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ARTICLE INFO ABSTRACT

Keywords: Mesoporous TiO2 doped with cu®*, Mn?*, and Ni®* ions nanomaterials with 0.4% content of dopant ions were
DssC synthesized via the optimized sol-gel method. Experimental results were compared with an extensive theoretical
DOPed'TiQZ study of doped-TiO; nanoparticles using density functional theory extended by Hubbard correction. Structural
I;A;;ziﬁ?gln ng dy analyses performed indicate anatase structure (with minor impurity of brookite) of spherical-shaped nano-
Oxygen vacancy particles with a size below 15 nm. Further, XPS and EPR analyses confirmed the doping of metal ions into TiOy
Nanomaterials and the formation of oxygen vacancies. The characteristic narrowing of the energy bandgap was observed with a
higher concentration of dopants than 0.4%. Nanomaterials were used to fabricate solar cells sensitized with N3
dye. Comprehensive analysis of photovoltaic results combined with theoretical calculations has been provided to
propose a working principle mechanism of electron transport in the investigated nanomaterials. Each metal ion
used during the nanomaterials’ synthesis caused a different effect on the DSSC performance resulting from the
structure of their energy bandgap. TiO, doped with Cu?* and Mn?* indicates a remarkable decrease in con-
ductivity instead of TiO2:Ni?*. Therefore, the most effective nanomaterial for DSSC application turned out to be

Ti0:0.4 %Ni?* with a photoconversion efficiency improvement compared to standard P25 titania.

1. Introduction

In the pursuit of a better eco-world, where human beings’ existence
depends on increasing the accent on taking care of our planet, the
renewable energy source gains a great potential. Solar energy attracts
great attention among different sustainable sources due to its silent,
abundant, and environmentally friendly power [1]. Although silicon-
based photovoltaic technology is still dominating the global market,
researchers are looking for other solutions unceasingly [2]. One of them
is dye-sensitized solar cells (DSSCs) — photovoltaic systems whose most
promising application is highly efficient powering the wireless devices
using indoor light in line with the Internet of Things concept [3].
Moreover, low-cost manufacturing and the possibility of forming thin
and flexible solar systems increase their meaning from the economic
perspective [4].

The DSSCs consist of photoanode (semiconductor with adsorbed dye
molecules), counter electrode (thin layer of redox catalyst), and elec-
trolyte in the interelectrode space (made of organic solvent with redox

mediator) [5]. Briefly, dye molecules after absorption of a photon are
excited from the ground state to the higher electron state. Then, an
electron is injected into the semiconductor’s conduction band (CB) and
transported through an external circuit to the counter electrode.
Meanwhile, the oxidized dye is regenerated by a redox mediator.
Finally, the donated electron from the working electrode reduces the
redox species. The whole cycle is closed and then repeated as long as
illumination occurs. As can be seen, many processes belong to the
photoconversion mechanism, and hence, every DSSC component is
crucial for its proper working. However, particular attention should be
paid to the semiconductor/dye interface present in the working elec-
trode. Photoanode is usually made by a thin layer of binary or ternary
metal oxides, such as TiOy, ZnO, CeO,, Al,O3, SrTiO3 and ZnySnO4
[6-11]. Among the compounds mentioned above, titanium dioxide
(TiOy) is the most commonly used material for the production of pho-
toelectrodes [12]. It results from, among others, relatively small
toxicity, chemical stability, and large specific surface area (providing
better contact with a higher amount of dye molecules) [13]. Moreover,
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due to the bandgap value of 3.20-3.22 eV, the TiO, shows an improved
electron injection rate and low charge recombination, which directly
influences the photoelectrochemical properties of DSSCs [14].

Even if TiO3 occurs naturally in three kinds of polymorphs: anatase,
rutile, and brookite (and the higher number obtained synthetically), the
first one is the most favorable for DSSC application [15,16]. Park and co-
workers justified that the short-circuit photocurrent of an anatase-based
DSSC indicates about 30% higher value than in the rutile-based cells,
which stems from the fact that electron transport rate is slower in the
latter being [17]. The brookite structure is considered to be challenging
to obtain synthetically [18]. What is more, similar to rutile, brookite
indicates non-effective electron conduction between titania nano-
particles that decreases DSSC’s photoconversion efficiency [19].
Although anatase stands out from the other structures, it is not flawless.
Due to the high energy bandgap and low thermal stability at higher
temperatures (phase transformation to rutile), researchers are still
looking for new solutions to modify TiO5 to improve its electronic and
structural properties [20]. There are three commonly known strategies
to change TiO; properties: bandgap’s narrowing, oxygen vacancy for-
mation, or introduction of impurity energy levels [21]. Generally, it can
be obtained by size-controlled syntheses or incorporation into TiO2
crystal lattice dopants like metal and nonmetal ions [22]. Kumaravel
et al. show that oxygen vacancies are formed after doping Mo®" ions into
TiO4 [23]. It causes a reduction of Ti** and Mo®* ions, which leads to
the creation of additional energy levels in the bandgap above the
valence band (VB) and improves photocatalytic activity [23]. On the
other hand, Bramhankar and co-workers prepared co-doped TiO with
Ni%" and Zn?" ions and optimized their concentration to enhance elec-
tron injection efficiency by narrowing energy bandgaps and lowering
the CB edge [24]. As can be seen, proper bandgap engineering can
introduce relevant changes in the DSSC’s working mechanism.

An insight at the atomic level is needed to explain the energy bands
arrangement of the doped TiO2 and predict the role of ions and struc-
tural changes in their electronic properties. That can be obtained by
introducing quantum chemical calculations into a used methodology to
study the properties of semiconducting materials. Compared to experi-
mental reference data, the first level calculations analyzed can explain
the intramolecular charge transfer occurring at the photoactivated sur-
face of dye and doped semiconductors. Therefore, we present a holistic
approach to investigating TiO, nanomaterials doped with d-block metal
ions (Cu®*, Mn2+, Ni®") in a theoretical and experimental way.

2. Materials and methods
2.1. Computer simulations

In the presented work, computer simulations based on the first
principle calculations studied the electronic properties of defected
structures of TiO5 in anatase form. The mentioned structures were based
on supercells built of 2 x 2 x 1 TiO, anatase crystal (a-TiO3) unit cells.
One Ti atom was substituted by one M = Ni, Mn, or Cu metal atom in
each supercell, making the My o6Tig.0402 structure. The oxygen vacancy
v(0) was also created in the metal-doped structures.

Structural and electronic properties were performed for the studied
atomic structures using the Vienna ab initio simulation package (VASP)
in version vasp.5.4.4 (VASP Software GmbH, Vienna, Austria) [25-27].
Electron structures of all atoms were described by sw-GW basis sets. The
quantum chemical calculations were performed with generalized
gradient approximation (GGA) applied to the density functional theory
(DFT/GGA) method [28]. The Hubbard correction was used to avoid
problems occurring with a description of the 3d electrons localized on
transition metal atoms [29]. In this case, the rotation-invariant LSDA +
U method introduced by Liechtenstein et al. was used [30]. The U and J
parameters representing Coulomb interaction energy and exchange en-
ergy, respectively, were specified separately.

In quantum chemical calculations, the Hubbard correction was used
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only for 3d electrons of Ti, Ni, Mn, and Cu atoms. The J parameter was
fixed as 1.0 eV for all atoms to optimize the geometry of all crystal
structures. During the geometry optimization procedure, the Coulomb
interaction energy parameter for the Ti atom was specified as Ur; = 6.0
eV, for Mn, Cu, and Ni atoms: Uy, = 8.0 eV, Uc, = 7.0 eV, and Uy; = 6.0
eV were selected, respectively [31-36]. The geometry optimization
searching was performed, allowing full relaxation. The positions of
atoms and lattice parameters were relaxed by applying the conjugate
gradient method. A plane basis set was expanded in energy cut-off equal
to 520 eV, and k point sampling was generated by the Monkhorst and
Pack scheme with a mesh of point 8 x 8 x 8 [37]. The total energy
calculation over the Brillouin zone was made using the linear tetrahe-
dron method with Bloch correction [38-40].

Electronic properties of the studied crystals were calculated
following a simple path in the Brillouin zone depicted as I'-F-Q-Z- I’
where F (0.0; 0.5; 0.0) and Q (0.0; 0.5; 0.5). The spin-polarized calcu-
lation with Fermi smearing was performed. Computations were
augmented by Hubbard correction applying Ur; = 9.25 eV and Uy, =
7.00 eV [31,32,41]. In the case of Ni and Cu atoms, the Hubbard pa-
rameters for energy band calculations were the same as those described
above and used for a geometry relaxation, i.e., Uy; =6 eV and U, =7 eV
[42,43]. The J parameter was equal to 1 eV for all atoms.

The electrical conductivity for each studied doped-TiOy structure
was calculated using BoltzTrap code, i.e., solving the semi-classic
Boltzmann transport equation with the constant relaxation time (tgr)
approximation [44].

2.2. Materials

Titanium(IV) isopropoxide (TTIP, 97%), titanium(IV) chloride
(99.9%), N3 dye (95% NMR), a-terpineol (96%), ethylcellulose (p.a.),
iodine, 1-propyl-3-methyl-imidazolium iodide, guanidine thiocyanate,
and 4-tert-butylpiridine were obtained from Sigma Aldrich (St. Louis,
MO, USA). Acetic acid, nitric acid, anhydrous ethanol, ammonia water
solution (25%), acetonitrile, copper(Il), and manganese(Il) nitrates of an
analytical grade were obtained from POCh (Gliwice, Poland). Other
chemical reagents, such as nickel(I) nitrate (>97%), isopropanol (i-
PrOH, 99.8%), acetone (p.a.), and chloroplatinic acid (99.9%), were
purchased from Fluka (Buchs, Switzerland), WITKO (£6dz, Poland),
PPH Stanlab, (Lublin, Poland), and Merck (Darmstadt, Germany),
respectively. During the whole experiment, demineralized water pre-
pared in our lab was used. Reference titanium dioxide nanopowder was
P25 Aeroxide (Evonik Industries AG, Essen, Germany). Transparent
conductive glass (TCO) and ionomeric foil, such as fluorinated tin oxide
glass (FTO) and Meltonic, were obtained from 3D nano (Krakéw,
Poland) and Solaronix (Aubonne, Switzerland), respectively.

2.3. Synthesis of TiOz:Cu®*/Mn?*/Ni?*

The TiO;:M?* (M = Cu2+, Mn2+, Ni?*) nanomaterials were synthe-
sized using the modified sol-gel method [32]. Typically, 0.592 mL of
TTIP was added into 200 mL of i-PrOH and stirred vigorously for 15 min.
Then, a 10 mM solution of acetic acid in i-PrOH was added dropwise for
additional 40 min. During this time, aqua solutions of metal nitrates
were prepared with a total volume of 30 mL. Details on the amount of
added precursor, XRF results (percentage contribution of metal ions in
TiO, nanomaterials), and labels of samples prepared in this work are
available in Table 1. The concentration of metal nitrates was optimized
to obtain a 0.4% amount of dopant ions into TiO5 matrices. Therefore,
nanomaterials with 0.4% content of M%>* ions were named TiO3:M (M =
Ni, Cu, Mn), and the others were labeled M—1 and M—2, corresponding
to the increasing concentration of dopant ions. The solutions mentioned
above were injected into the as-prepared mixture of TTIP and acetic acid
in i-PrOH using a syringe pump with a 0.5 mL/min rate. Subsequently,
0.4 mL of nitric acid was introduced, turning the solution cloudy. After
heating under reflux conditions for 75 min, an additional portion of
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Table 1
Description of samples corresponding to the amount of added precursor and XRF
results.

Nanomaterials’ Nanomaterials’ Working Amount of M2+
labels (series) labels electrodes’ added [%]
labels precursor
[mol]

TiO,:Cu?*" TiO:Cu TiOp:CuFTO  2.02- 107 0.421
Cu-1 Cu-1_FTO 6.19 - 10° 1.348
Cu-2 Cu-2_FTO 1.00-10* 3.457

TiOy:Mn?* TiOx:Mn TiO3:Mn_FTO  2.02-10° 0.398
Mn-1 Mn-1_FTO 6.19 - 10° 0.509
Mn-2 Mn-2_FTO 1.00-10* 1.301

TiOx:Ni%* Ni-1 Ni-1_FTO 2.02-10° 0.124
TiOx:Ni TiO,:Ni_FTO 6.19 - 10°° 0.377
Ni-2 Ni-2_FTO 1.00-10* 0.563

deionized water (7 mL) was added, and finally, after refluxing the
mixture for 24 h, precipitates were filtered under reduced pressure. As-
obtained samples were dried overnight at 60°C. Then, as-obtained ma-
terials were divided into two parts, where the first one was used to
prepare a viscous paste and for analyses. The second part was annealed
at 450°C for 2 h (7.5°C/min) and intended for further research.

2.4. Preparation of DSSC components and cells assembling

Viscous pastes based on previously prepared samples were done
keeping the following ratio of the ingredients: 3 g of doped TiOz:M2*
material, 1 mL of acetic acid, and 20 mL of ethanol which formed
mixture A and was held in an ultrasound bath for 3 h. Meanwhile, so-
lution B was prepared by mixing: 10 mL of a-terpineol, 1.5 g of ethyl-
cellulose, and 13.5 g of ethanol. When the solution B was added into the
solution A, the as-obtained mixture was ultrasonicated for an additional
hour and then vigorously stirred overnight [45]. After removing excess
ethanol, titania pastes were deposited on previously cleaned FTO glasses
(1:1 v/v, ethanol, and acetone mixture — 30 min in an ultrasonic bath)
using the “doctor blade” method and annealed at 450°C for 2 h with a
ramp rate of 7.5°C/min. As-prepared photoanodes were immersed in a
40 mM TiCly aqueous solution and heated to 70°C for 1 h to form a
protective, dispersive layer on TiO2 coatings. Then, electrodes were
washed with deionized water followed by ethanol, dried, and annealed
at 450°C (ramp rate 7.5°C/min) for 30 min. An ethanolic N3 dye solu-
tion (10" M) was employed to sensitize the titania electrodes. Typically,
the active area of as-prepared photoanodes was approximately 0.125
cm?. Counter electrodes with a Pt layer were prepared by wiping the
FTO glasses with a tissue soaked in the HyPtClg solution (23 g/L of Pt in
ethanol) and subsequently calcined at 450°C for 30 min [46]. Finally,
both electrodes were combined with an ionomeric foil (25 pm thick)
sealant. The interelectrode space was filled with an electrolyte (aceto-
nitrile solution consisting of 0.03 M iodine, 0.6 M 1-propyl-3-methyl-
imidazolium iodide, 0.1 M guanidine thiocyanate, and 0.5 M 4-tert-
butylpiridine), injected through the holes predrilled in the counter
electrodes.

2.5. Dye loading determination

Working electrodes with around 3 cm? titania layer sensitized with
N3 were prepared according to the above procedure to determine the
amount of adsorbed dye molecules. Every photoanode was immersed for
30 min in the 2 M ammonia solution in ethanol. Subsequently, the
desorbed dye solution was investigated using ultraviolet-visible
(UV-vis) spectroscopy at 310 nm based on the calibration curve. Five
photoelectrodes were prepared with every material synthesized in this
work to obtain reliable results, and measurement results were averaged.
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2.6. Characterization of materials and instrumentation

The crystal structure of as-obtained materials was analyzed by X-ray
powder diffraction (XRD) measurement using a D8 Advance diffrac-
tometer (Bruker, Billerica, MA, USA) with Cu Ka (A = 0.15406 nm). The
concentration of metal ions was determined by X-ray fluorescence
spectroscopy (XRF) on MiniPal2 equipment (PANalytical B.V., Almelo,
The Netherlands). The calibration curves were done by mixing metal
oxides (CuO, MnO, and NiO) with P25 and grounding in the ball mill
(Mixer/Mill 8000 M, Spex, New York, NY, USA) to determine precisely
the amount of dopants ions in the TiOy structure. Further crystal
structure analysis was employed by Raman spectroscopy using the inVia
Raman microscope (Renishaw plec, Wotton-under-Edge, UK). Plots of
relative pressure vs. volume of adsorbed N, were obtained by a Nova
1200e sorptometer (Quantachrome Instruments, Boynton Beach, FL,
USA). Transmission and scanning electron microscopy (TEM, SEM)
techniques were used to characterize the morphology of doped-TiO,
samples at Hitachi HT7700 microscope (Hitachi, Tokyo, Japan) and FEI
Quanta FEG 250 (FEI Company, Hillsboro, OR, USA) operating at an
accelerating voltage of 100 kV and 30 kV, respectively. Thermogravi-
metric analysis (TGA) was developed in the air atmosphere (30-1000 °C
with a temperature ramp 10 °C/min) using Jupiter STA 449 F3 (Netzsch
GmbH, Selb, Germany). Functional groups on the surface of investigated
materials were determined using Fourier-transform infrared spectros-
copy (FTIR) on an IFS-66/s spectrometer (Bruker, Billerica, MA, USA).
Bandgaps were calculated based on diffuse-reflectance spectroscopy’s
(DRS) results obtained on Cary 5000 spectrometer (Varian, Palo Alto,
CA, USA) equipped with an integrating sphere of diameter 100 mm. The
surface chemical state and surface bonding were investigated via X-ray
photoelectron spectroscopy (XPS) at an ultra-high vacuum on the SPECS
Surface Nano Analysis GmbH spectrometer (Berlin, Germany). The
paramagnetic centers were observed on electron paramagnetic reso-
nance (EPR) spectra recorded at 77 K on an X-band (~8.9 GHz) CW-EPR
SE/X-2547 spectrometer (Radiopan, Poznan, Poland) with 100 kHz
modulation of a magnetic field and a reflection resonator. The photo-
electrochemical parameters of prepared DSSCs, such as the current
density and photovoltage characteristics (J-V), and electrochemical
impedance spectroscopy (EIS), were recorded on Gamry Interface 1000
Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, PA,
USA). The Sun 2000 class A Solar Simulator (ABET Technologies, Inc.,
Milford, MA, USA) was used as a light source under AM 1.5G (100 mW/
cm?) conditions. UV-vis spectroscopy was employed to determine the
amount of dye adsorbed on working electrodes, carried on a Cary 50
spectrometer (Varian, Palo Alto, CA, USA). Incident photon to current
conversion efficiency (IPCE) was investigated on Bentham PVE300
EQE/IPCE (Bentham Instruments Limited, Reading Berkshire, UK).

3. Results and discussion
3.1. Theoretical calculations

The structures of a pure and defected supercell of TiO, were relaxed
using DFT/PBE + U methods. Hubbard correction parameters for Ti
atoms equal to Ur; = 6 eV and Jy; = 1 eV were used the same as in our
previous work [32]. Analyzing the crystal structure of pure a-TiOy using
mentioned parameters was proved that the length of its unit cell in-
creases by about 2% concerning the reference experimental structural
data. Electronic properties of defected a-TiO; structures will be calcu-
lated by applying the 2 x 2 x 1 TiO; supercell model. It was proved that
the structural parameters of the supercell are consistent with experi-
mental reference data. The ratio c/a of the cell length is the same as
measured in the experiment. It is worth noticing that the total energy per
atom for the 1 x 1 x 1 TiOzand 2 x 2 x 1 TiO4 unit cells are practically
the same. It means that the 2 x 2 x 1 relaxed structure can be applied to
study the electronic properties of defective systems based on a-TiO; (see
Table 2).
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Table 2

Structural parameters of the stoichiometric and nonstoichiometric a-TiO,
calculated by the DFT/GGA + U methodology (Ur; = 6.00 eV, Uy, = 8.00 eV,
Ucy = 7.00 eV, Uy; = 6.00 eV, and Jr; = Jyn = Jeou = Jni = 1.00 eV) compared
with reference experimental data.

Structure a(a=Db) c [;\] c/a Total energy/
[A] atom [eV]
1 x 1 x1TiO, 3.85 9.71 2.52 -8.74
Experimental 3.79 9.51 2.51 -
reference data [47,48]
3.78512(8) 9.51185(13) 2.513
[49]
2 x 2 x 1TiO, 7.69 (3.85) 9.70 2.52 -8.73
2 x 2 x 1TiOyv(Ti)  7.72(3.86) 9.62 2.49 —8.43
2 x 2x 1TiOyv(0)  7.68(3.84) 9.72 2.53 —8.70
2 x 2 x 1 TiOx:Ni 7.68 (3.84) 9.64 2.51 —8.48
2 x 2 x 1 TiOxNi_v a=773 9.68 2.49 —8.52
(@®) (3.86) 2.52
b=7.66
(3.83)
2 x 2 x 1 TiOx:Cu 7.71 (3.85) 9.66 2.51 —8.40
2x2x1TiOxCuv a=7.68 9.76 2.54 —8.46
0) (3.84) 2.53
b=7.73
(3.86)
2 x 2 x 1 TiO5:Cuy, 7.75 (3.88) 9.67 2.49 —8.54
2 x 2 x 1 TiO2:Mn 7.68 (3.84) 9.70 2.53 —8.50
2x2x1TiOxMnv a=7.69 9.78 2.54 —8.54
©) (3.84) 2.53
b=7.73
(3.86)
2 x 2 x 1 TiO3:Mnjy, a=17.72 9.73 2.52 —8.60
(3.86) 2.51
b=7.74
(3.87)

The main idea of the theoretical part of the present work was to
model the structural and electronic properties of the TiO, crystals
defected by dopants. Defects such as Cu, Mn, or Ni atoms were intro-
duced into the crystal structure in a substitutive position of the Ti atom.
The oxygen vacancies v(O) were investigated in metal ion-doped
structures. Data presented in Table 2 shows that the titanium va-
cancies v(Ti) destabilize the TiOq structure creating the system with
higher total energy per atom than calculated for the stoichiometric
crystal. Analyzing the data presented in Table 2, one may see that the v
(O) does not affect the crystal structure as it is done by v(Ti). It allows
concluding that the a-TiO; crystal structure with the v(O) presence is
very probable. In the case of the typical defects appearing in semi-
conducting crystals described as AB, structures, the v(O) does not make
any significant crystallographic parameter changes compared with the
pure structure. In addition, the energy per atom shows almost the same
value as it was obtained for the non-defected structure. In contrast, in
the case of v(Ti), critical changes in the structure are observed as sig-
nificant decreases of the c/a and low crystal stability.

In Fig. S1 (Supplementary Information), the electron density differ-
ences for the crystals 2 x 2 x 1 TiO2_v(0) — 2 x 2 x 1 TiO; are presented.
One can see that the electron deficiency is seen in the place of the oxygen
vacancy. The isosurface of electron density difference is also seen in the
neighboring oxygen atoms. When the v(O) is created, the neighboring
oxygens possess more electrons than is noticed for the stoichiometric
crystal. The Ti atoms lying in the a-b plane close to v(O) are moving in
the direction of vacancy, but the Ti atoms lying in the c direction close to
vacancy are moving towards the vacancy. From these Ti atoms, electrons
flow to oxygen atoms during vacancy formation. The movement of the Ti
atoms located the closest to the v(O) influences the lattice structure
modification of the 2 x 2 x 1 TiO,_v(0O) structure contracting the
structure in a and b direction and expanding it in the c direction.

Incorporating the Ni, Cu, and Mn dopants into the TiO, lattice in-
creases the total structural energy per atom. However, the Mn-doped
structure retains the most significant structural rigidity, and Cu doped
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one stays with the lowest stability. It is worth noticing that the atom
radius of Ti, Ni, Mn, and Cu atoms are 147, 125, 137, and 128 pm,
respectively [50,51]. Therefore, it means that all dopants are smaller
than Ti atoms. Consequently, the chosen dopants in the amount of 6% do
not stabilize the 2 x 2 x 1 supercell crystal model of the TiO,. The Ni
atoms as dopants are too small to correctly substitute the oxygen octa-
hedral environment, and it shows significant changes in crystallographic
parameters. In the case of Cu dopants, their bigger atom radius protects
the structure from substantial changes. In contrast to the Ni and Cu
dopants, the Mn atom saves the TiO5 structure. It can be seen that the Mn
atom can be added into a pure TiO2 structure without any significant
stress. The Ni dopants can be added to the TiO structure only in a low
concentration because they make considerable crystal stress. On the
other hand, a higher concentration of Ni shows significant crystal
instability.

The addition of the v(O) into doped crystals stabilizes their structures
in all cases. It means that the structures with chosen metal dopants are
more probable when the doping atoms are accompanied by v(O). In the
case of Cu and Mn dopants, they were also introduced into the TiO,
structure in the interstitial position, Cuj,, and Mnj,, respectively. The Ni
doped structure with atom added in interstitial position was not stable,
and these structural parameters are not presented in Table 2. The Cuyy
and Mn;, dopants stabilize the structures more than those introduced in
substitutional positions, but the crystal structure parameters are more
affected. Therefore, it was decided not to consider these structures by
modeling them in coexistence with vacancies.

The a-TiO; crystal structure’s electronic properties were correctly
predicted using Hubbard parameters equal to Uy; = 9.25 eV and Jp; =
1.00 eV [32]. The energy gap calculated for the (2 x 2 x 1) a-TiO using
mentioned parameters equals 3.18 eV when the corresponding experi-
mental reference data is 3.20 eV. Consequently, the Hubbard parameters
for dopants to calculate the electronic structures of modeled crystals
were chosen as Uy; = 6.00 eV, Uy = Uy = 7.00 eV, and for all atoms,
the J = 1 eV. The electronic band structures of the a-TiO5 crystal with
Cu, Ni, and Mn dopants in substitutional positions are presented in
Fig. 1. In all cases, added metal atoms create a double energy state in the
bandgap, near 1 eV higher than the VB’s maximum. Mostly d electrons of
M2t jons mixed with O 2p electrons create these additional energy
states. In the case of Cu and Mn ions, one of the added energy levels is
built by combining M?" and Ti electrons because the dopants change
their environment, acting on the first oxygen neighbors and second line
of Ti neighbors. As the smallest dopant, the Ni does not act at the second
line of neighbors built by Ti atoms. The electron density of states (DOS)
(see Fig. S2 in the Supplementary Information) computed for these
mentioned energy levels is relatively small compared to the remaining
energy level. The DOS of discussed additional energy states calculated
for the Cu dopants is constructed by spin-down electrons, while for Mn
by spin-up electrons. Dopants almost do not change the energy state in
the CB, but the VB is significantly affected by the Cu atoms. Changes in
the VB affected by the p electrons system of the O atoms are not seen in
the case of Ni and Mn dopants. The VB edge flattening by Cu atoms
caused the higher effective mass of the holes compared to the pure or Mn
and Ni-doped structures. The Ni and Cu dopants decrease the energy gap
compared to the pure TiO, system, whereas the Mn ions do not change
the value of the energy gap of the a-TiO. The Mn and Cu dopants lead to
the preservation of the energy gap indirect-type, while the Ni atoms
change it up to a direct one.

The pure a-TiO5 and defected structure with v(O) exhibit an indirect
bandgap, critical for photovoltaic properties. The v(O) gives an addi-
tional acceptor energy level created mainly by d electrons of Ti atoms
mixed with p electrons of O atoms, with very low DOS [32]. The v(O)
with Cu dopants make a critical change in the O p electron system,
creating a VB (see Fig. 2). Because the v(O) increases the energy gap of
the o-TiO2 crystal structure (Eg = 3.28 V) also, the bandgap of the Cu
doped structure with v(O) is higher than the one of the Cu doped
structure and is going to be direct with E; = 3.20 eV. Here, the additional
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a) 2x2x1Ti02:Cu b)

Energy [eV]
Energy [eV]
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donor energy level composed of d electrons of Cu was created. The
mentioned energy state is almost flat, showing strong electron locali-
zation, and its dispersion does not depend on crystallographic direction.
As seen for the Cu doped TiO», the donor energy level is constructed by
spin-down electrons (see Fig. S3 in the Supplementary Information). In
the donor state, as discussed above, the electron transfer is associated
with a shortening charge carrier’s lifetimes caused by strong recombi-
nation centers that destroy the material’s photovoltaic properties.
Although, the Mn dopants with v(O) (see Fig. 2) show significant
changes in p electrons of the O atoms. These changes give an additional
doublet mixed O(p)-Mn(d) electron states, lowering the bandgap up to
2.92 eV, but the electron transition is becoming more indirect than the
one of pure a-TiO, material. The acceptor energy levels are created by
spin-down electrons (see Fig. S3 in the Supplementary Information).
The Ni dopants with v(O) do not show any significant changes in the
O electron system compared with o-TiOy (see Fig. 2). A fundamental
electron transition left indirect. The Ni dopants associated with v(0O) add
the donor and acceptor energy bands created mainly by the d electrons
of Ni atoms. The acceptor band has higher DOS intensity (see Fig. S3 in

the Supplementary Information) than the donor states. The fundamental
energy gap of this system (Eg = 3.33 eV) is higher than it is observed for
TiOs.

Analyzing the data presented in Fig. 3, one may conclude that the
metal atoms decrease the CB edge except for the Ni dopants. All studied
dopants associated with v(O) additionally reduce the edge of CB, which
is convenient for photovoltaic applications. The most impressive change
is seen for the TiO2:Ni_v(O) material (in comparison to the structure
without v(0)), which should go well with chosen dye.

The o-TiOy is an n-type semiconductor, and it can be seen by
analyzing the conductivity (s/7) versus chemical potential (see Fig. S4 in
the Supplementary Information). The peaks at negative chemical po-
tentials refer to n-type behavior, whereas positive chemical potentials
refer to p-type behavior of the material. The electron conductivity (s/7)
calculated for the TiO; crystal (see Fig. S4a in the Supplementary In-
formation) indicates the highest value at —4.66 eV, equal to 1.2%10%°
Qlem!s™L. For the hole, the conductivity is the highest for 1.2 eV, with
avalue of 1.0°10%° @ 'em s, It is worth noticing that the conductivity
for electrons and holes decreases for the TiOy with v(O) (Fig. S4b in the
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Fig. 3. CBs minima and VBs maxima for structures based on a-TiO5 (modified
with dopants and oxygen vacancies) and calculated by DFT/PBE + U method.

Supplementary Information). In pure a-TiO2, the number of electrons is
twice higher than the number of holes (see Fig. S5 in the Supplementary
Information). Incorporating oxygen vacancies causes the number of
electrons to decrease, keeping the same quantity of holes. In contrast to
a-TiOy, introducing Cu dopant into TiO, lattice leads to lower conduc-
tivity for holes and electrons. Moreover, the presence of the v(O) in the
Cu-doped TiO5 decreases the material’s conductivity of holes and elec-
trons twice (see Fig. S4c-d in the Supplementary Information). The
conductivity of the Mn-doped structure and associated with v(O) is
similar as it is observed for TiO, with Cu dopants (Fig. S4f in the Sup-
plementary Information). Unexpectedly, for Ni-doped TiO2, the share of
hole conductivity increases. On the other hand, introducing the v(O) to
this structure caused a decrease in hole conductivity while high energy
electron conductivity rose (Fig. S4g-h in the Supplementary
Information).

In the Cu-doped TiO, nanomaterial, the number of electrons slightly
decreases with increasing the number of holes. The number of holes will
be similar to the number of electrons. The v(O) presence in the Cu atom
doped TiO5 structure does not change the number of charge carriers
(Fig. S5 in the Supplementary Information). Similar behavior is seen for
the Mn dopant also associated with v(O). The Ni-doped TiOy possesses
the number of charge carriers comparable with pure TiOy. The v(O)
decreases the number of electrons saving the number of hole carriers.

3.2. Experimental results

3.2.1. Physicochemical characterization

Optimization of sol-gel synthesis led to obtaining materials with
similar transition metal ion content (about 0.4% based on XRF results),
as shown in Table 3. Nonetheless, other samples listed in Table 1 were
also characterized for a broader view of the problems raised at work, and
their parameters can be found in the Supplementary Information.
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Nanopowders of TiOx:M2" and corresponding working electrodes were
investigated using the XRD technique, as shown in Fig. 4a (and Fig. S6 in
the Supplementary Information). All tested materials crystallized in the
form of anatase, which was confirmed by a 1-084-1285 reference
pattern from the International Centre for Diffraction Data (ICDD).
Moreover, well-defined reflexes can be attributed to the high crystal-
linity of the samples. Low-intense reflexes, visible mainly in powder-
type samples, are assigned to the brookite phase (1-076-1937, ICDD).
Sharp and narrow reflexes, observed in the series annealed on TCO
substrates (TiO:M_FTO), come from the FTO and can be indicated as F-
doped tin oxide (2-1337, ICDD). There are no significant shifts of the
peaks after introducing dopants. However, there is a nanoparticles’
downsizing tendency: 12.92, 11.21, and 9.65 nm corresponding to Ni%*
Cu®", and Mn?t dopant (values calculated using Scherrer equation).
This slight discrepancy may be due to differences in atomic radius and
inconsiderable variance in the concentration of dopants (Table 3)
[52-54]. It is worth noticing that crystal size decrease with an increasing
amount of metal ions, for instance, 11.21-9.39 nm or 9.65-8.36 nm
corresponding to the Cu- and Mn-doped series except for the materials
doped with Ni?* ions (what can be explained by the lowest differences in
dopant concentrations, see Table 1 and in the Table S1Supplementary
Information). Dubey et al. elucidated it as a disturbance of the period-
icity of the TiO5 crystal lattice by the metal ions remaining on the sur-
face or grain boundary, which have not been able to enter into the
matrix in the octahedral position [55]. Sharma and co-workers also
indicate that the nanoparticles’ size reduction may result from the
emerging lattice defects and stacking errors [56]. On the other hand,
there is a significant difference in crystal size after annealing pastes on
the FTO substrate, which can be correlated with the migration of SnOy:F
nanoparticles into the TiO9 layer and inhibition of further crystallites
growth [32]. It is worth mentioning that there are no significant disor-
ders in the crystal cell parameters (see Table 3 and in the Table S1
Supplementary Information), which stay in line with our theoretical
calculation. However, as can be seen in Fig. S7 and
(Table S2Supplementary Information), there is a slight shift of the 101
plane to a higher angle after the incorporation of dopant ions into the
TiOs lattice, which can be proof of the successful substitution of titanium
atoms and as lattice contraction [57-59].

Raman spectra of M2* ions doped TiO,, are presented in Fig. 4b and
Fig. S8 (Supplementary Information). It can be distinguished five intense
peaks at about 145, 194, 397, 520, and 639 em ™}, relating to anatase
phase modes: Eg(1), Eg(2), B1g(1), A1g/B1g(2), and Eg3), respectively [60].
Moreover, three additional peaks at around 246, 323, and 367 em ! are
observed and attributed to the brookite residue (correlate with Ajg, By,
and By, respectively) [61]. None of the other peaks is noticeable, as
confirmed by the XRD results. It is worth noticing that in comparison to
the undoped TiO5 (143.5 cm’l), a slight blue shift (1-3 cm’l) of Eg(1)
vibrational mode after introducing metal ions was observed, as shown in
(Table S3Supplementary Information) [32]. Kernazhitsky et al. pointed
out that this mode is susceptible to the O/Ti stoichiometric ratio and
nanoparticle size [62]. Other phenomena such as phonon confinement,
defects, and strain of crystal lattice also can affect the position and
linewidth of Raman peaks [63]. As shown in Fig. 4b, the highest in-
tensity of the Eg(;) band among all the used dopant ions showed the
TiO2:Ni sample. Moreover, the further increase in the dopant content,
seen in Fig. S8 (Supplementary Information), results in a decrease in the
intensity of the Eg(1) mode, with slight deviations in the TiO:Ni*"/Cu®"

Table 3

Structural and photophysical parameters of as-prepared doped-TiO, samples.
Nanomaterial M2 [%] Dpiq [nm] a="b [A] ¢ [A] Cell vol. [A%] Aggr [mz/g] Vo [cm3/g] Sp [nm] Ref.
TiOy: Cu 0.421 11.21 3.79 9.51 136.53 45.6 0.204 8.1 This work
TiO2: Mn 0.398 9.65 3.79 9.49 136.19 56.6 0.274 10.0
TiOy: Ni 0.377 12.92 3.79 9.51 136.45 63.7 0.219 9.3
TiO, 0 12.85 3.79 9.51 136.54 69.4 0.156 3.8 [32]




A. Bartkowiak et al.

Applied Surface Science 597 (2022) 153607

o T T e B
Ti0,:Cu TiO,:Mn
z e TiO,:Ni .
g TiO,:Mn_FTO 5 o 4
i0,:Mn_| s 7
E 2 _2" ’J, f/ |
B = 14 A , [TouN
o % /
‘s TiO,:Ni_FTO g E 120 WM ¥ |
g ,:Ni_| £ E, Ay BBy By A,/B,, E, 5 100 ¥ 4 [ Ti0,:Mn
S 2 80 o o f’
=z TiO,:Ni 9
i g 60 Wo‘h”'""’s [
A T 40 TiO,:Cu
|‘ l Anatase Brookite o 20 2
: FTIN I T al - z ; ; - g 0 T T T T T T T T T
20 30 40 50 60 100 200 300 400 500 600 700 ° 0.1 0.2 03 04 05 06 0.7 0.8 0.9
>
26 [°] Raman shift [cm™] Relative pressure [P/P,]
100 0.1
d) e) ——Ti0,:Ni_60°C -~~~ TiO,:Ni_450°C
98 ——Ti0,:Mn_60°C - - - - TiO,:Mn_450°C
96 1
— 944 9 3
N @ 5,
i = >
S 2 0, Z £
= | s ) 3 c
90l AW\ ] % — TiO,Ni = = @ 3
2 g y F-03 = <
I ARAY e Ti0,:CU = = -
88 1 F “,,,
) +-0.4
864 -
84 -0.5

150 300 450 600 750 900

Temperature [°C]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]
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series of prepared materials. Yang and Ma explain that incorporating
metal ions inhibits the growth of TiO, nanoparticles, hence increasing
internal stress and inhibiting lattice vibrations [63]. The full width at
half maximum (FWHM) values also provide valuable information,
because the smaller the bands’ linewidth, the higher the crystallinity of
the material. Based on our previous results, FWHM for undoped TiOy
was 13.6 cm ! [32]. After doping M3t ions, the linewidth increased in
order: TiO3 undoped < TiO4:Ni = TiO2:Cu < TiO2:Mn. This phenomenon
can also be seen with higher Cu?>* and Mn?* ions content in the series
(see in the Table S3Supplementary Information), except for Ni*"-doped
TiO, series. Based on theoretical calculations (see Table 2), the
substituted Ni" ions cause significant discrepancies in the value of the ¢
parameter among the tested ions, which may affect the crystallinity of
the material [63]. Finally, phonon lifetime was also calculated using Eg
(1) mode, and a similar tendency to the FWHM values can be observed.
The latter supports the occurrence of the phonon confinement effect, as
discussed earlier, caused by decreasing nanoparticles sizes and imper-
fections in titania matrices [64].

The Ny adsorption-desorption isotherms were recorded and shown
in Fig. 4c and Fig. S9 (Supplementary Information) to investigate the
textural properties of the tested materials. According to the IUPAC
classification, isotherms’ shapes are consistent with our previous results
and may be assigned to the IVa isotherm type [32,65]. At higher relative
pressure, characteristic triangle hysteresis loops with H2a shapes are
observed in all investigated materials following IUPAC [65]. It proves
that pores with various morphology formed interconnected networks
leading to the formation of mesoporous type structure. It is seen in
Table 3 that the surface area decreases in order Cu > Mn > Ni. That does
not correspond unequivocally with the results obtained from XRD
(nanoparticles’ size). However, negligible differences in the percentage
of metal ions content may affect the structural differences in these series.
Summarizing the results obtained for all investigated TiOx:M>" series
(based on in the Table S4Supplementary Information), the surface area
varies between 45.6 and 79.6 m?/g, while pore volumes and diameters
are 0.159-0.376 cm®/g, and 7.6-11.4 nm, respectively.

The annealing temperature of the samples for the production of

DSSCs was determined based on TGA as shown in Fig. 4d (and Fig. S10 in
the Supplementary Information). Moreover, we distinguished four
characteristic weight losses based on the derivative thermogravimetry
(DTG) plots. At around 83-92 °C, the former can be assigned to the
dehydration process. At about 240-258 °C, the second one is connected
with the remaining from the M2+ sources nitrate ions’ thermal decom-
position to gases, e.g., NO, NOy, N2O, etc. [66]. Other weight losses
observed in the graphs at 396-401 °C and 560-576 °C may be linked to
decomposing organic substances and forming lattice defects, respec-
tively. That is consistent with a choice of the 450 °C as the optimal
calcination temperature applied during the DSSCs’ manufacturing
process.

The FTIR spectra, shown in Fig. 4e and Fig. S11 (Supplementary
Information), confirmed the abovementioned considerations. After
annealing, only three characteristic bands are visible: 450-660, 1631,
and 3200-3400 cm ™!, where the first one is assigned to the metalloxane
stretching vibrations M—O—M’ (where M and M’ are Ti, Cu, Mn, Ni),
and the other two are linked to the hydroxyl groups [67,68]. In addition
to these three bands, in a series of samples dried at a temperature of
60 °C, other peaks were observed, indicating possible reactions during
the synthesis. Among others, bands at 1385, 2426, or 2852-2974 cm!
are associated with 6(C-H) bonding (or nitrates ions), atmospheric CO,,
and —CHj, symmetrical as well as -CH3 asymmetrical stretching bonds,
respectively [69,70]. The groups or compounds mentioned earlier come
from the reagents present in the reaction medium, such as 2-propanol,
metal nitrates, or COy confined in the pores of titania nanopowders.
Similar to our previous study, we also observe peaks connected with
complexation reactions between metal ions and acetate groups. A signal
at around 1155 cm ™! is associated with vM(O-C), while two inconsid-
erable bands at 1431 and 1527 cm™! can be assigned to vgy;COO and
VasymCOO vibrations, respectively [71,72]. Both peaks correspond to the
formation of bidentate and bridging bondings between acetate and
metal ions, proven by frequency separation around 100 cm™! between
them [72,73]. On the other hand, a wide band from 1211 to 1241 em!
(asymmetric stretching vibrations) may stem from creating ester — iso-
propyl acetate after M—O—M’ species condensation reaction [73].
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To better visualize the morphological properties of analyzed nano-
materials, TEM and SEM techniques were employed. As shown in Fig. 5,
all obtained nanomaterials characterize the spherical shape of nano-
particles with a tendency to aggregate. Particles’ size distributions
calculated for all samples are narrow, and a growing trend: 11.30, 12.07,
and 13.54 nm can be seen in series Mn > Cu > Ni, respectively, which
also correlates with XRD results. However, differences can be seen be-
tween the data summarized in (Table S1Supplementary Information)
and the size distribution’s histograms shown in Fig. S12 (Supplementary
Information). However, considering the standard deviation values, it
can be assumed that the crystal sizes may be similar in all the samples.
Returning to the morphology of the studied materials, as seen in SEM
images (Fig. 5d-f), identical to TEM analysis, aggregates are observed in
M2 ions doped titania nanopowders. That process can be explained by
minimizing the high surface energy of nanoparticles that stems from
their nanosize [74]. It is worth noticing that characteristic pores are
visible, confirming results obtained from the N isotherm about forming
a mesoporous-type structure.

The chemical composition and identification of oxidation states of
the TiO2:M materials were analyzed using the XPS method (Fig. 6). All
spectra were corrected based on an adventitious carbon and set at 284.8
eV for the C-C/C-H band from the C 1s signal [75]. The photoelectron
spectra of the C 1s signal (Fig. 6a) also show two other characteristic
bands connected with C-O and O-C=0 bondings occurring at 286.3 and
288.8 eV, respectively [76]. The latter being was not visible in the TiO5:
Ni nanomaterial. The observations mentioned above stay in line with
our results obtained from FTIR measurements which indicate the pres-
ence of the organic residue on TiO2:M nanoparticles.

In contrast, two prominent peaks are observed in the O 1s core-level
spectrum (Fig. 6b) at about 530 eV and 531.6 eV. The former correlates
with lattice oxygen, while the latter is assigned to the hydroxyl groups
on the TiO; surface or defected TiO» [77]. The small band present at
533.2 eV in the TiO2:Mn can be attributed to the oxygen in C-OH bonds
[78]. As shown in Fig. 6¢, a significant peak of Ti 2pg,, at 458.6 eV with
a splitting between Ti 2p; 2 and Ti 2p3/3 equal to 5.7 eV corresponds to
anatase type structure [79]. Despite that, it is also worth noticing 2p
spin-orbit doublets at 456.8 eV and 463 eV connected with Ti®* ions
(Fig. 6¢, black arrows) [79]. During the heating, oxygen molecules break
off titania nanoparticles’ surface, and the resulting surplus of electrons
reduces the titanium in the oxidation state 4+ to 3+ [80]. The oxygen
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vacancy amount was calculated and presented in Table S5 (Supple-
mentary Information) based on the peak areas [81]. The concentration
of oxygen vacancies varies after incorporating dopant ions, which is a
commonly known effect [23].

In Fig. 6d, three spectra of specific core-level regions: Cu 2p, Mn 2p,
and Ni 2p, can be observed. The 2p3,» peak in Fig. 6d (top) at 932.2 eV is
typically assigned to the Cu™ rather than Cu®* ions [82]. Moreover,
there are no visible satellites characteristic of Cu®* ions. However, due
to the low signal intensity and the noise visible in the spectrum, the
oxidation state of the copper ion cannot be determined with certainty.
Surprisingly, no Mn and Ni species are detected on the TiOy nano-
materials’ surface. Sudrajat et al. explained that a high solubility of these
ions into the bulk region forms a solid solution and decreases the ions’
concentration on the TiO surface [83]. It is also worth mentioning that
it is not easy to measure Ni 2ps/» binding energy on the TiO, surface,
especially at such low metal ions content [84].

To better understand the nature of dopants in the TiO, matrices, EPR
measurements were made at 77 K, as shown in Fig. 7 and Fig. S13
(Supplementary Information). The anisotropic spectrum shown in
Fig. 7a presents two forms of Cu?* ions: substituting Ti** ions in the
matrices (g,=2.078 and poorly separated quadruplet centered at g =
2.362) and present on the titania nanoparticles surface (g, =2.099; g =
2.384) [85]. Moreover, the above-listed values of the g-factor are more
significant than the g values of free electron (ge = 2.0023). Their posi-
tion indicates that Cu?* jons are situated in an axially distorted octa-
hedral coordination in TiO3 lattice, consistent with our theoretical study
(differences in the parameter c value in contrast to the 2 x 2 x 1 TiO5
anatase) [86]. Moreover, charge compensation occurs with oxygen va-
cancies when substituting tetravalent ions with divalent metal [87].
However, the solid Cu?* ion paramagnetic center signal can mask peaks
connected with defects in titanium dioxide lattice. To sum up, EPR
measurements unambiguously confirm the oxidation state of copper
ions in TiO2:Cu material to be 2+.

On the other hand, Fig. 7b exhibits TiO:Mn isotropic spectrum with
central hyperfine sextet signals characteristic for disordered TiO, ma-
terial doped with Mn?** ions [88]. The shape and g = 2.000 factor
distinguished in the spectrum also indicate matched substitution of
Mn?* ions in the TiO; lattice [89]. As shown in Table 2, the parameter ¢
of the 2 x 2 x 1 TiO2:Mn obtained from the theoretical calculations is
similar to the undoped 2 x 2 x 1 TiOs. Therefore, it does not disturb the

Fig. 5. TEM (a-c) and SEM (d-f) images of TiO,:M nanomaterials with inserted particles’ size distribution histograms.
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investigated TiO,:M materials with extracted indirect energy bandgaps values.

titanium oxide structure, and the EPR measurements prove that. Iden-
tically to the TiO:Cu material, a poorly resolved spectrum of TiO5:Mn is
not allowed to observe other defects such as oxygen vacancies or the
presence of Ti>* ions in the material. Contrary to the above results in the
TiO9:Ni EPR spectrum (Fig. 7c), the characteristic peak g = 2.001 can be
distinguished from the electrons trapped in oxygen vacancies and two
peaks at g,=2.062 and g = 2.133 coming from Ni' ions [90,91].
However, low intensity of Ni* peaks can result from a negligible amount
of these species on the TiO, nanoparticles’ surface connected with
forming oxygen vacancies and metal ions reduction during heating
processes.

Kubelka-Munk graphs presented in Fig. 7d and Fig. S14a (Supple-
mentary Information) indicate intense absorption in the 200-400 nm
range due to the charge transfer from the VB (combination of 2p oxide
orbitals) to the CB (mainly formed by 3dtyg orbitals of Ti** jons) in TiO4
structure [92]. After introducing dopant ions into TiO,, a characteristic
absorption edge redshift can be noticed. The optical bandgaps of tested
materials were determined based on Tauc’s plots presented in Fig. 7e
and Fig. Sl4c-h (Supplementary Information). The bandgaps values
were plotted using ((xhu)l/ 2 vs. (hv) and (ochv)2 vs. (hv), which corre-
sponds to the indirect- and direct type of bandgap, respectively. How-
ever, Lopez and Gomez suggested that only the “indirect allowed
transition” equation should be used for TiO5 to avoid inconsistencies

[93]. As shown in Table S6 (Supplementary Information), data obtained
from this equation for materials with around 0.4% content of M2+ are
more related to our theoretical study (see Fig. 3). Even if the bandgaps
values obtained in the experimental part of this work do not differ much
from each other (3.18, 3.19, and 3.22 eV for Cu?*, Ni%*, and Mn?" ions,
respectively), we assume that energy bandgap structures with oxygen
vacancies should be taken into consideration (Fig. 2). Moreover, it is
worth mentioning that a higher concentration of particular ions leads to
lowering bandgaps values (see Table S6 in the Supplementary Infor-
mation), and it can explain theoretical end experimental discrepancies
observed for the energy gap of the M** doped a-TiO structure.

3.2.2. Photovoltaic characterization

Fig. 8a (and Fig. S15a-c in the Supplementary Information) shows J-
V curves of DSSCs fabricated with TiOz:MzJr nanomaterials, whose pa-
rameters are listed in Table 4 (and Table S7 in the Supplementary In-
formation). It is commonly known that open-circuit photovoltage (Voc)
is mainly a potential difference between the semiconductor’s Fermi level
and the redox mediator’s Nernst potential in the electrolyte (I'/13 in this
work) [94]. As the same electrolyte was used throughout the experi-
ment, the CB edge (related to the Fermi level) and the electron density in
the TiO, materials affect the Vg¢ value changes. Introducing M2* jons
caused a drop of Voc: 779.1, 777.1, 761.1, and 727.1 mV, corresponding
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Table 4
Photoelectrochemical parameters of investigated DSSCs.
Nanomaterial Voc [mV] Jsc [mA/cm?] FF [%] N [%] Naye [nmol/em?] IPCE [%] R; [Q] R» [Q] R3 [Q] T [ms] Ref.
TiO2:Cu 777.1 7.81 73.0 4.43 26.33 27.4 13.65 17.43 38.81 7.95 This work
TiO2:Mn 727.1 12.24 70.3 6.25 19.77 49.4 14.24 14.06 30.37 12.76
TiO4:Ni 761.1 16.30 64.3 7.98 22.71 78.2 28.60 7.67 27.52 10.18
TiO, 779.1 13.50 70.4 7.41 16.62 68.6 17.34 4.79 30.79 10.18 [32]
P25 756.1 13.62 72.7 7.49 46.55 68.1 14.29 4.99 30.24 5.49

to undoped TiOy, TiO2:Cu, TiO2:Ni, and TiO2:Mn, respectively. In other
words, substituted ions led to positive shifting of the CB edge [95]. Our
theoretical study can support that statement because, as shown in Fig. 3,
introducing oxygen vacancy caused a significant positive shift of CB.
However, it must be noted that VB maxima and CB minima calculated by
the DFT/PBE + U method concern about 6% content of dopants (sub-
stitution of one titanium atom by M atom in the discussed TiO2 super-
cell) and 6% of oxygen vacancies (removing of one oxygen atom) [32].
Therefore, the obtained experimental data do not unequivocally corre-
spond to the theoretical calculations. For instance, our previous work
showed that oxygen vacancies in undoped TiO, were formed mainly on
the nanoparticles’ surface during calcination, so a minor CB shift should
be considered. Moreover, in every series of TiO9:M2" (Table S7 in the
Supplementary Information), characteristic increases and then drop Voc
values are recorded. It may be induced by competition of oxygen va-
cancies and charge compensation influence.

Another investigated parameter, short-circuit photocurrent density
(Jsc), depends on the light absorption and hence charge collection ef-
ficiency [96]. As shown in Table 4, TiO, doped with Ni%" ions shows
remarkable improvement of Jsc compared to other nanomaterials. It is
also worth noticing the significant decrease of this factor in the case of
TiO4:Cu, which showed a slight difference in Voc values towards the
undoped or Ni-doped TiO,. It suggests that Vo is not directly propor-
tional to Jsc in the cases studied. On the other hand, bearing in mind that
Jsc is associated with the collection of sunlight, the relationship of this
factor to the amount of adsorbed dye (N4ye) was first considered. Metal
ions doping led to a reduction in the nanoparticles’ sizes and surface
area of the materials with a simultaneous three-fold increase in the pore
diameter, referring to the structural data. Nevertheless, a more signifi-
cant amount of dye molecules was noted on the doped nanomaterials’
surfaces, which may be due to a change in the binding affinity of the dye
to the doped-TiO5 surface (see Fig. S16 in the Supplementary Informa-
tion) [24,96,97].

Interestingly, although the obtained nanomaterials have Ngy. values
twice lower than P25, the example of TiO:Ni shows that it is not the
decisive factor affecting the efficiency of the cells [98]. Therefore, it is
worth paying attention to the fact that dopant ions incorporation
increased sunlight-harvesting properties of synthesized doped-TiO,
compared to P25. Moreover, Meng and Kaxiras, in their work, proposed
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a thesis that oxygen vacancies present on TiO5 surfaces may stabilize dye
adsorption and influence charge injection processes [99]. Our previous
work showed that introducing 3.7% Zr** ions into the TiOs crystal lat-
tice lowered the CB edge to the optimal level, ensuring the most efficient
electron injection process. The V¢ value for the constructed TiO2:Ni cell
is almost the same as when using TiO2:3.7 %Zr (761.1 and 764.1 mV,
respectively) [32]. It may indicate that we obtained a similar effect in
this work by tailoring the electronic structure of the TiO,-dye-electrolyte
interface [32]. Based on the computational calculation, it might be
assumed that additional donor-acceptor local centers (partly occupied)
support electron transport. Moreover, oxygen vacancies present in the
TiO2:Ni structure caused a bandgap type change into indirect, which,
together with donor-acceptor local centers mentioned above, increased
charge carriers’ mobility and Jsc.

It is worth noticing that further lowering of CB edge in the case of
TiO2:Mn (Vo = 727.1 mV) concerning TiO2:Ni (Voc = 761.1 mV) does
not show a positive influence on the Jg¢ factor. Although this positive
shift stays in line with theoretical calculations (Fig. 3), conductivity
properties should be taken under consideration to resolve discrepancies
connected with the Jsc. As shown in Fig. S4 (Supplementary Informa-
tion), the conductivity of electrons and holes in the TiO3 doped with Mn
and Cu ions after incorporating the v(O) decreases compared to the
undoped system. At the same time, introducing Ni dopants with v(O)
into the TiO; lattice caused a rise of conductivity, mainly electrons. That
also explains the difference in the photocurrent density values between
TiO9:Ni and TiO:Cu nanomaterials, which energy bandgap structures
nearby CB are pretty similar (Fig. 2).

Another crucial DSSC parameter, fill factor (FF), is regarded as a
result of inherent resistance (especially shunt and series resistance — R;)
and defines the quality of hand-made solar cells [100,101]. Therefore, to
better understand the data presented in Table 4, EIS measurements
should be considered. Thus, dependencies between the total device
resistance (Rt = R; + Ry + R3) and FF were plotted (Fig. S17a in the
Supplementary Information). As can be seen, the lower Ry, the higher FF.
However, there is an exception to the rule in the case of TiO,:Cu fabri-
cated DSSC. A more visible tendency can be seen in Fig. S17b (Supple-
mentary Information), where only R; (series resistance) was considered.
Therefore, the reduction in FF is mainly due to the discontinuities pre-
sent on the conductive glass caused parasitic effect increasing resistance
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[102]. Nevertheless, FF around 70% is a reasonable value reflecting the
excellent quality typical for a hand-made DSSC [103].

The most measurable parameter in the DSSC characteristic is power
conversion efficiency (). As shown in Table S7 (Supplementary Infor-
mation), the highest n values show nanomaterials with around 0.4%
content of dopant ions and then drop with further increasing concen-
tration. That may be related to the bandgap width, which decreases with
increased M2 ions content. However, a higher concentration of metal
cations in all TiOg:M2+ series leads to a V¢ increase and, hence, a
negative CB shift (see Table S7 in the Supplementary Information). Due
to the closer distance between the CB and the dye’s LUMO level, electron
injection has been decreased, affecting Jsc and hence 1. On the other
hand, the differences in the efficiency of the cells made of TiOy:Mn,
TiO2:Ni, and TiO,:Cu nanomaterials result from structural variations
and the structure of the energy bandgap caused by the orbitals of indi-
vidual metal ions [104].

The IPCE plots are revealed in Fig. 8b (and Fig. S15d-f in the Sup-
plementary Information), and their data are also collected in Table 4
(and Table S7 in the Supplementary Information). In a few words, this
technique allows the conversion efficiency of the incident photon con-
verted to the solar cell’s internal photocurrent to be determined at the
proposed wavelength. As the working electrodes in this experiment are
sensitized by N3 dye, their IPCE plots correspond to the absorption
spectrum profile of the dye. The IPCE values read at a maximum of
around 540 nm are related to the metal-to-ligand charge transfer band
[105]. As shown in Table S7 (Supplementary Information), IPCE results
parallel the Jg¢ values. Again, it can be concluded that mainly down-
ward shift of the CB to the optimal level and specific energy bandgap
structure enhance the electron injection and photocurrent, and decrease
at the same time recombination of back-electron by the electrolyte
[106].

The determination of charge transport kinetics and electron-hole
recombination processes in tested cells have been made by EIS. Typi-
cally, EIS is expressed as a Bode or Nyquist plot, fitted simultaneously
with the appropriate equivalent circuit model using specific software.
Consequently, Nyquist plot analysis gives information about DSSC’s
internal resistance presented in the form of three semicircles (in this
work, the last one called Warburg element connected with redox
diffusion resistance, is not observed). The R; (from the Nyquist plot as
the distance from zero to the first experimental point) is mainly caused
by TCO substrate or wires connection. In contrast, one of the most
critical resistances occurs in the TiO,/dye/electrolyte interface (Rs,
second semicircle), which directly affects the overall performance of the
cells. As shown in Table 4, the higher Rg, the lower the overall DSSC
efficiency is. The dramatic increase R3 parameter in the case of TiO2:Cu
can be connected with the energy bandgap structure and redox reaction
between Cu®" ions on the nanoparticles’ surface and iodide ions from
the redox medium. Wherefore, recombination processes compete with
charge transport, decreasing dye regeneration and hence n [107].
Moreover, that statement can be supported by the injected electron
lifetime values (t, estimated from the maximum frequency point of the
second semicircle, based on the Bode diagram), which indicates
extremely fast recombination with a higher concentration of Cu*" ions
in TiOy materials. As mentioned before, the conductivity of electrons
and holes in the TiO2:Cu nanomaterial is twice lower than in undoped
TiO4, which may also influence the R3 value.

However, the trend connected with Rz and 1 is not maintained in
every series of doped nanomaterials (see Table S7 in the Supplementary
Information). In the cases of TiO2:Mn?t/Ni%>" nanomaterials series, such
a strong contribution of recombination processes does not appear. Here,
it should be emphasized that the number of oxygen vacancies affects the
charge recombination kinetics because a visible correlation between Rs
and Voc can be observed. Subramanian et al. noticed that the back-
electron recombination is suppressed with a higher R3 value [106]. On
the other hand, surface states and oxygen vacancies can act as recom-
bination centers decreasing R3 [106]. Therefore, it can be concluded
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that introducing M2 ions at the beginning causes stress for TiO, matrice
lattice and appearances of oxygen vacancies, then further increase the
content of M%" ions seek to charge compensation and the number of
lattice defects decrease. Finally, after exceeding the appropriate amount
of dopants in TiO5 again, the number of oxygen vacancies increases.
That statement aligns with Vo¢ values and theoretical considerations
reflected in Fig. 3. The electron lifetimes for DSSCs made with 0.4%
Mn?* and Ni?' ions content in the TiO, materials are also worth
noticing. In the DSSC made with a TiO:Ni nanomaterial, the T value is
the same as pure TiO, and seems optimal. However, in the case of TiOy:
Mn, the longest T was recorded. Probably, it may stem from the struc-
tural properties of this material, which indicate the smallest nano-
particles (9.65 nm), and at the same time, has the biggest pores
diameters (10 nm) among other investigated nanomaterials.
Gonzalez-Verjan et al. noticed in their work that TiOy nanomaterial
calcined at 250 °C showed 6.93 £ 0.59 nm nanoparticles with the
highest in the mesoporous materials series pore diameter [108]. More-
over, they recorded the most extended electron lifetime of this material
and elucidated this fact as confinement of electrons in the CB, thus
lowering the efficiency of migration of these charge carriers through
mesoscopic film, reducing the n of investigated DSSC [108]. Therefore,
we suppose that a similar situation happened in the case of TiO2:Mn.

Finally, it is worth paying attention to the tendency between R and
charge transfer resistance at the counter electrode/electrolyte interface
(Ry, first semicircle) results because emerging recombination centers
caused an increase of R3 values and reduced charge transportation on
the mentioned interface (a drop of Ry values) [109,110]. Therefore, one
may say that Ry is a reflection of Rg values. Moreover, Ry and R; pa-
rameters are considered to have no major impact on the performance of
the cells [45].

4. Conclusions

Based on computer calculations, it was found that the cu?t, Mn?t
and Ni?* ions substitute Ti*" ions in the TiO crystal lattice rather than
inserted in the interstitial position. Moreover, we showed that highly
favorable systems are those with oxygen vacancies due to charge
compensation, based on lower total energy/atom values of particular
forms. The experimental results confirmed the above conclusions. The
TiO2:M2* nanomaterials were synthesized using modified sol-gel and
optimized to obtain similar content of dopant ions to compare the
properties of materials that differ only in the type of doped ion rather
than their content. Anatase structure (with minor impurities of brookite)
occurred in the tested samples, with nanoparticles’ sizes below 15 nm.
No rutile phase was observed, indicating that a 450°C annealing tem-
perature was optimal. Based on electron microscopy research, spherical-
shaped nanoparticles that tended to aggregate were recorded. Moreover,
characteristic tunnels and pores were observed, proving the mesoporous
structure of the materials (confirmed earlier by Ny adsorp-
tion—desorption analysis). The method of incorporating dopants was
established based on a combination of XPS and EPR techniques indi-
cating substitution of M2 jons into TiO, matrice, consistent with the
theoretical assumptions.

Introducing M2+ ions also caused the bandgap narrowing (except for
0.4% of Mn%* ions, which exhibit the same value as undoped TiO5).
Dopants and formed oxygen vacancies significantly rebuild the energy
bandgap structure of investigated systems compared to undoped TiO,.
The above changes’ influence was visible in the photovoltaic section,
where obtained nanomaterials were used for DSSCs manufacturing.
Again, a comprehensive analysis of the experimental data and computer
calculations helped elucidate the electron transport mechanism in the
studied structures. Moreover, we present a highly efficient DSSC made
by TiO2:Ni with a photoconversion efficiency improvement compared to
standard P25.
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