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Abstract
Sol-gel synthesis of aluminium (Al)-doped TiO2 (ALT) and aluminium/nitrogen (Al/N)
co-doped TiO2 (ALNT) nanoparticles were carriedout. The various investigations were
done to examine the crystallinity, vibrational modes of elements presented in the samples,
surface morphology and composition elementals using X-ray diffractometer (XRD),
Raman spectroscopy, field emission scanning electron microscopy (FESEM) and energy
dispersive spectroscopy (EDS) respectively. XRD study stated the good crystallinity of
ALT particles as compare ALNT particles and no other peaks are noticed other than anatase
phase in the both the samples. As a result of doping, the Raman peak is found to be shifted
towards the higher wavenumber for the case of both the samples. FESEM analysis showed
the spherical shape morphological of ALT and ALNT NPs. The average diameters of the
NPs are 14 and 9 nm corresponding to the ALT and ALNT samples. The elemental
composition peaks of aluminium (Al), titanium (Ti), nitrogen (N) and oxygen (O2) peaks
were noticed by EDS measurements. Furthermore, both the prepared nanoparticles were
used as the photoanode materials in the dye-sensitized solar cells (DSSCs) where as ALT
based materials showed the enhanced photovoltaic (PV) performance.

1. Introduction
The third-generation solar cells, particularly dye sensitized solar cells (DSSCs) are known to be promising
renewable energy sources due to their low-cost, easy fabrication process and even it is possible to fabricate on
flexible substrates [1-3]. DSSC is integrated with the dye anchored nanocrystalline-TiO2 semiconductor layer on
to fluorine-doped tin oxide (FTO) glass as the photo-anode, platinum (Pt) or carbon-coated FTO as the counter
electrode and the electrolyte in-between these two plates. Among these parts, photo-anode plays a crucial role due
to their photo-generation and dye-absorption which affects the current-density (Jsc) and the power conversion cell
efficiency (Ƞ). TiO2 is the most prominent semiconductor metal oxide material for the DSSCs and the
photocatalytic applications [4]. As of now, the maximum reported DSSC efficiency is 14.3% by employing
mesoporous TiO2 layer [5]. Owing to wide energy bandgap 3.2 eV of the TiO2 it uses the small fraction <5% of
the solar spectrum. Therefore, the ongoing research is focusing to improve the optical properties of the TiO2. Many
reports have been reported on the synthesis of TiO2 nanoparticles (NPs) using sol-gel, solvothermal, hydrothermal,
electrospinning etc. However, by doping the optical bandgap of the TiO2 can be modified. Generally, the
integration of metal (Ag, Cu, Al and W), non-metal (B, N and C), metal non-metal (Zr/N, Mo/C and Al/N) codoping TiO2 nanostructure harvesting the improved performance in DSSCs. Jose et al. reported the binary and
ternary doped TiO2 nanoparticles as the photoanode materials of the DSSCs. The doping of Nb2O5 and Nb in TiO2
showed better crystallinity and the high performance of the DSSCs [6]. Jin et al. prepared the crystalline anataseTiO2 nanoparticles and used as the photoelectrode material for the DSSCs. The parameters like open-circuit
voltage (VOC), the rate of electron transfer and the different doping concentration of Al and Zn were studied. The
photovoltaic conversion efficiency of pure-TiO2, Al-doped TiO2 and Zn-doped TiO2 were 3.9, 5.86 and 5.58%
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respectively. Further, the enhanced photovoltaic efficiency 7.12% with the current density 14.38 mA/cm2 were
obtained using Al and Zn co-doped TiO2 nanoparticles [7]. Wu et al. demonstrated the improved short-circuit
current by using Zn-doped TiO2 as the electron transfer layer. The zinc-doped TiO2 layer was prepared via the solgel process by varying the doping concentration. Finally, the perovskite solar cells by optimizing the process
parameters showed the enhanced current density 22.3 mA/cm2 and power conversion efficiency 14.0% [8]. Li et
al. deposited the Al-doped TiO2 layer on mesoporous TiO2 film by using chemical bath deposition (CBD) process
with the goal to enhance the power conversion efficiency of the DSSCs. They observed the improved electron
mobility and suppressed charge-carrier recombination as a result, the conversion efficiency was improved as much
as 7.66% [9]. Govindaraj et al. synthesized the mesoporous anatase TiO2 nanoparticles using the sol-gel process
and the XRD pattern showed the anatase-TiO2 crystalline nature while UV-Vis DRS spectrum evidenced the
absorption in the UV region. The DSSCs prepared using these nanoparticles showed as much as 3.415 %
conversion efficiency and 13.2 mA/cm2 short-circuit current density [10].
In the presented work, the sol-gel synthesis of ALT and ALNT nanoparticles and studied the structural,
morphological performance. The source materials and experimental procedures are presented in section 2. The
properties of prepared doped and co-doped TiO2 nanoparticles are discussed in section 3. Finally, concluded in
section 4.

2. Material and Methods
2.1. Chemicals
Titanium tetra isopropoxide (C12H28O4Ti), aluminum nitrate nonahydrate (Al(NO3)3. 9H2O), de-ionized water (DI),
methanol (CH3OH), isopropyl alcohol (C3H8O), titanium tetrachloride (TiCl4) and carbamide (CH4N2O), glacial
acetic acid (CH3COOH), hydrochloric acid (HCl) and polyethylene glycol (C2nH4n+2On+1) were used as procured
without any purification.
2.2. Synthesis Process
ALT nanoparticles were synthesized using the sol-gel technique and the procedural steps are illustrated in figure
1(a). First, 0.17 g aluminium nitrate nonahydrate was mixed with 15 ml DI water and later, 1.25 ml glacial acetic
acid was added to form a uniform ‘solution A’. Next, the ‘solution B’ was prepared by mixing 3.5 ml TTIP in 10
ml methanol which was stirred for 5 minutes. Under the stirring condition, the ‘solution B’ added into the ‘solution
A’ by drop-wise and maintained the constant intervals. This final solution was stirred for 120 minutes and later,
kept for aging at room temperature for 24 hrs. After the aging, the solution was dried at 80̊C for 15 hrs. Finally,
the prepared sample was grinded and calcined at 450̊C for 2 hours. Similarly, ALNT nanoparticles were prepared
by the sol-gel method as depicted in figure 1 (b). Initially, the ‘solution C’ was prepared by dissolving in 3.5 ml
titanium tetra isopropoxide (TTIP) in 10 ml isopropyl alcohol (IPA) under stirring for 30 minutes at temperature
60̊C. Next, the ‘solution D’ was prepared with 3 g aluminium nitrate nonahydrate and 2.96 g carbamide by
dissolving in 100 ml DI water. The solutions ‘C’ and ‘D’ were mixed gradually and stirred for 30 minutes at room
temperature. Further, hydrochloric acid (HCl) was added to maintain the pH to 4. The prepared homogeneous
solution was dried in hot air-oven at 80̊C for 19 hours and finally, grinded powder was calcined a
460̊C for 90 minutes.
2.3 Preparation of Photoanodes and DSSCs
The prepared sample of Al-doped TiO2 and Al/N co-doped TiO2 nanoparticles were named as ALT and ALNT.
The ALT and ALNT pastes were prepared separately by mixing in ethyl cellulose and acetic acid which were
further grinded. The mixed solution was kept in a hot air oven at 100ᵒC for few minutes in order to remove the
excess solution and to get the slurry paste. Before the photoanode preparation, substrates were cleaned individually
with acetone and DI water in a sonicator bath for 10 minutes. Next, all the samples dipped in 40 mM TiCl 4 for 24
hrs at 40ᵒC and later, the FTO substrates were rinsed in DI water to remove the excess TiCl 4. After washing, the
FTO substrates were dried for 30 minutes at 100ᵒC and finally coated the paste of ALT and ALNT were rolled on
the FTO plates by doctor blade method. All the photoanodes were dried at 70ᵒC for 10 minutes and calcined at
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460ᵒC for 60 minutes. Finally, the photoanodes were immersed in ruthenium dye for 24 hrs. Later, we used to
assemble DSSCs after rinsing in DI water in order to remove the excess of dye-loading. For DSSC fabrication, the
dye adsorbed photoanodes and platinum (Pt) counter electrodes were integrated face to face by keeping a Surlyn
film in between. Further, an electrode solution containing potassium iodide (KI) was filled between the photoanode
and the counter electrode. For the packing purpose, the paper binder clips were used.

(a)

(b)

Figure 1: The sol-gel process for the preparation of ALT (a) and ALNT nanoparticles.

After the calcination, the prepared nanoparticle properties were characterized by X-ray diffractometer (Bruker D8,
Venture), Micro Raman Spectrometer, scanning electron microscopy (FEI-Nove NanoSEM 450), energydispersive X-ray spectroscopy (Bruker- XFlash 6130) respectively.

3. Results and discussion
The synthesized nanoparticles were characterized by powder X-ray diffractometer (XRD) to study their crystalline
phase. Figure 2(a) and (b) shows the XRD patterns of ALT and ALNT samples prepared by the sol-gel method.
These patterns depict the anatase-TiO2 phase present in both the samples without any other impurities or phases
(rutile or brookite). The anatase phases are retained after the ALT and ALNT. The peaks representing the anatase
phase at 2θ= 25.4̊, 38̊, 48.1̊, 54.1̊, 54.9̊, 62.86̊, 68.92̊, 70.14̊ and 75.26̊ is noticed in ALT sample. The high intensity
of the plane peak (101) indicates good crystallinity of the polycrystalline nanoparticles [11]. Similarly, XRD
pattern of the ALNT nanopowder showed the Bragg’s peaks at 2θ= 25.2̊, 37.9̊, 48.05̊, 54.67̊, 62.58̊, 69.7̊ and 75.71̊
corresponding to the planes (101), (004), (200), (211), (204), (116) and (215). As compared to ALNT sample, the
ALT showed the sharp peaks for example (101) peaks as depicted in the inset figure 2. The shifting of diffraction
peaks towards the lower angle can also be noticed for the sample ALNT and our result is consistent with the
reported one [12-13]. The broadening of diffraction peak corresponds to the smaller crystallite size. Gurkan et al.
explained the broadening of the diffraction peak associated to represents the reduction in the small crystallite size
and high disorder of the particles [14].
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(a)

(b)

Figure 2. XRD pattern of ALT (a) and ALNT (b) nanopowders.

Raman spectroscopy is a powerful tool to study the structural and surface stoichiometric information of inorganic
oxides like TiO2. Figure 3(a) and 3(b) shows the Raman spectra of ALT and ALNT samples. The undoped anataseTiO2 shows five vibrational modes at 140/147, 188/197, 388/396, 507/514 and 631/636 cm-1 corresponding to
1Ag+2B1g+3Eg modes as reported in the literature [15-16]. Figure 3(a) shows the four significant peaks
corresponding to the vibrational modes of anatase-TiO2 phase as Eg (145cm-1), B1g (397 cm-1), A1g/B1g (516 cm1
) and Eg (639 cm-1) [14, 15]. From the reported works, these vibrational peaks are slightly shifted towards higher
wave number due to Al doping which confirmed the doping of Al 3+ ions in O-Ti-O lattice. Similarly, figure 3(b)
depicts the Raman spectra of ALNT sample while the main peak position is found to be shifted to 153 cm-1. This
could be due to the presence of N3- ions which modified the normal vibration modes of the TiO2 after the doping.
The main peak (peak) is also depicted in the inset of figure 3. For the case of ALNT sample, a wider peak endorses
the oxygen (O2) defect [15]. The changes in the Raman spectra are related to the substitutional doping of nitrogen
with the reason of various ionic radii, oxidation states, electro-negativity etc. while the oxygen vacancy strongly
affects the Raman shift as shown in figure 3 (b) [17].

(a)

(b)

.
Figure 3. Raman spectra of ALT (a) and ALNT (b) nanoparticles.

Figure 4 depicts the FESEM images of the ALT and ALNT nanoparticles. Figure 4(a) shows the preparation shape
spherical shaped nanoparticles with their diameter from 12-16 nm. Similarly, figure 4(b) evidences the spherical
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shape nanoparticles with agglomerated. However, the estimated size was in the range from 7-12 nm. From the
XRD studies, confirmed the properties of crystallinity and size reductant behaviour due to ‘N’ co-doping. Figure
4 (c-d) depicted the EDS spectrum of the synthesized ALT and ALNT nanoparticles. The presence of aluminium,
titanium and oxygen is evidenced in figure 4 (c). In the same way, ALNT sample confirmed the elemental peaks
of aluminium, oxygen, nitrogen and titanium as depicted in figure 4(d).

(a)

(b)

(c)

(d)

Figure 4. FESEM images of ALT (a), ALNT (b) and EDS spectrum of ALT (c) and ALNT (b) nanoparticles
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Figure 5 shows the J-V curve of the DSSCs based on the ALT and ALNT photoanodes. Significant enhancements
in the current density of 5.42 mA/cm2 and cell efficiency (Ƞ) 1.48% were achieved by using the photoanode based
on ALT nanoparticles due to the high surface area, higher dye absorption, stability etc [12].

Figure 5. J-V curve for DSSCs based on ALT and ALNT nanoparticles as photoanode materials.
Table 1: The photovoltaic performance of ALT and ALNT photoanodes based DSSCs.
Sample

VOC (V)

FF

JSC (mA/cm2)

Ƞ (%)

ALT

0.64

0.42

5.42

1.48

ALNT

0.65

0.41

2.88

0.77

The above value is relatively high as compared with the DSSC based on the ALNT sample i.e. current density
(Jsc) 2.88 mA/cm2 and efficiency (Ƞ) 0.77%. Al/N co-doped TiO2 photoanode related DSSC. Table (1)
summarizes the performance of the DSSCs.

Conclusion
Al-TiO2 (ALT) and Al/N-TiO2 (ALNT) nanoparticles were prepared by the sol-gel method and studied their
performance. As compared to Al-TiO2, Al/N-TiO2 showed the wider diffraction peak as noticed by the XRD and
Raman spectral studies. The broaden peak corresponds to the smaller crystallite size. FESEM morphological
studies evidenced the preparation of the spherical nanoparticles while the presents of elemental peaks were
confirmed by the EDS analysis. Furthermore, the prepared nanoparticles were employed for the preparation of
DSSCs. The DSSC based on the Al-TiO2 nanoparticles showed the enhanced short-circuit current (5.42 mA/cm2)
and efficiency (1.48%) as compared to the Al/N-TiO2 based one. By optimizing the various properties of the
synthesis the cell efficiency can be improved.
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