passivation of deep oxygen vacan-
cies generated by Fe doping. So, considering the OCP analysis,
deep oxygen vacancies in the shallow levels may favor electron
capture and de-trapping during photoexcitation.134

Doping TiO2 with Fe does not contribute much to bandgap
engineering. Nevertheless, doping with Fe and Nb together
significantly tunes the valence band position. The Nb doping
reduces the bandgap by 0.01 eV, and the valence band position
shifts to 0.11 eV. There are also similar effects on the conduction
band edge. Even though the final bandgap of TiO2 does not seem
affected, there is an influential band re-tuning with the codoping.
Only doping, donor generation, and trap state generation can
account for this bandgap tuning.

Nitrogen and sulfur codoping also shows a reduction in the
bandgap. Nitrogen is responsible for bandgap reduction, and
sulfur facilitates the electron transfer process. Considering
strontium and vanadium codoping, V doping into TiO2 ends
up in the stoichiometric reduction of Ti4+. Vanadium is also
responsible for the formation of isolated energy levels near the
conduction and valence bands, contributing to the PCE. The
reduction facilitated by V leads to increased carrier density and
improvement in photoresponse. At the same time, introducing
strontium, a relatively high ionic radius ion (Sr2+), causes
distortions in the TiO2 lattice. These distortions accumulate
oxygen vacancies across the lattice and extend the life of
photoexcited electrons and holes. Chromium doping intro-
duces isolated energy levels near conduction and valence bands
like V. The reason for these isolated energy levels is excess
holes. These holes are responsible for the acceptor band near
the TiO2 valence band.250–252,265

Similar to copper–sulfur doping, zirconium–nitrogen codoping
causes an increase and decrease in the bandgap.261 Fig. 36 shows
the Zr/N doping concentration in TiO2 and the corresponding
change in the bandgap.

This study argues that the change in bandgap is connected
with particle size variation (Fig. 37). When the particle size
increases, the bandgap decreases. Simultaneously the reduction
in bandgap results in increased cell efficiency. On the other
hand, aluminum–nitrogen doping shows a similar bandgap
trend to Zr/N.79 There is a limitation to concluding the doping

Fig. 35 Decrease in bandgap with Cu/S codoping.

Fig. 36 Zr/N doping concentration in TiO2 and the corresponding
change in bandgap.
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concentration and bandgap relationship due to the non-uniformity
of reported doping concentration units. Fig. 36 roughly describes
the connection between the bandgap and doping concentration.
More or less, each dopant pair shows a decrease in the bandgap
when materials are added in small amounts. However, adding
materials beyond an optimum point decreases the doping effect
and increases the bandgap.

5. Composite doping

Composite materials are macroscopic combinations of two or
more distinct materials having a finite interface. They have been
introduced into several industries in diverse forms. Doping and
adding composites into TiO2 have attracted considerable atten-
tion since they have significantly increased the PCE of DSSCs.
Adding various composite nanostructures into TiO2, including
nanoparticles, nanobelts, and nanofibers, through different
synthesis methods has advantages in tailoring its properties.
Creating TiO2-elemental composites plays a significant role in
the flexibility and performance of the resulting material. In some
studies a significantly low amount of material is added into TiO2

for better performance. This is called composite doping. This
composite impurity added to the TiO2 can alter the photoanode
performances and increase the efficiency. Composite dopants
include metal composites, MW CNT composites, semiconductor
composites, polymer carbon nitride composites, carbonate com-
posites, and amine composites.266–269

Functional nanocomposites involving metals improve the
photocatalytic electron transfer process. Semiconductor–metal
composites can sustain charge separation to a great extent.
When Pt creates an ohmic type contact with ZnO, Au–ZnO
creates a Schottky type contact.270,271 Introducing Au into bulk
TiO2 and producing a metal nanoparticle composite reduces
charge recombination, increases thermal and chemical stabi-
lity, and inhibits non-radiative quenching.272 In this case, the
Au–TiO2 composite has higher absorption due to the surface
plasmon effect provided by Au. In another study, 0 to 0.6 wt% of

Ag nanowires coated with SiO2 were applied to TiO2. The strength
of the material, photon capture ability, and Jsc were significantly
increased.273 F. Zheng and Z. Zhu showed that Au nanoparticles
in TiO2 nanofibers exhibited broad surface plasmonic absorp-
tion. The Au concentration in the anode conversely affected the
DSSC performance beyond the optimum loading.274 Considering
the available metal composite data, a N,S codoped silver nano-
particles decorated photoanode showed an exceptional increase
in PCE. When the control sample (bare TiO2 based) had 2.57
percentage efficiency, a codoped composite sample-based DSSC
exhibited 8.22 percentage efficiency. The concentration of Ag NPs
plays a dynamic role in the efficiency of the DSSC. When N,S doping
reduced the bandgap, shifted the optical absorption towards the
visible region, and suppressed the charge recombination, Ag nano-
particles harvested more light owing to the surface plasmon effect.
The synergetic effect of codoping and Ag silver nanoparticles
amplified the photocurrent generation, and consequently the effi-
ciency of the DSSC.252 Fig. 38 compares the effect of metal
composite doping on the percentage increase in PCE.

TiO2, dyes, and electrolyte interfaces have been studied since
the beginning of the DSSC invention. Significant research is on
the electron injection from dyes into the conduction band of TiO2

since it is a crucial mechanism in determining efficiency. Various
semiconductors were developed and deposited over TiO2 to
modulate the interfacial properties. Some include metal oxide
semiconductors with wide bandgaps such as NiO, Bi2S3:Eu3+,
Cu2O, NiO, NiO:Eu+Tb, and ZnO nanobelts. ZnO and TiO2 exhibit
identical physical properties and bandgap values. The electron
mobility and crystallization ability of ZnO are better than those of
TiO2. But ZnO-based photoanodes have comparatively lower
PCEs than TiO2 based DSSCs. This is primarily due to the poor
dye-ZnO electron injection kinetics. The synergy of ZnO nano-
belts and TiO2 contributes to PCE by improving charge transfer
efficiency and large surface area. ZnO nanobelt@TiO2 also shows
an increased carrier lifetime and fast electron transfer.269

Similarly, Bi2S3:Eu3+ can act as the down-conversion lumi-
nescent composite anode material. Bi2S3 transfers electrons to
TiO2, and the Eu3+ metal ion improves photocatalytic performance.
P-type NiO is a wide bandgap semiconductor that is thermally and
chemically stable. A photoanode, a combination of NiO and TiO2,
enhances the charge separation and increases the PCE.275 These
samples—Bi2S3:Eu, NiO, NiO: Eu, and Tb—display excellent effi-
ciency and only a slight increase in PCE due to composite doping.
On the other hand, Cu2O shows a tremendous increase in PCE.
Cu2O studies have been conducted by fabricating QDSSC, CdS,
and ZnS layers. Cu2O is one of the most potential p-type semi-
conductors for photovoltaic applications. It has high charge
mobility and high minority carrier diffusion length. When the
control QDDSC shows mere 1.17% efficiency, a Cu2O incorporated
QDDSC offers 3.01% efficiency. Contrary to the PCE, the effect of
adding Cu2O is much higher.276 Fig. 39 shows the increase in PCE
with each semiconductor composite dopant we have discussed.

Carbon nitrides, carbonate groups, amines, and carbon nano-
tubes have also been used for creating composites. A graphene–
C3N4–TiO2 composite exhibits a 29.3% improvement in PCE when
used as a photoanode in a QDSSC. It has a suitable band structure

Fig. 37 Doping concentration vs. bandgap.
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and chemical-thermal stability for use as a photoanode. This
material increases the roughness and makes the loading of CdS
QDs easier.268

When comparing the efficiencies of other composite dopants,
the efficiency of g-C3N4@TiO2 seems to be less. There are two
studies on carbonate doped TiO2: one in 2016 and the other in
2018.227,277 Carbonate doping results in a structure called
a carbonate doped mesoporous microstructure (doped MS).
A carbonate-doped mesosphere structure-based DSSC has higher

PCE than carbonate doped MS nanospheres. Nevertheless, the
increase in PCE is more in DSSCs based on carbonate based MS
nanospheres.227 Carbonate doping produces a band tail state
which effectively reduces the bandgap. Carbonates increase
porosity and decrease electron recombination, and enhance the
redox coupling. In the case of a carbonate-MS-NS@TiO2-based
photoanode, the carbonate reduced the internal cell resistance
and improved the electron lifetime. The reduced internal cell
resistance led to high light absorption and fast electron transport

Fig. 38 Metal composites and percentage increases in PCE. Data points are labelled with references.

Fig. 39 Increase in PCE with different semiconductor composite dopants. Data points are labelled with references.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ni
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

4.
02

.2
02

6 
00

:5
1:

40
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00059a


3438 |  Mater. Adv., 2023, 4, 3399–3451 © 2023 The Author(s). Published by the Royal Society of Chemistry

in carbonate based DSSCs.277 Fig. 40 shows the increase in PCE
with different composite dopants such as carbonates, amines,
and carbon nanotubes.

Aniline, an amine, has recently been doped into TiO2 to
achieve better photocurrent generation. Reduction of TiO2

nanocrystal size using long-chain monoamines decreases the
transmission. Amine capping improves efficiency and increases
light scattering to a great extent. Amine groups such as aniline
and o-phenylenediamine have active sites that can enhance
PCE. The ability of nonmetal dopant’s N2p and O2p orbitals to
modify TiO2 and reduce the deposition in interstitial sites has
drawn attention towards non-metal doping. The operational
strategy behind amine group doping is to improve photocur-
rent generation, increase electron transfer dynamics and
reduce recombination in the scattering layer. It has long been
known that amines affect morphology (by controlling TiO2 size
and providing an increased surface area) as well as reflectivity
and PCE.278 In this study, aromatic amine passivated TiO2 is
prepared through a hydrothermal method. After amine cap-
ping, there is a reduction in crystallinity, and broadening in the
XRD peak. Due to the formation of coordination bonds, there is
a shift observed in the XRD peak. From reflectance studies, it is
evident that amines increase the absorbance. By using FTIR, it
is clear that the broadened N–H stretching reveals the fermi
resonance of N–H and O–H peaks. The overlapping of N–H and
Ti–OH bonds confirms the presence of aromatic amines in the
TiO2 lattice. The increase in reflectivity is due to the amines
attached to the crystal surface. These amines reduce light
penetration into the TiO2 surface and the pi electrons in
aromatic rings absorb light. This effectively reduces the

scattering and increases the absorption.267 However, the con-
trol cell efficiency and amine-doped photoanode-based cell
efficiency are high. The effect of amine capping is insignificant
compared to other composite dopants.267

Cr(III) doping into TiO2/MWCNTs results in an incredible
increase in PCE. Impurities in the TiO2 lattice act as charge
trapping sites and improve the rate of charge transport in DSSCs.
MWCNT@TiO2 alone increases the efficiency by 4.6 percent. The
percentage increase in PCE is around 300%. When Cr(III) is added
to the matrix, the percentage increases from 6.18% to 7.69%. The
overall increase in efficiency becomes 6.17 percent, which is
around a 400 percent increase.279 Au nanoparticles and MWCNT
composites also enhance the PCE by 30 percent. Compared with
Cr(III), this is less. However, the control DSSC cell efficiency is
higher here (5.09%) than the Cr(III)@MWCNT composite (1.52%).
An Au@MWCNT composite-based DSSC has comparable effi-
ciency (6.61%). This improvement in efficiency is attributed to
the synergetic effect of Au and MWCNTs through improved
charge generation and enhanced light absorption.266

6. Dopant distribution in the TiO2

lattice – summary

Numerous studies have examined how dopants are distributed
and where they are located within the TiO2 lattice. This posi-
tioning information is collected from XPS, FTIR and XRD
observations. The TiO2 lattice can integrate a dopant to:

(a) Substitute Ti4+,
(b) Substitute Ti4+ and produce Ti3+,

Fig. 40 Increase in PCE with different composite dopants. Data points are labelled with references.
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(c) Substitute O2�,
(d) Substitute O2� and induce Ti3+ formation,
(e) Go into interstitial sites and
(f) Go into surface interstitials.
The ionic radius of the dopant is a critical factor influencing

the nature of doping. Dopants with a comparable atomic size
of Ti4+ substitute it and causes slight rearrangements and
distortions in the lattice. In rare cases, these substitutions lead
to the surge of Ti3+ in the lattice. The ionic radius depends on
factors such as coordination number, spin state, crystal radius,
and electron configuration. Even in detailed ionic radius stu-
dies, if there is an uncertainty in coordination number or a
deviation from the radius vs. valence plots then the obtained
ionic radius values may not be that reliable.280 Keeping that
aside, a significant number of dopants replace Ti4+ such as
Mg2+, Ca2+, Sr2+, Sc3+, Y3+, Zr4+, V5+, Nb5+, Ta5+, W4+, Cr3+, Mn2+,
Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, In3+, Sn4+, Bi3+, and Al3+.
Among these, bigger ionic radius atoms such as Sr2+, Bi3+, and
Ca2+ cause lattice distortions and changes in crystalline
information.

It has been suggested that replacing Ti4+ ions may result in
Ti–O–Cr structures and oxygen vacancies. This Ti4+ withdraws
electrons from superficial hydroxyl groups and reduces to Ti3+:

Ti4+ + Cr3+ + e(O2�) -T3+ + Cr3+ + Ovacancy

Iron (Fe2+) and copper (Cu2+) also result in the creation of
Ti3+ trap states, just like chromium (Cr3+) does. In a way
analogous to this, fluorine (F�) substitutes oxygen and pro-
duces Ti3+ ions, improving the effectiveness of charge collec-
tion. Due to its great electronegativity, it interferes with the CB
of TiO2 and prevents electron recombination. Since oxygen
(O2�) and nitrogen (N3�) have similar ionic sizes, nitrogen

can easily replace oxygen. There are some conflicts regarding
the oxidation state and position of nitrogen dopant in the TiO2

lattice. The presence of Ti–O–N bonding indicates the presence
of N� ions.55,224,229–231,281 FTIR, XPS, and XRD studies show
that lithium (Li+) and boron (B3+) are introduced into the
interstitial sites.

Some researchers claim that no rare earth elements can pass
through the TiO2 lattice due to the larger ionic size. They either
form Ti–O–La bonding on the surface or are in the surface
interstitials of TiO2. This bonding increases the surface area
and oxygen vacancies of TiO2. When doped with rare earth
elements, photovoltaic devices that use TiO2 perform better.
When doped, La3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, Er3+, and Yb3+

remain in the surface interstitials.
Sulfur shows a peculiar behavior when doped into TiO2. It is

challenging to establish the oxidation state of sulfur when
doped.223 Although sulphur has oxidation states ranging from
S6+ to S2�, there is no evidence that S2� (1.7 Å) would replace
O2� (1.22 Å) atoms; instead, S6+ (0.29 Å) would replace Ti4+ (0.64 Å).
In addition, O2� and Ti4+ ions with various oxidation states might
get randomly substituted, significantly disturbing the lattice.245,246

The entire discussion is summarized in Fig. 41, which illustrates
the distribution of dopants in the TiO2 lattice.

7. Conclusion

This review developed a framework to analyze the doping of
TiO2 based on the PCE of sensitized solar cells. This review
helps researchers to identify, analyze and plan doping in TiO2

electrode-based power sources. Beyond this review, this frame-
work can be used for all electrochemical systems, including
hydrogen generation, supercapacitors, and batteries. We

Fig. 41 Distribution of dopants in TiO2 (references provided in Table 8).
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identified and summarized significant elements in the periodic
table doped into TiO2 and their effect on the material’s PCE, Jsc,
Voc, FF, and morphology.

We compiled information on TiO2 dopants, such as the
treatment/coating used, sub-type of doping, structure, synth-
esis and fabrication method, Voc (V), photocurrent density
(mA cm�2), FF, PCE (%), percentage increase in efficiency due
to doping, bandgap (eV), application, sensitizer/dye, and peri-
odic classification of element types (which are included in each
section). We have 106 observations where single-element doped
TiO2 is used for developing DSSCs, 34 data points where
codoped TiO2 is used when making DSSCs, and 15 data points
where composite doped TiO2 is employed to fabricate DSSCs.
According to our knowledge, this is the largest, complete
information data set available until now.

Doping is not merely creating a change in electronic band
structure; rather, it is altering the morphology and distribution
of atoms throughout the lattice, and how these factors affect
PCE. Throughout the review, we discussed how doping impacts
the TiO2 crystal structure, alters the bandgap, and affects PCE.
According to electron transfer dynamics studies, the morphology
of the crystal surface influences the inhomogeneous distribution
of the conduction band.27,29 Fig. 42 features how doping
increases and decreases PCE. In general, all the post-transition
element dopants, nitrogen, Al–La, Zr–N, and Ca–La (codopants)

show high charge transfer resistance compared to other dopants.
It is also found that bigger atoms that are not able to penetrate
the lattice facilitate the charge transfer process.

Three main factors which affect the PCE have been identi-
fied as the concentration of dopant, the size of doped TiO2

particles, and the band gap of the doped TiO2 electrode. The
concentration of dopant is critical in the doping procedure. The
concentration of dopant affects the size of dopant, recombina-
tion rate, transport rate, film resistance, diffusion coefficient,
and oxygen vacancies. These effects are discussed with exam-
ples of Sr, Gd, Sc, V, Zr, and Nb doping.99,106,127,145,170,184,228

The efficiency decreases when the dopant concentration is
below or above an optimum amount. The challenge involved
in doping is finding the optimum point of peak performance.
Having a control sample is necessary to understand the
research progress in global standards. Many research papers
lack data on the bare TiO2-based control cell to compare the
doping effect and understand the role of doping in PCE. Voc, Jsc,
or FF alone is not enough to comprehend the effect of doping.
We need to determine the increase in PCE from that of the
control-based DSSC sample. However, to summarize, Voc is
increased using Mg, Cu, Nb, W, Ga, In, N, and S-doped TiO2,
whereas Zr, Ag, and Ca–La doped TiO2 reduce Voc. The short
circuit current increases in Sr, B, Sb, Nb, I, N, S, N–L, Ag, and
Au-doped TiO2, but the Jsc decreases in Mg-doped TiO2.

Fig. 42 Summary of TiO2 doping.
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The size and morphology of the doped samples are altered
by doping. As a result of doping, nanoparticles, nanowalls,
nanotubes, nanowires, and nanoflower structures have been
created. The doped material has optimum dimensions that
provide the highest PCE, similar to the concentration’s
influence on PCE. When the dimensions increase above this
optimum point, the PCE is drastically reduced. The particle/
crystallite size and doping concentration impact PCE. A material’s
bandgap has an impact on its electrical and optical characteristics.
The PCE increases as the bandgap narrows. Some scientists
contend that the bandgap influences PCE as a result of the
bandgap influencing crystallite size.

Among all of the doping methods, codoping might be
referred to as sensible doping. Codoping correlates the syner-
gistic effect of two or more dopants, contributes to both Voc and
Jsc simultaneously, and improves PCE. Single dopants contri-
bute to either Voc or Jsc. Their synergetic effect also contributes
to thermal stability, reduction in the bandgap, and enhanced
surface area. One element enhances the short-circuit current,
boosts electron transfer, and minimizes carrier recombination.
The other element contributes to Voc, provides isolated energy
levels close to the conduction band, lowers the bandgap, and
participates in codoping. Codoping significantly boosts carrier
density and enhances photoresponse.

Regarding green energy technology, doping has a bright
future in research and applications. A negligible amount of
resources can alter the properties of non-toxic, abundant
semiconductors so they serve as excellent light-harvesting
energy materials. This review has the highest PCE data to the
authors’ best knowledge. It gives a holistic view of doping of
TiO2 based on PCE in sensitized solar cells. This review will
help future researchers understand the role of TiO2 dopants
in PCE.
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