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ARTICLE INFO ABSTRACT

In the present investigation, optoelectronic modifications of the TiO, host lattice through insertion of Cr(III)
(0.5-3.0 mol.%) as a dopant and thereafter its composites with MWCNTSs prepared using single step in-situ sol-gel
route and its photovoltaic performance of the hybrids was investigated using Ru(II) based sensitizer. The phy-
sicochemical properties (viz. structural, opto-electrical, morphological and charge transfer behavior) of the
ternary Cr@TiO,/MWCNTSs NCs are compared with the TiO,/MWCNTs NC through various spectroscopic (XRD,
Raman, UV-Visible DRS, XPS, FT-IR, PL, TRPL and EIS measurements) and microscopic (HR-TEM with SAED)
analysis. TRPL and EIS studies reveals that, average life time of the electrons in the excited state increases and
interfacial charge transfer resistance decreases after the insertion of Cr(IIl) ion into the TiO, host lattice. After
the detailed physicochemical investigations, binder free NCs were deposited on the F:SnO, (FTO) by doctor-
blade technique using DMF and CH3CN solvents and then anchored with N719 dye. Finally, sensitized photo-
electrode sandwiched with Pt-counter electrode for making the sandwich dye sensitized solar cells (DSSCs) and
photovoltaic performance of the assembled devices was measured under AM 1.5 solar simulator for I-V and IPCE
measurements. The Cr ¢ 910@Tip.990C NCs based DSSCs shows highest photovoltaic conversion efficiency up to
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n = 7.69% which is 20% (n = 6.18%) higher to that of undoped TiO,/MWCNTSs based DSSCs.

1. Introduction

Recently, semiconducting ternary nanocomposites (NCs) have pi-
votal role in the leading potential fields of the sustainable survive viz.
energy conversion and storage (Chen et al., 2015; Rakhi et al., 2012;
Santra and Kamat, 2013), environmental remediation (Deng et al.,
2017), catalysis (Miao et al., 2017), sensing (Malik et al., 2018), bio-
medical (Regulacio et al., 2018), and electronics (Hu et al., 2018) due
to their well coverage of the optical region of electromagnetic spectrum
(Liu et al., 2013), tuning electronic properties (Mao et al., 2011), and
separation of charge carriers (Mondal et al., 2018) etc. Among these
potential applications, energy harvesting has a priority choice due the
present need of the sustainable energy and available conventional en-
ergy sources are insufficient to consume the modern society and also
injurious to environment (Yun et al., 2018). Hence, from last two
decades investigators intent on the efficient conversion of highly
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abounded sunlight into electrical energy through low cost, stable dye
sensitized solar cells (DSSCs) compared to conventional Si-based solar
cells and recently used perovskite based solar cell devices (Mathew
et al., 2014). From the discovery of DSSCs (O'regan and Gratzel, 1991),
investigators demonstrated, the semiconducting TiO, acts as an effi-
cient photocatalyst compared to others such as SnO, (Snaith and
Ducati, 2010), ZnO (Sakai et al., 2013), Nb,Os (Ou et al., 2012), and
SrTiO3 (Tang and Yin, 2015) etc. utilized for the DSSCs. Because of its
tunable morphology (Bai et al., 2014), opto-electronic properties (Lee
et al., 2012) higher chemical stability (Lee et al., 2012) and higher dye
loading capability compared to others (Bai et al., 2014). Also its HOMO-
LUMO levels are well matchable to the excited dye (De Angelis et al.,
2011), and hence recently reported the highest photovoltaic conversion
efficiency up to 14.5% for TiO, based DSSCs (Kakiage et al., 2015).
With these advantages, it has some constrains viz., it active only in the
UV region due to its wider energy band gap (Dette et al., 2014), and
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hence to resolve these issues various strategies were deployed such as
doping (metal/nonmetal), supporting metals, binary NCs through other
metal oxides, composites with carbon nanostructures and multi-
component hybrid systems (ternary NCs) to tune its optoelectronic
behavior and also to overcome its limits (Shwetharani et al., 2019).
Among these strategies, investigators emphasis more on the binary and
ternary NCs based photoelectrodes for several potential applications
due to its extraordinary properties compared to others and host mate-
rial.

Hence, recently our research group reported the binary TiO,/carbon
nanostructures (TiO,/RGO and TiO,/MWCNTSs) based NCs for DSSCs
through simple, room temperature in-situ sol-gel approach and reported
the optimized power conversion efficiency up to n = 6.23% for TiO»/
MWCNTs (0.1 wt% of MWCNTs) and n = 5.98% for TiO,/RGO (0.75 wt
% of RGO) NCs respectively (Delekar et al., 2018; Dhodamani et al.,
2019). However, these strategies forms the binary composites and also
investigators studied it for photovoltaic and reported the comparatively
lower power conversion efficiencies to those of recently used perovskite
or silicon based solar cells. Hence, to enhance the efficiency of the
binary composites further, it is interesting to prepare ternary hybrid
composites which will offers new insights to the host semiconductor
with remarkable properties which leads to enhance the photovoltaic
performance of the NCs. Hence, in literature it is seen that currently
only few research groups were studied the optoelectronic properties of
the ternary NCs in relation to leading potential areas.

Particularly, Yue et al. designed the ternary Cu/Ni/TiO, NCs based
electrodes for Li-ion batteries. In which the Ni deposited on the Cu-foil
through electro-deposition technique with operating current density of
0.4 A/cm? in 10 min. Afterthat, the TiO, NPs with binder and some
additives spread on the surface of the porous Cu/Ni current collector.
Investigator also demonstrated the enhanced electrochemical activity,
short Li-ion diffusion pathways, and higher specific surface area of the
ternary NCs due to the synergistic effect of porous Cu/Ni with TiO, NPs
(Yue et al.,, 2017). Kumar et al. investigated the enhanced photo-
catalytic degradation of dyes through ternary GO-SnO,-TiO, NCs via.
solvothermal route under sunlight irradiation and reported the 96%
and 98% degradation efficiency within 60 min and 70 min for methy-
lene blue and Congo red dyes respectively. Also revealed that the en-
hanced photocatalytic degradation efficiency was attributed to the
higher light absorption properties, efficient charge transfer process,
higher surface area and superior durability of the ternary NCs (Kumar
et al.,, 2016). Wang et al. fabricated a novel, highly sensitive ternary
Au/CuS/TiO, NCs based photoelectrochemical biosensor for the de-
tection of glucose, in which TiO, nanotubes were prepared by anodi-
zation of Ti foils with CuS and Au NPs deposited on it through SILAR
chemical route. The fabricated ternary NCs based non-enzymatic pho-
toelectrochemical sensor showed an excellent catalytic activity, favor-
able selectivity, good reproducibility and higher stability for glucose
detection under optimized conditions (Wang et al., 2018). In these in-
vestigations authors demonstrated the ternary NCs have excellent
physicochemical properties to that of binary and individual host ma-
terials and hence recently few investigations studied these ternary NCs
based photoelectrodes for photovoltaic studies. Particularly, Pan et al.
studied the ternary mercaptopropionic acid (MPA) capped CdS/CdSe
quantum dots (QDs) with TiO, shown the highest power conversion
efficiency up to 5.32%. In which, CdS/CdSe QDs with varying the
thickness of CdSe were prepared by high-temperature hot-injection
method and capped with MPA as a bi-functional linker and pipetting
these MPA-capped CdS/CdSe QDs on the surface of TiO, thin film fol-
lowed by the covering process with ZnS layer and finally sintered at
300 °C (Pan et al., 2012). However, in this investigation, author used
very complicated protocols for the fabrication of solar devices and also
the reported conversion efficiency was not up to the mark. Also, Yan
et al. designed the solid-state DSSCs through co-modified TiO, photo-
anode with fabricated g-C3N4 and Ag with hole transporting Material
and reported the highest power conversion efficiency up to n = 6.22%
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(Yan et al., 2016). However, author used costly and sophisticated ex-
perimental protocols with different steps required for the preparation of
the ternary NCs and hence which causes issues in the connectivity be-
tween the different components. Hence, to overcome these limits, it is
necessary to design simple, single step, lab-level chemical approach for
the preparation of ternary NCs with its proper connectivity, remarkable
physicochemical and charge transfer properties in relation to photo-
voltaic studies.

Hence, in the present investigation, choose Chromium (III) as a
suitable dopant for enhancing the optoelectronic behavior of the TiO,
host lattice of the binary TiO,/MWCNTSs NCs. Because of its resembles
properties with Ti(IV) and also the ionic radii of the Cr(III) 0.69 Ais
well matchable with the Ti(IV) 0.75 A ions; it causes the substitution of
Ti(IV) ions in the TiO, host lattice by Cr(IIl) and hence it is suitable for
making the desired doped TiO5 with MWCNTs NCs for the fabrication of
the ternary NCs (Zhu et al., 2010) and also Xie et al. investigated the
effect of the insertion of Cr(IIl) content (in ppm) into the TiO, host
lattice through hydrothermal route at 220 °C for 12 hrs. and reported
the highest power conversion efficiency up to n = 6.35% for 50 ppm
insertion of the doping impurities which appose to an efficiency of
n = 5.54% for undoped photoelectrode (Xie et al., 2013). The current
investigation also highlights the effect of the insertion of Cr(III) into the
TiO, host lattice of the TiO,/MWCNTs with their physicochemical and
photovoltaic properties compared to that of the undoped counterparts.

2. Experimental section
2.1. Synthesis of Cr@TiO2/MWCNTs NCs

Chromium-doped TiO»/MWCNTs (Cr@TiO,/MWCNTs) NCs with
varying the dopant Cr(IIl) content in mol.% was synthesized by using
in-situ sol-gel chemical route at room temperature. Particularly, the
stoichiometric amount of Chromium(III) nitrate was dispersed in 10 mL
DW separately and directly added into the running synthetic route of
TiO,, before forming the [Ti(OH)4]. Then, whole solution was hydro-
lyzed by the addition of the NH,OH, until pH = 10.0 for complete
hydroxylation. Afterthat, stoichiometric amount of functionalized-
MWCNTs dispersed in 10 mL DW separately with ultrasonic treatment
for 10 min and inserted directly into the above mixture (chromium/
titanium hydroxide) with continuous stirring. Obtained precipitate
washed with DW and finally in ethanol, dried in electric oven and an-
nealed at 450 °C for 2 hrs. The substitution of Ti(IV) ions by Cr(III) ions
was varied from 0.0 to 3.0 mol.% and respective ternary Cr@TiO,/
MWCNTs NCs were labeled as Crg goo@Tiq.000C [(Cr 0.0 mol.%),

(Tl = 100 mOl%)], Cr0'005@Tio_995C [(Cr = 05 mOlOA)),
(Tl = 99,5 mOl.O/O)], Cr04010@Ti04990C [(Cr 1.0 mOl.o/O),
(Ti = 99.0 mol.%)], Crg30@Tigo70C [(Cr = 3.0 mol.%),
(Ti = 97.0 mol.%)], and C = constant for O, and MWCNTs
(MWCNTs = 0.1 wt%).

2.2. Device fabrication and testing of DSSCs

Simple doctor-blade technique have been employed for the de-
position of binder-free NCs on the surface of F:SnO, (FTO) and annealed
at 450 °C for two hrs (Delekar et al., 2018). Deposited NCs thin films
were sensitized with N719 dye [0.3 mM (1:1 v/v tert-butanol and
acetonitrile)] for 18 hrs. under dark at room temperature. Then, the dye
loaded photoelectrodes were rinsed thrice with the 1:1 v/v tert-butanol
and acetonitrile solution for removing the unbounded dye. Afterthat,
0.25 cm? working area sandwiched with platinum counter electrode
[(precursors of Platinum (Platisol, Solaronix) deposited on In:SnO,
(ITO) by drop casting method and sintered at 450 °C for half hrs.]
through 60 um thick sealing thermoplastic Surlyn sheet at 80 °C. Fi-
nally, redox electrolyte (1.0 M LiI + 0.06 M I, in propylene carbonate)
was injected into the cell through a small hole into the counter elec-
trode, under the vacuum desiccator. Finally, sandwiched devices
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measured through photocurrent density voltage curve (I-V) and IPCE
under one sun illumination using 300 W Xenon lamp solar simulator
with AM 1.5G filter.

2.3. Measurements

X-ray powder diffractometer (Bruker D2-Phaser) with Cu Ka ra-
diation (. = 1.5406 f\) was utilized for the powder X-ray diffraction
(XRD) analysis. The Rietveld refinement of the raw XRD data was
analyzed through Rietveld FullProf program. The crystal structure
models of the desired materials were visualized through VESTA pro-
gram. Raman measurements were carried out by using the Raman
spectrometer (Bruker Multi-RAM). UV-Visible diffused reflectance
spectra (UV-Visible DRS) of all the materials were measured through
UV-VIS spectrophotometer (LABINDIA, UV 3092). A Fourier transform
infrared (FTIR) spectrum was measured with an infrared instrument
(Bruker, Tensor 27). JEM-100 CX II transmission electron microscopy
was utilized for the analysis of high resolution transmission electron
microscopy (HR-TEM) with selected area electron diffraction (SAED) of
the samples. Photoluminescence (PL) spectra of the representative
samples were recorded by using (JASCO FP-750). Elemental analysis of
the samples was measured by using (ESCA VG Multilab 2000, Thermo
VG Scientific UK). 300 W Xenon lamp solar simulator with AM 1.5G
filter (67005, Newport Oriel Instruments, USA) having source meter
(2400, Keithley) under illumination of 100 mW/cm? with one sun il-
lumination was utilized for knowing the cell performance of the as-
sembled DSSCs.

3. Results and discussion

Fig. 1 shows the XRD profiles of the synthesized TiO, (T), TiOy/
MWCNTs, and Cr@TiO»/MWCNTs NCs with varying the Cr(III) content
(0.5-3.00) in mol.%. The observed peak positions and their reflections
25.37° (1 0 1), 37.86° (0 0 4), 47.98° (2 0 0), 54.01° (1 0 5), 54.98°
(211),62.53° (20 4), 68.90° (11 6), 70.24° (2 2 0), 75.08° (21 5),
82.74° (3 0 3) are well matches to the anatase phase of TiO, (PCPDF-
WIN # 21-1272). Also, XRD pattern of MWCNTs (Fig. S1, SI) shows the
characteristics peak positions at 26.35° (0 0 2), 42.81° (1 0 0), 44.96°
(1 0 1) matches to the elemental carbon (PCPDFWIN # 41-1487). But,
these characteristics peaks are not appeared in the TiO,/MWCNTs as
well as Cr@TiO,/MWCNTSs NCs; it is due to the either least amount of
the MWCNTs or shielding of these peaks into the anatase phase of TiO,

JCPDS- 21-1272
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Fig. 1. XRD profiles of TiO, (T), TiO,/MWCNTs, and Cr@TiO,/MWCNTs NCs
with varying the Cr(III) content in 0.5-3.0 mol.%
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(Delekar et al., 2018).

The absence of other peaks in the Cr@TiO,/MWCNTs NCs: indicates
the Cr(III) did not forms the chromium oxide and also did not alter the
pure anatase phase of TiO, in the NCs (Inturi et al., 2014a). However,
the insertion of Cr(III) content (0.5-3.0 mol.%) into the TiO5/MWCNTSs
NC increases the crystallite size from 8.73 to 7.82 nm (Scherer's for-
mula) and cell volume decreases from 135.54 to 134.11 A2 respectively.
The various crystallographic cell parameters such as ‘a’, ‘c’, crystallite
size, cell volume and lattice strain are calculated and included in the
supporting information (Table S1, SI). The slight decreasing the crys-
tallite size and other cell parameters in the NCs after the insertion of Cr
content, it mainly due to the ionic radius of the elemental Cr (1.66 pm)
slightly lower to that of Ti (1.76 pm); which resides into the TiO, host
lattice by substitution of Ti(IV) by Cr(IIl) (Inturi et al., 2014b). It is also
seen that, as the content of Cr(III) increases into the TiO,/MWCNTSs
NGCs, slight change in the peak positions with peak intensity; it again
justified through the lattice sites of ions presents into the TiO, host
lattice of the Cr@TiO,/MWCNTSs NCs.

The quantitative analysis related to structural properties of the XRD
data after the insertion of Cr(III) content into the TiO,/MWCNTs NCs
was confirmed by using Rietveld FullProf program. Rietveld refinement
patterns of the TiO,/MWCNTs and Cr@TiO,/MWCNTs NCs with
varying the Cr(III) content is illustrated in the supporting information
[Fig. S2, (a to d)]. The final Rietveld refinement results show the
goodness fit (%) value around 1.30-1.40 indicates the well extent of
fitting. Also, the obtained refinement results show good agreement with
the calculated and observed patterns with respect to the various cell
parameters applied. The crystallographic cell parameters such as ‘a’, ‘b’,
‘¢’ in A and cell volume ‘V’ in A3 of the TiO,/MWCNTs and Cr@TiO,/
MWCNTs NCs with varying the content of Cr(III) (0.5-3.0 mol.%) from
Rietveld program and calculated from the XRD profiles are presented in
Table 1. Other cell parameters viz. Rp and Rwp obtained from the
Rietveld analysis are also included in the supporting information (Table
S1, SI).

All the indexed refinement results of the TiO,/MWCNTs and
Cr@TiO,/MWCNTs NCs suggest good agreement with the anatase
phase of TiO,. The crystal structure model of the Crg 10@Tip.9090C NCs
visualized through VESTA after the refinement and displayed in
Fig. 2(a) also the position of the elements and their bond length with
bond angle are also included in Fig. 3(b). The obtained Ti—O—Ti bond
angle with Ti—O bond length from the crystal structure models is in-
cluded in Table 1. It is seen that, after the insertion of Cr(III) into the
TiO,/MWCNTs NC, the Ti—O—Ti bond angle, and Ti—O bond length
enhances, it may be due to the substitution of Ti(IV) by Cr(IIl) in the
Cr@TiO,/MWCNTSs NCs.

Raman spectra of the representative TiO,/MWCNTs and
Cro.010@Tip.990C NCs powders are shown in Fig. 3. It shows the char-
acteristics peaks at ~144.59, ~398.20, ~516.54, and ~640.82 cm ™!
are well matches to the frequency vibration modes of the anatase TiO5
(Fig. S3, SI) viz. Eg, Byg, Ajg and Eg4(1) respectively (Tian et al., 2012).
Other peaks are not appeared in the frequency region at 100-650 cm ™!
indicates the prepared NCs free from other phases of TiO, viz. rutile and
brookite. It also shows the appearance of the D and G bands at 1344 and
1581 cm ™ in the NCs along with the vibration bands of anatase TiO,
corresponding to indicative disorder and ordered graphitic structure of
the MWCNTSs (Delekar et al., 2018).

Interestingly, after the insertion of Cr(III) content in TiO,/MWCNTs
NC, decreases the most intense peak of the anatase TiO, (Eg) with
shifting its peaks position into higher Raman shift value (inset of Fig. 3).
It was mainly due to the strain gradients originating from interface
integration of the Cr(III) content or the particle size distribution in the
NCs (Ikeda et al., 2008). Hence, decreasing the peak intensity with
shifting its characteristics peak positions in the Crg 910@Tig.090C to that
of Crp.000@Ti1.000C NC indicates the substitution of Ti(IV) by Cr(III)
ions into the TiO, host lattice of the TiO,/MWCNTs NCs (Cao et al.,
2013).
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Table 1
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Crystallographic cell parameters, (Ti—O—Ti) bond angle and (Ti—0) bond length of the Cr@TiO,/MWCNTs NCs with the varying the content of Cr (III) in mol.%,

obtained by using XRD powder analysis and Rietveld FullProf program.

Samples Cell parameters (XRD) Cell parameters (Rietveld) Ti—O—Ti bond angle (degree)  Ti—O bond length (A)
a=b@A Cc@A VA» D@m@m a=b@A c@A@ V@A) D@m 2

Cr0.000@Tig.000C 3.786 9.454 135.54 8.73 3.786 9.489 136.06 14.56 1.30 169.23 1.9063

Cro.005@Tig.995C 3.790 9.509 136.66 8.54 3.787 9.487 136.04 14.34 1.36 169.93 1.9190

Cro.010@Tip, 900C  3.787 9.500 136.29  8.43 3.788 9.489  136.09 14.26 1.34  170.01 1.9254

Cro.030@Tip, 970C 3.786 9.354 134.11 7.82 3.786 9.480 136.02 14.11 1.40 169.88 1.9128

(b)

Qo
F O Ti

Fig. 2. (a) Crystal structure model of Crg ¢10@Tio.990C NC viewed along with C
axis [A large slight blue sphere represents the Ti atoms while a red ball re-
presents the O ions] (b) Ti—O—Ti bonding arrangement in the NC crystal
structure, visualized through VESTA. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. Raman spectra of representative TiO,/MWCNTs and Cro 910@Tig.990C
NCs, shifting of the Eg band after the insertion of Cr(III) in TiO,/MWCNTs NC
(inset).

Fig. 4 (a and b) shows the TEM images of the representative
Cro.010@Tip.090C NC with resolutions 50 and 20 nm. It is seen that, the
well decoration of the Cr@TiO, NPs on the surface of MWCNTs having
particle size in the range between 6-8 nm. High resolution TEM mi-
crographs of the Crg ¢10@Tip990C NC shows the well-defined, com-
pletely crystalline and highly resolved crystal lattice fringes of the
Cr@TiO, NPs and the distance from the two respective fringes around
0.351 nm and close to the observed d-spacing value of the sharp peak of
the Crg.010@Tip.090C NC having reflection (1 0 1).

HR-TEM image also shows the appearance of the MWCNTs with

Cr@TiO5 NPs in the Crg o10@Tig.900C NC indicates the well chemical
connectivity between the Cr@TiO, NPs and MWCNTs (Fig. 4c). The
selected area electron diffraction patterns (SAED) of the
Crg.010@Tip.990C NC shows the usual ring pattern with good intensity
indicates the desired NC are good crystalline in nature (Fig. 4d). Also,
the observed distance from origin of the ring patterns well matchable to
the d-spacing values of the various reflections viz. (1 0 1), (0 0 4),
(220),(211) calculated from the XRD profile. The well anchoring of
the optoelectronically modified Cr@TiO, NPs would again enhances
the charge collection efficiency of the DSSCs, because the higher con-
ductivity of the MWCNTs tunes the optoelectronic behavior of Cr@TiO,
NPs (Mao et al., 2018).

To study the optical behavior of the TiO, matrix after the insertion
of Cr(Ill) content into the TiO, host lattice with incorporation of
MWCNTs, the UV-Visible diffused reflectance spectroscopy (DRS) was
used in the absorbance mode. UV-Visible DRS spectra of TiO, (T) shows
the absorption edge in the UV region (385 nm), while it slightly shifted
to the visible region (400 nm) with higher absorption intensity after the
incorporation of MWCNTs into the TiO, [Fig. S4(a), SI]. Also, along
with the synergistic effect of MWCNTSs with TiO,, the insertion of Cr(III)
doping in TiO,/MWCNTs NC benefits for additional absorption in the
red region of the spectrum to that of bare TiO, only and TiO,/MWCNTSs
NC [Fig. 5(a)]. Because, the insertion of Cr(III), enhances its absorption
edge in the region between 400 and 600 nm; it may be due to the 4f
states of Cr(II) minimizes the conduction band of TiO, and it re-
sponsible for absorbing the maximum photon flux of the spectrum
(Hwang et al., 2005; Inturi et al., 2014a). Also, as the content of Cr(III)
increases in TiOo/MWCNTs, the short hump observed in the visible
region (600-800 nm) with higher absorption intensity in the UV-Vi-
sible region (300-600 nm). Confirms, the substitution of Ti(IV) by Cr
(I11) ions and also it benefits for coverage of the spectrum to that of bare
TiO5 and TiO/MWCNTs NC. Overall, the hybrid Cr@TiO,/MWCNTs
ternary NCs based photoelectrode had a potential for absorption of
maximum photons in the broad region (UV-Visible) of the spectrum
and convert efficiently it into electrical energy (Zhu et al., 2006).

Fig. 5(b) shows the optical energy band gap of the Cr@TiO,/
MWCNTs NCs with varying the content of Cr(IIl), determined by Tauc
plot of the modified Kubelka—-Munk function (ahv)*/? versus photon
energy (hv) and fixed to the intercept tangent to the x-axis (Delekar
et al., 2018). TiO,/MWCNTs NC decreases the energy band gap from
3.2t0 2.89 eV after the incorporation of MWCNTs [Fig. S4(b), SI]. Also,
the insertion of Cr(III) content again decreases up to 2.65 eV signifies
the insertion of Cr(III) modifies the optoelectronic behavior of the TiO,
for better separation of charge carriers (Dholam et al., 2009).

The electronic behavior of the semiconducting material after the
insertion of Cr(III) into the TiO, host lattice of the TiO5/MWCNTs NCs
was studied through Photoluminescence spectroscopy. Fig. 6 shows the
PL spectra of TiOo/MWCNTs and Cr@TiO/MWCNTs with varying the
content of Cr(III). All the NCs show two distinct emission bands at 412
and 472 nm assigned to the band-band transition and defecate from the
oxygen species, having excitation wavelength at 365 nm (Delekar et al.,
2018). It is seen that, the insertion of Cr(III) increases in the NCs, the
emission peak intensity decreases indicates the better separation of
charge carriers and which benefits for enhancing the Jsc value of the
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2 1/nm

Fig. 4. (a and b) TEM images with resolution 50 and 20 nm, (c) HR-TEM and (d) SAED pattern of Crg 910@Tio.990C NC.

DSSCs (Wang et al., 2012).

FT-IR spectroscopy employed to knowing the different functional
moieties appeared from the MWCNTs and Cr(IIl) into the TiO,; and the
results are illustrated in Fig. 7. FT-IR spectrum of TiO,/MWCNTSs shows
the frequency regions at 3600-3000, 2810, 2740, 2195, 1601, and
1350 cm™' corresponding to the O—H stretching, C—H stretching,
C—OH stretching, C—O stretching, O—H deformation frequency vibra-
tions respectively (Delekar et al., 2018). All these frequency vibrations
originated from the functional moieties of the MWCNTs incorporated
into the TiO,. Also, shows the broad frequency vibrations in the range
between 900 and 400 cm™! attributed due to the Ti-O, O-Ti-O
stretching vibrations from the lattice formation bands of TiO, (Shevale
et al., 2017).

CrO.OOS@Tio.995C
—Cr__@Ti _C

0.010 0.990

c ro.om@Tio.woc

Absorbance (a.u.)

500
Wavelength (nm)

300 400 600 700

800

(ahv) 12

After the stoichiometric addition of Cr(III) ions into the TiO,/
MWCNTs NCs, it shows all the frequency vibrations of TiO,/MWCNTs
NCs with slight shifting of the peak positions to the higher frequency
regions. Also, the Ti-O peak in the range between 900 and 400 cm !
boarder to that of TiO,/MWCNTs NC, it may be due to the different
interfaces of O-Ti-O, Ti-O, Cr-O, Cr-O-Ti, and Ti-O-C after the insertion
of Cr(III) content (Mamba et al., 2014). The overall functional in-
vestigation of Crg 010@Tip.990C NC indicates the substitution of Ti(IV)
by Cr(IIl) ions into the TiO, host lattice of the binary TiO,/MWCNTs
NC.

X-ray photoelectron spectroscopy (XPS) is the surface sensitive
analytical tool used to confirm the existence and the chemical states of
the ‘T1’, ‘O’, ‘C’, and ‘Cr’ in the desired Cr@TiO,/MWCNTs NC. Fig. 8a

(b)

Crl).OOS@TiO.‘)‘)SC
—Cr_@Ti_C

0.010 0.990

C rﬁ.OJD@Ti0.970C

3.0 3.5 4.0

hv

2.0

Fig. 5. (a) UV-Visible DRS (absorption mode) (b) Tauc plot (ahv)'/? versus photon energy (hv) of Cr@TiO,/MWGCNTs NCs with varying the Cr(Ill) content

(0.5-3.0 mol.%).

402



A.G. Dhodamani, et al.

-
=
< J

- E

z :
7]
= E
L 3

E . : :

el E Cro.ouu@Tll.uooc §

d 7 Crn.ons(@’Tio,qqu _E

Cro.om@Tio.omC i
Cro.oso(@Tio‘owoC -g
375 400 425 450 475 500 525

Wavelength (nm)

Fig. 6. Photoluminescence emission spectra of TiO,/MWCNTs and Cr@TiO»/
MWCNTs NCs with varying the Cr(III) content (0.5-3.0 mol.%).
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Fig. 7.FT-IR spectra of representative TiO,/MWCNTs (red line) and
Cro.010@Tig 990C (blue line) NCs. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

shows the XPS survey spectrum of Crg 10@Tig.090C NC, it shows the
existence of the ‘Ti’, ‘O’, ‘C’, and ‘Cr’ in the NC indicates the insertion of
Cr(IlI) with incorporation of MWCNTs into the TiO, for forming the
ternary Cr@TiO,/MWCNTs based NC.

Fig. 8 (b and c) shows the high resolution XPS spectra of Ti2p for
TiOo/MWCNTs and representative Crg o10@Tip.9090C NC respectively.
After the insertion of Cr(III) ions into the TiO,/MWCNTSs NC, it shows
the slight positive shifting of the Ti2p value with binding energy dif-
ference (Ti 2p3,, and Ti 2p;,») from 5.70 to 5.78 eV. These evidences
confirms the formation of Ti-O-Cr structure in the NC after the insertion
of Cr(III) indicates the substitution of Ti(IV) by Cr(III) ions into the TiO,
host lattice of the NC (Peng et al., 2012). High resolution O 1s spectrum
of Crg.010@Tig.090C (Fig. 8d) shows three deconvoluted peaks. The main
peak appeared at 530.4 eV attributed to the lattice oxygen (Ti-O) in
anatase TiO,, and other two peaks are located at 531.85 and 536.25 eV
are assigned to the surface hydroxyl oxygen atom (Ti-OH) and carbo-
nated oxygen atom (—COOH) respectively (V. Koli et al., 2017). How-
ever the observed binding energy of the main peak, slightly higher to
that of O 1s of anatase TiO, (529.3 eV) which was mainly due to the
variations in the electro-negativities of two metal elements viz. Ti and
Cr bind with O atoms (Duan et al., 2012). Fig. 8(e) shows the high
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resolution C 1s spectrum of Crg 010@Tip.990C NC, it shows the four de-
convoluted peaks mainly 283.8, 285.52, 287.08, and 289.46 eV cor-
responding to the elemental carbon containing functional moieties from
MWCNTs incorporated into the TiO, viz. O-Ti-C, C-C, C-O, and Ti-O-C
respectively (V.B. Koli et al., 2017). Two peaks identified in the high
resolution core level XPS spectrum of Cr 2p having binding energies of
576.14 and 585.92 eV attributed to the Cr 2p3,, and 2p, 5 [Fig. 8(f)]
(Peng et al., 2012). The existence of these peaks in the Crg 910@Tip.9090C
NC indicates the insertion of Cr(III) ions into the TiO, host lattice of the
TiO/MWCNTs NC.

Time resolved-photoluminescence (TRPL) spectroscopy gives the
interfacial charge transfer process for knowing the electron-hole re-
combination rate of the desired NCs (Xia et al., 2017). Fig. 9 shows the
TRPL spectra of TiO,/MWCNTs and representative Crg g;0@Tig 990C
and Crg ¢30@Tig.970C NCs. The various fitted decay parameters obtained
from the TRPL spectra viz. goodness of fit (x?), excited-state lifetime
(11, T2), and average excitons lifetime (<t,>) are summarised in Table 2.

The obtained decay parameters of the NCs (Table 2) from Fig. 9, it is
seen that, the average life of the electrons in the excited state increases
after the insertion of Cr(IlI) doping (t, 38.97 ps for
Cro.010@Ti0.990C), but higher content of the doping impurities decreases
all the decay parameters with average life time (t, 10.45 ps for
Cro.030@Tig.970C) indicates the higher content of Cr(IlI) doping ham-
pers the interfacial charge transportation process of the NCs. Also, with
increase in dopant concentration, the density of states of Cr®* ions
becomes more negative and which may lower than that of the energy
level of FTO (—4.9 eV). This results confirms the improper electron
transfer mechanism in higher content of Cr®* ions doped materials.

Electrochemical impedance spectroscopic (EIS) technique has been
widely utilized for knowing the kinetics of the interfacial charge
transfer process occurring in the desired materials (Zhang et al., 2012).
Fig. 10 shows the Nyquist plot of the EIS spectra obtained from the
representative TiO,/MWCNTs and Crg o10@Tig.990C NCs measured in
the frequency range from 0.1 Hz to 1.2 MHz and the fitted results such
as ohmic resistance (R,) and charge transfer resistance (R.) are also
included in Table 2. It is seen that, decreases the charge transfer re-
sistance (R.) from 88.65 Q (Crgooo@Tii000C) to 47.45 Q
(Cr.010@Tip.990C) after the insertion of Cr(Ill) doping impurities into
the TiO, host lattice of the TiO,/MWCNTs NCs. Because, the con-
centration of doping impurities acts as a charge trapping sites bellow
the conduction band which retards the possibility of electron-hole re-
combination of the host material and hence which is suitable for better
separation of charge carriers from LUMO of TiO, to FTO (Scheme 1).

4. Dye adsorption properties of NCs:

Quantitative measurement of the N719 dye loaded on the surface of
NCs thin films (area 1.0 ecm?) was calculated through absorption
maxima of the N719 dye desorbed into the 10 mL aqueous 1 mM KOH
solution and presented in Table 3.

Fig. 11 shows the UV-Visible absorption spectra of N719 dye de-
tached from TiO/MWCNTs (Crp 000@Ti;.000C) and representative
Cro'()]()@Tio_ggoc and Cro'ogo@Tiovgﬂ)C NCs thin film. It is seen that, as
the Cr(IIl) content increases in TiO,/MWCNTSs NG, it also increases the
adsorption capability of the N719 dye. It was may be due to the smaller
crystallite size of the NCs after the insertion Cr(III) into the TiO, lattice,
offers more dye adsorption on the surface of the NCs thin films. After
the loading of N719 dye on the surface of the TiO,/MWCNTs and
Cr@TiO»/MWCNTs NCs thin films and irradiated under light and the
plausible charge transfer mechanism of the sensitized NCs are illu-
strated in the scheme 1.

Fig. 12 shows the photocurrent-density voltage (I-V) characteristics
curves of the sandwiched DSSCs of bare TiO, (T), TiOo/MWCNTs and
Cr@TiO»/MWCNTs NCs with varying the insertion of Cr(III) content
into the TiO, host lattice of the TiO,/MWCNTs NCs. The resulting
various photovoltaic performance cell parameters derived from the I-V
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Fig. 8. (a) XPS survey spectrum of Crg 910@Tip.090C NC, high resolution core level XPS spectrum of (b) Ti2p for TiO»/MWCNTs (c) Ti2p, (d) Ols, (e) Cls, and (f) Cr2p

for Crg.010@Tig.090C NC thin film.

curves viz. Jsc, Voc, FF and 5 with optical energy band gap (Eg) and
amount of dye adsorbed on the NCs thin film surface are listed in
Table 3.

In the previous paper already reported, the incorporation of
MWCNTs into the TiO, enhanced almost all the photovoltaic cell
parameters of the DSSCs due to the synergistic effect of MWCNTSs with
TiO, NPs. Because, it provides higher surface area to the TiO, NPs for
uniform anchoring purpose and hence it was betterment for higher dye
loading on the surface of TiO, NPs of the NCs thin films. Also, it induced
the enhancement of the electron transport rate of the TiO, host lattice
for better charge transportation in the DSSCs which leads to enhance
the Jsc value. Overall results suggested the MWCNTSs must play a sig-
nificant role for enhancing the conductivity of the TiO, host lattice for
better charge separation in the DSSCs (Delekar et al., 2018). In the
present investigation, the insertion of Cr(III) content into the TiO, host
lattice of the TiO/MWCNTs NCs and their synergisticity on the

photovoltaic performance is highlighted.

It is seen that, the boosting of the Jsc value was observed after the
little insertion of Cr(III) into the TiO, host lattice of the TiO5/MWCNTSs
NCs [Fig. S5(a), SI] from 16.88 (TiOo/MWCNTs) to 18.33 mA/cm?
(Cro.005@Tig 995C) and reached the highest Jsc value up to 20.38 mA/
cm? for optimized (Crg,010@Tip.090C) NC, which is 21% higher Jsc value
to that of TiO,/MWCNTSs based DSSCs. The enhancement of these Jsc
values are collinear not only with the higher dye loading capability but
also with lower optical energy band gap (Table 3) and coverage of the
optical region [Fig. 5(a)] of the NCs after the substitution of Ti(IV) by
Cr(III) into the TiOo/MWCNTSs NCs. A plot of Cr(III) content in mol.% as
a function of Voc [Fig. S5(b), SI] shows the little enhancement of the
Voc value from 670 mV (TiO5/MWCNTSs) to 700 mV (Crg 910@Tig.990C)
after the insertion of Cr(III) into the TiO,/MWCNTs NCs. It may be due
to the decrease of the charge transfer resistance of the TiO,/MWCNTSs
NCs with substitution of Ti(IV) by Cr(IIl) into the NCs (Fig. 10). It may
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Fig. 9. Time-resolved photoluminescence (TRPL) spectra of TiOo/MWCNTs and
representative Crg o10@Tip.990C and Crg 030@Tig.070C NCs at an excited wave-
length (475 nm).

Table 2

Time-resolved photoluminescence (TRPL) spectroscopic decay parameters such
as goodness of fit (Xz), excited-state lifetime (ty, 75), average excitons lifetime
(Ktp>) and electrochemical impedance spectroscopic (EIS) parameters viz.
ohmic resistance (R,), and charge transfer resistance (R.,) of the TiO,/MWCNTs
and representative Crg 910@Tig 990 Cro.030@Tig.070 NCs.

Sample X T (Ps) T (Ps) <> () Ry (@) Ry (Q)
Croooo@TirooeC  1.27 1477 1484 14581 7.42 88.65
Croo10@TiooeoC  1.55  37.88 4127  38.97 6.47 47.45
Cro030@Tioo70C  1.07  5.44 1443 10.45 - -
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Fig. 10. Nyquist plot of the representative Crg opo@Ti; 000C and

Cro.010@Tip 990C NCs in the dark at 0.1 Hz to 1.2 MHz frequency.

be due to the doping content into the TiO, host lattice enhances the
concentration of doping impurities and which could acts as charge
trapping sites (scheme 1) and improves the charge transportation rate
in the DSSCs (Duan et al., 2012). The insertion of doping impurities in
TiO/MWCNTs shows no significant effects on the FF value, which is
seen in the supporting information [Fig. S5(c), SI]. From the photo-
voltaic measurements, a plot of Cr(Ill) content in mol.% vs power
conversion efficiency (PCE) shows [Fig. S5(d), SI] the PCE () enhances
up to 10% (n = 6.79%) for Crg 9o5@Tig 995C NC and reached up to 25%
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(n = 7.69%) higher for optimized Crg o10@Tip.990C NC to that of TiO5/
MWCNTs NCs based DSSCs (n 6.18%). These enhancement of the
PCE value after the substitution of Ti(IV) by Cr(IIl), it may be due to the
lower optical energy band gap and higher average life-time of the
electrons in the excited state (Fig. 9) enhances the electron transpor-
tation rate from LUMO of the NCs to FTO (scheme 1) and finally to the
counter electrode. Overall results, it is seen that, the significant en-
hancement of the almost all the photovoltaic performance cell para-
meters after the little insertion of doping impurities (Crg 910@Tip.990C)
into the TiO, host lattice of the TiO,/MWCNTSs NCs. However, it is seen
that, the higher content of doping impurities (Crg 030@Ti.970C), con-
trariwise all the photovoltaic performance cell parameters as
Jsc 20.387-17.265 mA/cm?  Voc 700-590 mV,
FF = 53.91-46.31% and n = 7.69-4.71 respectively. It could be at-
tributed to the higher concentration of doping impurities may be acts as
a charge trapping sites for promoting the electron-hole recombination
also and hence leading to decrease all the photovoltaic performance cell
parameters (Burschka et al., 2011).

To evaluate the performance of the representative TiO,/MWCNTSs
and Crg 010@Tip.990C NCs as a photoelectrode for photovoltaic appli-
cation by measuring the incident photon-to-current conversion effi-
ciency (IPCE) of the sandwiched DSSCs with respect to wavelength of
incident light. Fig. 13 shows the IPCE response of TiOy/MWCNTSs
compared with the representative Crg 910@Tig.990C NCs based DSSCs.

It is seen that, Crg 010@Tig.990C NC have higher IPCE response to
that of TiO,/MWCNTs NC based DSSCs in all the entire wavelength
region, which is also in good agreement with the highest Jsc value from
I-V measurements after the insertion of Cr(III). Both the NCs shows the
generation of photocurrent in the wavelength region between 300 and
650 nm and maximum photocurrent response appeared in the two
distinct regions viz. 300-400 nm and 475-650 nm respectively. The
IPCE response enhanced from ~58.2% to ~70.7% in the visible wa-
velength region at 475-800 nm with additional coverage of the optical
region after the insertion doping into the host of the TiO,/MWCNTs
NCs. The observed results suggesting that doping impurities enhances
the electron transport in the TiO,/MWCNTs NCs thin film with sup-
pression of back-electron transfer towards HOMO of sensitizer and
hence its impact on the boosting of the overall power conversion effi-
ciency after the substitution of Ti(IV) ions by Cr(III) ions.

5. Conclusions

The synergistic effect of Cr(III) doping with hybrid TiO,/MWCNTs
NCs enhances the optoelectronic behavior and exhibiting the highest
power conversion efficiency value of n = 7.69% which appose to an
conversion efficiency of TiO,/MWCNTs ( = 6.18%) and bare TiO,
(n 1.52%) based DSSCs measured under one sun irradiation
(100 mW/cm?). Initially, a facile, single step in-situ sol-gel approach
have been developed for the preparation of hybrid ternary Cr@TiO,/
MWCNTs NCs. FT-IR and XPS study reveals that the substitution of Ti
(IV) ions by Cr(III) ions into the TiO, host lattice of the TiO,/MWCNTSs
NCs. The insertion of Cr(III) in TiO,/MWCNTSs varied the structural
parameters and position of elements of the anatase TiO, which was
confirmed by Rietveld analysis. Also, the interfacial charge transfer
behaviors of the NCs with the content of dopant were confirmed
through TRPL and EIS measurements. Afterthat, binder-free thin films
of the NCs were fabricated through doctor-blade technique for the de-
signing of sandwiched DSSCs and finally sandwiched DSSCs were
measured under AM 1.5 solar simulator.

Author contributions

The final version of the manuscript approved by all complainants.



A.G. Dhodamani, et al.

(a) TIO,/MWCNTs

Energy (eV)

TiO,

MWCNTs

Solar Energy 201 (2020) 398-408

(b) Cr@TiO,/MWCNTs

Charge trapping sites from
doping impurities A

Energy (eV)

Cr@TiO,/MWCNTs
MWCNTs

TiO,

Scheme 1. Schematic representation of the plausible charge transfer mechanism of the (a) TiO,/MWCNTs and (b) Cr@TiO,/MWCNTs NCs sensitized with N719 dye

under irradiation of light.

Table 3

Energy band gap (eV), amount of dye adsorbed on the surface of NCs thin film with photovoltaic cell parameters of the TiO, (T), TiO,/MWCNTs and Cr@TiO,/

MWCNTs NCs based DSSCs with varying the content of Cr(IIl) in mol.%.

Samples Cr(III) in mol.% Eg (eV) Amount of dye adsorbed (108 mol./cm?) Solar Cell Parameters
Jsc (mA/cm?) Voc (mV) FF (%) n (%)
TiO4(T) 0.00 3.19 - 07.221 450 46.91 1.52
Cr0.000@Ti1.000C 0.00 2.89 3.26 16.887 670 54.63 6.18
Cro.005@Tig.995C 0.50 2.81 - 18.335 680 54.53 6.79
Cro.010@Tio.090C 1.00 2.65 4.58 20.387 700 53.91 7.69
Cr0.030@Tig.970C 3.00 2.54 4.12 17.265 590 46.31 4.71
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Appendix A. Supplementary material

XRD profile of bare MWCNTs, Rietveld refinement patterns of
Cr@TiO2/MWCNTs (0.0-3.0 mol.%), Raman spectrum of bare TiO,
NPs, UV-Visible DRS with Tauc plot of bare TiO, NPs and TiO,/
MWCNTs NC, plot of different photovoltaic parameters vs. Cr(IIl) in
mol.%. This material is available free of charge via the internet at
http://www.elsevier.com. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.solener.2020.03.001.
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