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Abstract
Pure and Copper/Nitrogen (Cu/N)-codoped  TiO2 photoanodes with various Cu concentrations are prepared via sol–gel route 
for the photoanode application in dye-sensitized solar cells (DSSCs). All the prepared samples are characterized by X-Ray 
Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscope (SEM), Transmission Elec-
tron Microscopy (TEM), UV–Vis spectroscopy (UV–VIS) and Electrochemical Impedance Spectroscopy (EIS). Addition 
of suitable amount of Cu and N content in  TiO2 can alter its optical and electrical properties by extending absorption in the 
visible region and band gap reduction. The results show that some of the Ti sites are replaced by Cu atoms while O sites 
are occupied by N atoms. Upon adequate addition of Cu/N could lead to smaller particle size, higher specific surface area, 
increased dye adsorption and retarded charge carrier recombination. A significant improvement in the power conversion 
efficiency is observed in case of optimized 0.3 mol% Cu/N-doped  TiO2 nanoparticles (NPs) based DSSC. This optimized 
0.3 mol% Cu/N-doped photoanode accomplished a best power conversion efficiency of 11.70% with a short circuit current 
density of 23.41 mA cm−2 which is 41% higher than that of the pure  TiO2 photoanode based DSSC (6.82%).

1 Introduction

Dye-sensitized solar cells are considered to be the most 
promising third generation solar cells due to their high per-
formance, low cost, high throughput and eco-friendly manu-
facturing process [1, 2]. Typically a DSSC consists of a dye 
decorated  TiO2 photoanode, an electrolyte and a platinum 
coated counter electrode. The first DSSC was fabricated 
by M. Gratzel and team in 1991 with a power conversion 
efficiency of approximately 7%. Up to now, a maximum of 
14.1% power conversion efficiency has been achieved which 
could be a potential alternatives for conventional silicon-
solar cells [3]. However, DSSCs still facing challenges like 
stability and low power conversion efficiency unlike con-
ventional Si-based solar cells [4].  TiO2 is one of the most 

extensively explored semiconductor-oxide material for the 
DSSC photoanode applications and for other photocatalysis 
operations such as hydrogen production, water purification 
and air purification due to its low cost, nontoxicity, high 
stability and high energy conversion efficiency. An extensive 
work has been reported in the literature for enhancing the 
performance of  TiO2 by metal doping (Ag, Au, W, Zn, Cd, 
Zr, Cu) [1, 2, 5–10] and nitrogen doping [1, 11–13].

Incorporation of metals in to  TiO2 structure alter its 
optical and electrical properties by lowering its band gap, 
increased visible light absorption and thereby contributing 
to enhanced photocurrent and reduced charge carrier recom-
bination in DSSCs [1, 5, 14]. Similarly doping of  TiO2 with 
non-metals like N could contribute to lower band gap val-
ues and improved photocatalytic activity. Furthermore, pres-
ence of N conglomerates elements which lead to increased 
specific surface area, elevated dye loading, smooth charge 
carrier transfer, decreased charge carrier recombination and 
enhanced capacitive performance [1, 9, 15, 16]. Therefore a 
suitable combination of Cu and N can produce highly effi-
cient DSSCs. Although there are very few reports have been 
reported in the literature with Cu/N-doped  TiO2 and other 
semiconductor oxide materials [17–19]. Recently Park et al. 
achieved 11.35% power conversion efficiency with Cu/N-
doped  TiO2 NPs on an active area of 0.09 cm2 [18].
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Inspired from these results, herein we report the synthe-
sis of pure and Cu/N-doped  TiO2 NPs by modified sol–gel 
method and their successful incorporation in DSSCs. The 
combined effect of Cu and N doping on the performance of 
 TiO2 NPs was assessed by varying the Cu content keeping 
the N percentage constant. Furthermore, the photovoltaic 
properties of photoanodes incorporating pure and Cu/N-
doped  TiO2 NPs were evaluated.

2  Experimental

2.1  Chemicals

Titanium Tetra Isopropoxide (TTIP), Titanium tetra chlo-
ride  (TiCl4) and Triton X-100 were supplied by Sigma 
Aldrich. Copper (II) nitrate tri hydrate [Cu(NO3)2·3H2O], 
glacial acetic acid, ethanol, poly ethylene glycol (PEG), 
isopropyl alcohol (IPA) and Hydrochloric acid (HCl) 
were supplied by Merck. Di-tetrabutylammonium cis-
bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-dicarboxylato) 
ruthenium (II) (dye N719) and 4-tert butylpyridine (TBP) 
were supplied by Solaronix. All these reagents are of ana-
lytical grade and used without any further purification.

2.2  Synthesis of pure, N and Cu/N‑doped  TiO2 
nanoparticles

Pure and Cu/N-doped samples were prepared by tradi-
tional sol–gel method. The precursor solution consisted 
of titanium tetra isopropoxide, ethanol and deionised 
water. A stoichiometric amount of TTIP was added to 
ethanol to form a precursor solution A. Another solution 
B was formed by the addition of Copper (II) nitrate with 
0.1–0.5 mol% in 100 ml deionised water and ethanol fol-
lowed by the addition of 0.5 ml glacial acetic acid. Solu-
tion B was then added drop wise into the solution A under 
constant magnetic stirring for 2 h to form a uniform and 
homogeneous solution. Hydrochloric acid was then added 
to each solution so as to maintain pH 4. The entire pro-
cess was done under vigorous magnetic stirring at room 
temperature. The resultant mixture was kept for ageing at 
room temperature for a day and then dried in hot air oven 
at 80 °C. Obtained solids were ground well and calcined at 
450 °C in air to obtain pure  TiO2 and Cu-doped  TiO2. To 
prepare N-doped  TiO2 and Cu/N-doped  TiO2 NPs subse-
quently second round of sintering was employed. For this 
pure and Cu-doped  TiO2 NPs with diverse Cu content were 
heated in  NH3 (33%)/N2 atmosphere at 450 °C for 2 h in a 
tubular furnace at a heating rate of 5 °C min−1.

2.3  Preparation of DSSC photoanodes

Pure and Cu/N-doped  TiO2 pastes were prepared as dis-
cussed in our previous work [9]. The prepared pastes were 
stirred well for more than 5 days to obtain a paste with 
desired viscosity. Fluorine-doped tin oxide (FTO) glass sub-
strates were cut in the uniform sized substrates of 3 × 4 cm. 
All the substrates were cleaned well separately with water, 
acetone and ethanol in an ultrasonic bath for 10 min each. 
Then the substrates were soaked in a solution containing 
40 mM  TiCl4 for 20 min at 50 °C and washed with water and 
ethanol to remove excess  TiCl4. After this all substrates were 
heat treated in the air at 450 °C for 1 h and again cleaned 
with water and ethanol. All cleaned 3 × 3 cm substrates were 
then coated with pure  TiO2 and Cu/N-doped  TiO2 pastes 
using doctor blade technique [9]. All the substrates were 
dried at 60 °C for 30 min and then kept in an electric fur-
nace at 450 °C for 2 h at a ramp rate of 5 °C min−1. The 
prepared substrates were again coated with  TiCl4 by dipping 
in a 40 mM  TiCl4 solution at 70 °C for 20 min and then kept 
for calcination at 450 °C for 30 min [20, 21]. After cooling 
to room temperature all substrates were immersed in N719 
(0.3 mM) dye for 24 h for sensitizer dye loading.

2.4  Preparation of DSSC assembly

The Pt counter electrode was prepared by the deposition 
of Pt film with 40 nm thickness on a cleaned FTO using 
metal sputter with a deposition rate of 6 nm min−1. Dye 
adsorbed photoanode and Pt counter electrode were joined 
together with a thin transparent Surlyn (Dupont) film of 
approximately 60 µm thickness. Next, an electrolyte solution 
containing 0.5 M of LiI, 0.05 M of  I2 and 0.5 M of 4-tert-
butylpyridine and 0.5 M of 1-butyl-3-methylimidazolium 
iodide in acetonitrile was then poured into the interspace 
between photoanode and Pt counter electrode. Finally, the 
device was sealed by heating a Surlyn sheet (Dupont).

2.5  TiO2 and photovoltaic characterization

The crystal structure of prepared pure  TiO2 and Cu/N-
doped  TiO2 NPs was estimated by XRD (Expert Pro, 40 kV, 
30 mA, Panalytical) with Cu kα source. UV–Vis absorp-
tion spectra were measured by UV–Vis spectrophotom-
eter (Perkin Elmer, Lambda25). The surface morphology 
and particle size of the powdered samples were analyzed 
by FEG-SEM (JEOL, JSM-7600F) and TEM (JEM-2010, 
JEOL) respectively. The specific surface areas of pure 
and Cu/N-doped  TiO2 NPs were measured by Brunauer, 
Emmett & Teller method (BET Autosorb iQ2, Quan-
tachrome Instruments Co.). The chemical composition of 
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the prepared nanoparticles was confirmed by XPS meas-
urement (ULVAC-PHI, PHI5000VersaProbell). The EIS 
was carried out on the Autolab measurement system for 
the DSSCs under AM 1.5G simulated solar illumination at 
100 mW cm−2, at a frequency range of 100 kHz–0.1 Hz. The 
applied bias voltage and ac amplitude were set at open circuit 
voltage  (Voc) at 0.1 mV. Thickness of the  TiO2 and Pt films 
was measured by profilometer (Dektak XT profilometer, 
Icon Analytical). For the DSSCs performance evaluation, a 
Keithley 2420 source measure unit was used to measure the 
J–V characteristic curve under light illumination generated 
by a 150 W xenon lamp on a Newport solar simulator with 
air mass (AM) 1.5 G filter. The incident photon-to-current 
conversion efficiencies (IPCE) of the DSSCs were measured 
by Bentham PVE300 measurement system. The active area 
of cell was 0.16 cm2.

3  Results and discussion

The XRD peaks for pure and Cu/N-doped  TiO2 with dif-
ferent Cu content were shown in Fig. 1. The entire XRD 
pattern clearly shows five main peaks of anatase phase 
structure of  TiO2, namely, the planes (101), (004), (200), 
(105) and (211) at 2θ values of approximately 25.42, 37.91, 
48.19, 54.01, and 55.19 respectively, which all are in good 
agreement with JCPDS card no. 21-1272. No rutile phase 
was observed in whole XRD pattern, which confirms that 
only crystalline phases were formed during synthesis pro-
cess. No extra peaks for Cu/N were observed, suggesting 
homogeneous distribution of Cu/N with Ti in the material. 
Furthermore, N-doped  TiO2 NPs exhibited the anatase phase 
and addition of Cu didn’t cause any phase change. As the 
N concentration was kept constant therefore addition of Cu 
content was a critical factor which could affect the crystal 
structure of  TiO2. It was found that with the increase in Cu 
content peak intensities of anatase phase decreased which 

indicates that the doping of Cu hinders the growth of  TiO2 
nano structure [22–24].

The average crystallite size of all the samples was cal-
culated by Scherrer’s equation [25–27]. The crystallite 
sizes of pure and Cu/N-doped  TiO2 with Cu content 0, 0.1, 
0.3, 0.5 mol% were found to be 9.86, 8.64, 7.32, 6.36 and 
7.89 nm respectively. It clearly suggests that incorporation 
of Cu in  TiO2 matrix effectively hinders its crystal growth 
and stabilizes the structure.

In order to confirm the doping of Cu and N into  TiO2 
nanostructure, XPS measurement was performed. Figure 2a 
shows the survey spectrum of optimized 0.3 mol% Cu/N-
doped  TiO2 NPs. Further, the core level spectra of Cu 2p1/2, 
Cu 2p3/2, N1s, Ti 2p1/2 and 2p3/2 were shown in Fig. 2b–d 
respectively. The characteristic peaks of Ti 2p1/2 and 2p3/2 
were observed at 464.04 and 458.29 eV respectively. Other 
peaks designated as N1s, Cu 2p1/2 and Cu 2p3/2 were 
observed at 399.18, 952.18 and 932.18 eV respectively, 
which were equivalent to the binding energies of N and Cu 
[28]. These results clearly indicate the presence of Cu and 
N within the  TiO2 nanostructure.

To evaluate optical responses of the prepared pure and 
Cu/N-doped  TiO2 NPs, UV–Vis absorption spectra were 
measured. Figure 3a shows the absorption spectra of the 
various dye adsorbed pure and Cu/N-doped photoanodes. 
Figure 3b shows the dye desorbed spectra of the pure and 
Cu/N-doped  TiO2 NPs. The absorption peaks of N-doped 
 TiO2 were found to be shifted towards higher wavelength 
side when compared to pure  TiO2. The insertion of Cu in 
to  TiO2 lattice resulted further apparent shift of the spectra 
towards visible spectrum due to newly formed combined 
state. An absorption peak in the visible region was observed 
and this absorption increased with increasing Cu content up 
to a critical limit [28, 29]. Addition of Cu beyond a critical 
limit could lead to decreased light absorption resulting in 
increased band gap and decreased particle size of  TiO2. The 
band gaps of pure, 0.0, 0.1, 0.3 and 0.5 mol% Cu/N-doped 
 TiO2 NPs are 3.15, 3.05, 2.94, 2.78, and 3.06 eV respec-
tively. These results clearly suggest that Cu/N-doped  TiO2 
NPs can respond effectively under visible light irradiation.

The FEG-SEM images of the pure, 0.3 and 0.5 mol% 
Cu/N-doped  TiO2 NPs were shown in Fig. 4. The optimized 
0.3 mol% Cu/N-doped  TiO2 NPs had uniformly distributed 
spherical shaped particles. However, 0.5 mol% Cu/N-doped 
 TiO2 NPs had irregular, non uniform and slightly agglomer-
ated particles. It is evident from the images that higher Cu 
content in  TiO2 (in case of 0.5 mol% Cu/N) could lead to 
agglomeration of the particles due to reduced particle size 
and consequently it could be a reason for reduced dye eleva-
tion and low short-circuit current of the DSSCs.

TEM images of the pure and Cu/N-doped  TiO2 NPs are 
shown in Fig. 5. All the synthesized pure and Cu/N-doped 
 TiO2 NPs were highly aggregated due to smaller particle 

Fig. 1  XRD patterns of Pure  TiO2 NPs (a), 0.0  mol% Cu/N-doped 
 TiO2 NPs (b), 0.1 mol% Cu/N-doped  TiO2 NPs (c), 0.3 mol% Cu/N-
doped  TiO2 NPs (d), and 0.5 mol% Cu/N-doped  TiO2 NPs (e)
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sizes. The size of the pure  TiO2 NPs was in the range of 
10–50 nm whereas N-doped  TiO2 NPs had the particle size 
in the range of 20–30 nm. The Cu/N-doped  TiO2 NPs with 
Cu concentration of 0.1, 0.3 and 0.5 mol% had particle size 
in the range of 10–40, 10–30 and 20–50 nm respectively.

The specific surface areas of pure and Cu/N-doped  TiO2 
NPs were measured by Brunauer, Emmett & Teller method. 
The BET surface area of the 0.3 mol% Cu/N-doped  TiO2 
NPs was 136.8 gm m−2 which was almost twice the surface 
area of Pure  TiO2 NPs (64.12 gm m−2). It was found that 
the BET surface areas of the synthesized NPs were strongly 
contingent on the Cu content. The surface area of N-doped 
 TiO2 NPs (no Cu content) was found to be 68.26 gm m−2. An 
increase in surface area was observed with the increase in 
Cu content up to an optimal value 0.3 mol%. However when 
Cu content increased beyond this optimal value, surface 

area decreased dramatically. The specific surface areas of 
0.1 and 0.5 mol% Cu/N-doped  TiO2 NPs were 110.36 and 
58.26 gm m−2 respectively.

Furthermore, using UV–Vis spectroscopy amount of dye 
loading in various pure and Cu/N-doped  TiO2 photoanodes 
were estimated using the desorbed dye from the pure and 
Cu/N-doped  TiO2 samples with 1 mM NaOH [30]. The 
adsorption spectra for the pure and Cu/N-doped samples 
were shown in Fig. 3b. It can be seen from the Fig. 3b that 
0.3 mol% Cu/N-doped  TiO2 photoanode displays an appar-
ent elevated dye loading compared to the other photoan-
odes. The N-doped  TiO2 photoanode shows a compara-
ble dye loading to that of pure  TiO2 photoanode. A sharp 
increase in dye loading was observed upon introduction of 
Cu up to an optimum value. As the amount of Cu content 
increased beyond the optimum value, dye loading decreased 

Fig. 2  XPS spectrum of optimized 0.3 mol% Cu/N-doped  TiO2 NPs: a survey spectrum, b Cu 2p peaks, c N1s peak and d Ti 2p peaks
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dramatically because of non uniform particle sizes, aggrega-
tion of the crystallites and reduced surface area [14, 31, 32]. 
The amounts of N719 dye loading on different photoanodes 
were shown in Table1.

Electrochemical Impedance Spectroscopy (EIS) was 
performed to investigate the characteristics charge trans-
fer properties of the DSSCs. Figure 6 shows the EIS spec-
tra of the pure and optimized 0.3 mol% Cu/N-doped  TiO2 

photoanodes measured under 1sun illumination with DC 
bias voltage of 0.7 V [29]. Generally EIS spectra consist 
of three semicircles, the first semicircle from left to right 
depicts the transport resistance whereas the second and third 
semicircle represent recombination resistance and diffusion 
resistance respectively. All these three semicircles attributed 
to resistances at the Pt counter electrode, charge transfer 
resistance of  TiO2/dye/electrolyte and Nernst diffusion in 

Fig. 3  UV–Vis spectra of pure  TiO2 NPs and various Cu/N-doped  TiO2 NPs (a), adsorption spectra of dye N719 desorbed photoanodes made 
from pure  TiO2 NPs and various Cu/N-doped  TiO2 NPs (b)

Fig. 4  FE-SEM images of the pure  TiO2 NPs (a), 0.3 mol% Cu/N-doped  TiO2 NPs (b) and 0.5 m mole% Cu/N-doped  TiO2 NPs (c)
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 I−/I3
− electrolyte [33]. In this way, the total resistance of the 

DSSCs is the sum of all three resistances.
It is evident from the EIS spectra that upon adequate addi-

tion of Cu/N the charge transfer and recombination resist-
ances can be modified greatly. The diameters of the semicir-
cles for 0.3 mol% Cu/N-doped  TiO2 photoanode were found 
to be smaller than that of pure  TiO2 photoanode, indicating 

lower charge transfer resistance at  TiO2/dye/electrolyte inter-
face promising enhanced electron transfer rates and reduced 
charge carrier recombination [34–37].

The photovoltaic performance and the efficiency of the 
prepared pure and Cu/N-doped  TiO2 photoanodes were 
measured under standard temperature condition (1 sun; input 
power 100 mW cm−2; AM 1.5) using photo current density 

Fig. 5  TEM images of pure  TiO2 NPs (a), 0.0 mol% Cu/N  TiO2 NPs (b), 0.1 mol% Cu/N  TiO2 NPs (c), 0.3 mol% Cu/N  TiO2 NPs (d), 0.5 mol% 
Cu/N-doped  TiO2 NPs (e)
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(J) as a function of the voltage as shown in Fig. 7. The cor-
responding photovoltaic parameters such as short circuit 
current density  (Jsc), open circuit voltage  (Voc), maximum 
power point values, fill factor (FF) and power conversion 
efficiency (η) were calculated using solar simulator when 
light illumination is simulated on an active area of 0.16 cm2. 
The obtained results were calculated and are listed in Table1. 
The reported values for the photovoltaic parameters such as 
short circuit current density  (Jsc), open circuit voltage  (Voc), 
fill factor (FF) and power conversion efficiency (η) are the 
best results among the three sample cells.

In the present work the N-doped  TiO2 photoanode dis-
played a power conversion efficiency of 8.42% which was 
19% higher than that of synthesized pure  TiO2 NPs based 
photoanode. Obviously, N-doping altered the band gap of 
 TiO2 and extended its light absorption in the visible range. 
Further, addition of 0.3 mol% Cu in N-doped  TiO2 displayed 
a significant increase in the short circuit current density  (Jsc), 

open circuit voltage  (Voc), fill factor (FF) and power con-
version efficiency (η). Here, 0.3 mol% Cu/N-doped  TiO2 
photoanode accomplished a power conversion efficiency 
of 11.70% which was 41% higher than that of pure  TiO2 
NPs photoanode. This enhanced performance is attributed 
to appropriate particles size, increased specific surface area 
and reduced band gap values thereby contributing elevated 
dye loading, enhanced light absorption and greater short cir-
cuit current. However, higher concentration of Cu content 
in  TiO2 lead to decrease in available specific surface area, 
lower dye elevation, lower charge carrier transfer, increased 
recombination and hence low power conversion efficiency.

The incident photon-to-current conversion efficiency 
(IPCE) spectra of the DSSCs were carried out to under-
stand the factors leading to a higher photo generated cur-
rent. IPCE is defined as the ratio of charge carriers to the 
number of photons at a certain wavelength. The IPCE spec-
tra of different DSSCs are plotted as a function of varying 
light wavelength in Fig. 8. This gives information about 
how the cell responses to a particular wavelength of light. 
All DSSCs peaks were observed at 525 nm corresponding 
to the N719 dye peak absorption. Cu/N-doped  TiO2 based 
DSSCs displayed a significant improvement in IPCE in the 
visible region compared to pure  TiO2 based DSSC except 
0.5 mol% Cu/N-doped  TiO2 DSSC. This enhancement in 
IPCE is attributed to enhanced electron injection, rapid 
charge transfer, retarded charge carrier recombination and 
elevated dye loading [38]. These results are in good agree-
ment with the Jsc values given in Table 1.

In general, the IPCE of a DSSC mainly depends upon 
light harvesting efficiency (ηLH), the electron injection effi-
ciency from sensitizer dye to the conduction band edge 
of  TiO2 (ηINJ) and the collection efficiency of the injected 

Fig. 6  EIS spectra of DSSCs based on pure and 0.3  mol% Cu/N-
doped  TiO2 photoanodes

Fig. 7  J–V characteristics of DSSCs based on pure and various Cu/N-
doped  TiO2 photoanodes Fig. 8  IPCE spectra of pure and various Cu/N-doped  TiO2 DSSCs
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electron at the back contact (ηCOLL), which can be estimated 
from the given equation:

The light harvesting efficiency (ηLH) is directly relied on 
the amount of dye loading. In case of pure and 0.0,0.1,0.3 and 
0.5 mol% Cu/N-doped  TiO2 the amounts of dye loading on 
 TiO2 photoanodes are found to be 8.23 × 10−8, 9.87 × 10−8, 
1.37 × 10−7, 3.24 × 10−7 and 6.84 × 10−8 mol cm−2 respec-
tively. Furthermore, an efficient electron injection can take 
place only when the energy gap between the Lowest Unoc-
cupied Molecular Orbital (LUMO) of the sensitizing dye and 
Conduction Band (CB) edge of the  TiO2 semiconductor is 
sufficiently high. A small decrease in energy gap between 
LUMO of the dye and CB of  TiO2 could decrease injection 
efficiency and hence IPCE of the cell [39, 40]. Moreover, 
the charge collection efficiency (ηCOLL) is related to the ratio 
of short circuit current and total light generated current. In 
the present work, a significant improvement in the IPCE 
(approximately 73%) was observed in case of optimized 
0.3 mol% Cu/N-doped  TiO2 based DSSC as compared to 
the pure  TiO2 based DSSC (approximately 59%).

4  Conclusions

In the present work, we synthesized pure  TiO2 and Cu/N-
doped  TiO2 NPs with different Cu content by sol–gel 
method and successfully integrated them in DSSCs. The 
addition of suitable amount of Cu in  TiO2 could effec-
tively alter its optical and electrical properties by extend-
ing absorption in the visible region and by decreasing band 
gap values. Furthermore, the traces of Cu/N-doped  TiO2 
NPs displayed stabilized crystal structure, higher specific 
surface area, elevated dye loading, enhanced charge trans-
fer and reduced charge carrier recombination. A DSSC 
fabricated with 0.3 mol% Cu/N-doped  TiO2 photoanode 
exhibited a maximum power conversion efficiency of 
11.70%, which represent a dramatic improvement (about 
41%) compared to power conversion efficiency of 6.82% 

(1)IPCE = �
LH

× �
INJ

× �
COLL

obtained with pure  TiO2 based DSSC. The improvement 
in the photovoltaic performance of the DSSCs assembled 
with Cu/N-doped  TiO2 NPs is attributed to the stabilized 
structure, higher surface area, enhanced visible light 
absorption, improved charge transfer and retarded charge 
carrier recombination.
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