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Abstract
CuO/TiO2 nanostructured photoelectrodes obtained with a modified immersion technique are analyzed, and their photocur-
rents are compared in order to study the effect of nanocrystals size decrease; which leads to a favorable conduction bands 
alignment. For this purpose, very small precursor concentration and immersion times are selected for CuO/TiO2 film fabrica-
tion. This affects the amount of CuO deposited inside the  TiO2 mesoporous film and decreases the number of absorbed pho-
tons, as well as, the number of generated electron–hole pairs. Calculations account for these effects. When CuO nanocrystals 
size is reduced, CuO/TiO2 energy bands alignment improves electron injection from CuO to  TiO2 but internal surfaces and 
defects acting as traps increase. This study considers the interplay of these phenomena. Results indicate that it is beneficial 
to reduce nanocrystal size in spite of internal surface recombinations.
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1 Introduction

The CuO/TiO2 three-dimensional interface has recently been 
reported for solar cell applications [1–8]; a maximum effi-
ciency of 2.14% was achieved [3]. This interface has been 
studied also for water splitting to generate hydrogen. For 
this purpose, several ways of combining CuO and  TiO2 have 
been used in suspended-particle systems [9–13], as well as 
in photoelectrodes for photoelectrochemical cells (PEC) 
[12, 14–19]. Agreement exists regarding the essential role 
of light absorption by CuO in improving water splitting 
when added to  TiO2 [12, 15, 18–20]. CuO absorbs photons 
in a wider range of the visible spectrum which  TiO2 can-
not absorb because of its higher energy gap, Eg (for anatase 
Eg = 3.2 eV (388 nm) while for rutile Eg = 3.0 eV (413 nm) 
[21]). CuO is a p-type semiconductor [22] which presents a 

bandgap value in the range 1.2 ≤ Eg ≤ 1.5 eV [23–34]. This 
value depends on nanocrystal size and morphology [22], and 
even higher values have been reported [35].

Previouosly mentioned research papers point to the exist-
ing interest and importance of the CuO/TiO2 interface. The 
modified immersion technique is an economical and scalable 
route to fabricate PEC photoelectrodes with the possibility 
of controlling nanocrystal size, as previously reported [36]. 
Smaller CuO nanocrystals deposit inside  TiO2 nanopores 
when the precursor solution concentration and the immer-
sion time decrease [36]; therefore, very short immersion 
times and a low precursor solution concentration are used 
for this study.

By reducing the nanocrystal size, the relative position of 
the CuO and  TiO2 conduction bands should move to favor 
electron injection from CuO to  TiO2 but a smaller amount 
of CuO is deposited inside the  TiO2 mesoporous film with 
this technology. This leads to a decrease in the number of 
absorbed photons, as well as, in the number of generated 
electron–hole pairs; calculations performed account for 
these effects. A larger number of recombination at different 
interfaces occurs for an increase in the number of smaller 
nanocrystals but equal CuO mass. Therefore, benefits of 
band engineering from nanocrystal size reduction could be 
absent. To elucidate whether crystal size reduction is benefi-
cial, photocurrent values are analyzed and compared.
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2  The CuO/TiO2 nanocrystalline interface

2.1  Processes taking place in the CuO/TiO2 
photoelectrode

Figure 1 shows the main processes taking place in a pho-
toelectrode made of a CuO/TiO2 nanocrystalline compos-
ite with a three dimensional interface. White thick arrows 
indicate processes that contribute positively to photocurrent 
while black arrows represent undesirable recombination 
mechanisms. The ηABS arrow identifies photon absorption 
and creation of electron–hole pairs, while the ηINJ one cor-
responds to electron injection from the CB of the CuO to 
that of  TiO2. The ηTRAN arrow indicates electron transport 
in the  TiO2. The ηCOL one identifies charge collection in the 
 TiO2/FTO interface. The E arrow corresponds to electron 
transfer from an electrolyte (or other hole conductor) to the 
CuO. ST1 represents surface states and traps at the CuO/
TiO2 interface. ST2 represents surface states and traps at 
the  TiO2/TiO2 interface. Finally, ST3 represents defect states 
and traps in the  TiO2/FTO interface. The photocurrent of a 
PEC depends on all of these processes.

2.2  Recombination losses inside the nanoparticle

Electron–hole recombination inside the nanoparticles (pro-
cess 1 in Fig. 1) must be avoided for solar radiation convert-
ing devices. Assuming spherical nanocrystals with radius R 
and that excited electron–hole pairs created by photons move 
randomly, Hagfeldt and Graetzel [37] report that recombina-
tion time �d is given by:

where D is the material diffusion coefficient. Equation (1) 
implies that electron–hole recombination of excited car-
riers inside the nanoparticle can be prevented decreasing 
nanocrystal size.

2.3  Charge separation in the  TiO2/CuO interface

Band bending exists for bulk heterojunctions due to charge 
distribution. Electron–hole pairs are separated by the electric 
field at the depletion region which corresponds to a poten-
tial difference Δφ. In this case, at equilibrium, Fermi levels 
align themselves, and doping concentrations contribute to 
determine the difference between bands of each semiconduc-
tor [38, 39]. But nanocrystal size affects band alignment in 
nanocrystalline heterostructures. Curran and Lamouche [40] 
estimated the minimum value of the potential difference Δφ 
capable to separate charges. It is given by the relation 2kT/q 
that takes an approximate value of 52 mV for room tempera-
ture (T = 27 °C = 300 K). Accordingly, Peter [39] reports that 
if the potential difference Δφ is smaller than kT/q, it has a 
negligible effect on the charge distribution; i.e., a depletion 
region would not exist.

For semiconducting spherical nanoparticles of radius R, 
the potential difference between the surface and the center 
of the nanoparticle is given by [41, 42]:

(1)�d =
R2

�2D

(2)Δ� =
kT

6q

(

R

LD

)2

Fig. 1  Processes taking place in the CuO/TiO2 photoelectrode. The 
black circle represents electrons, while the white one represents 
holes. White thick arrows indicate processes that contribute posi-

tively to photocurrent and undesirable recombination processes are 
represented by black arrows. CB and VB indicate the conduction and 
valence bands, respectively



Analysis of the photocurrent from CuO/TiO2 nanostructured photoelectrodes to elucidate…

1 3

Page 3 of 10 337

where LD is the Debye length, and q is the electron charge. 
The Debye length LD is given by [42]:

where є0 is the vacuum permittivity, є the static dielectric 
constant of the material, and NI is the impurity concentration 
(donors or acceptors).

In the case of  TiO2 Degussa P25, using expressions (2) 
and (3), LD ≈12 nm and Δφ ≈5 mV for �TiO2

 ≈100, [43, 44], 
NI =  1024  m−3 [45], R = 12.5 nm [46] and T = 300 K. There-
fore, the existing small electric field cannot separate charge 
carriers in the case of  TiO2 Degussa P25 with close to round 
particles of 15–25 nm diameter [46].

According to expressions (2) and (3), LD ≈ 15 nm and 
Δφ ≈ 4 mV for a CuO spherical nanoparticle of radius 
R = 15 nm [36], relative dielectric constant ϵCuO = 12.3 [47] 
and concentration of acceptor impurities NAi = 7.5∙1022  m−3 
[48]. Therefore, in the case of CuO nanoparticles with 
30-nm-diameter or less, charges will not be separated by 
an electric field at the interface because Δφ < kT/q. When 
the potential drop cannot separate electron–hole pairs, band 
positions relative to vacuum of each semiconductor will 
determine thermodynamic charge transfer; which depends 
on the energy difference ΔE between the conduction bands 
in the case of the analyzed CuO/TiO2 interface. Therefore, 
when CuO nanocrystal size decreases and the gap increases, 
its conduction band should move to higher energies [49, 50], 
and electron transfer probability from CuO to  TiO2 should 
improve.

3  Experimental description

In order to decrease CuO nanocrystal size and increase 
bandgap and ΔE values, CuO/TiO2 composite films are 
fabricated on conducting glass with the previously reported 
modified immersion technique [51]. Smaller CuO nanocrys-
tals deposit inside  TiO2 nanopores when the precursor solu-
tion concentration and the immersion time decrease [36]; 
therefore, very short immersion times and a low precursor 
solution concentration are used for this study. Films are 
employed as PEC photoelectrodes, and photocurrents are 
analyzed in order to study competing phenomena.

3.1  Mesoporous  TiO2

Pieces of fluor-doped tin oxide glass (FTO TEC-15, sheet 
resistance 15 Ω/square) were cleaned ultrasonically with 
2-propanol and then with distilled water (during 3 min each). 
A  TiO2 blocking film was grown on the FTO glass by micro-
wave activated chemical bath deposition (MW-CBD) [52, 

(3)LD =

(

�0�kT

q2NI

)1∕2

53]. For this purpose, equal volumes of 3.4 ×  10–2 M ammo-
nium hexafluorotitanate aqueous solution and 6.8 ×  10–2 M 
boric acid aqueous solution were mixed to form the precur-
sor used [52, 53]. The substrate was introduced vertically 
in this precursor solution at the center of a microwave oven 
model MS-71 M. Microwave radiation was applied during 
15 s at 660 W.

A single layer of mesoporous  TiO2 was deposited on top 
of the  TiO2 blocking films using  TiO2 nano-powder (P25 
Titanium dioxide, Degussa AG, Germany) with the well-
known “doctor blade” technique developed for DSSC [51]. 
Also, mesoporous  TiO2 was deposited on bare optical-glass 
substrates for some analysis. The final area of all  TiO2 films 
was limited to 10 × 10  mm2. Air drying of the  TiO2 layer was 
followed by heat treatment in air for an hour at 450 °C in 
order to produce the so-called necking between nanocrystals.

3.2  Fabrication of CuO/TiO2 composite

In order to obtain the CuO/TiO2 interface, the porous 
 TiO2 films were immersed in a 40 mM Cu (II) formate 
(Cu(HCOO)2) aqueous solution [51]; solution was prepared 
with Cu (II) formate hydrate, 97% (Sigma-Aldrich). Immer-
sion time used were 10 min, 1 min and 30 s to decrease 
CuO nanocrystal size [36], and sample types were named 
40F_10min, 40F_1min and 40F_30s, respectively. During 
immersion, Cu (II) formate adheres to the  TiO2; precursor 
molecules should move easily through the mesoporous struc-
ture and penetrate pores according to their relative dimen-
sions [51]. After immersion, the samples were heat treated 
in air for three hour at 500 °C. In this process, water evapo-
rates, adhered Cu (II) formate decomposes to CuO inside 
 TiO2 pores and a CuO/TiO2 interface is formed [51].

3.3  Characterization of CuO/TiO2 films

Film thickness was measured by means of a Dektak 150 pro-
filometer. This device scans a certain length of the sample 
showing thickness behavior. It gives the mean surface rough-
ness (defined as the arithmetic average of the absolute value 
of the deviations of the thicknesses relative to their mean). 
Measurements were taken in three different zones, and the 
thickness and roughness values were given by the average 
values of the three scan. This surface roughness value is 
considered the uncertainty in the thickness. The CuO/TiO2 
morphology was evaluated by scanning-electron microscopy 
(SEM) using a Hitachi SU8020 scanning electron micro-
scope. For phase identification of the films, an Empyrean 
Panalytical X-ray diffraction apparatus was used. Cu Kα 
radiation (λ = 1.5406 Å) was employed for all X-ray dif-
fraction experiments performed in the range 10° < 2θ < 60°. 
A grazing angle equal to 0.5° was used for all samples. 
The Panalytical software for XRD, HighScore version 3.0 
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(2012), served for XRD pattern analysis. A double beam 
UV–VIS-NIR Cary 5G spectrophotometer was used for opti-
cal transmittance and total reflectance spectra of the films 
(range 300–1300 nm).

3.4  PEC cell photocurrent measurements

To evaluate photocurrent behavior of CuO/TiO2 photoelec-
trodes, a two-electrode photoelectrochemical cell (PEC) with 
dimensions 2.5 × 3.3 × 4.0  cm3 is used [54]. The photoelec-
trodes are made by depositing silver paint on the upper part 
of the FTO glass (not covered by the CuO/TiO2 nor by the 
 TiO2 blocking film) to allow the connection of a thin wire. 
A platinum counter electrode is utilized. A pH 6 solution 
of water and ethanol (1/30 v/v, 0.4 ml of alcohol in 12 ml 
of distilled water) is employed as electrolyte. Filtered light 
from a 50 W halogen lamp illuminates the photoelectrode. 
An orange filter only transmits wavelengths higher than 
520 nm (i.e., photon energies smaller than 2.38 eV) to avoid 
light absorption by the  TiO2. A 200 mW/cm2 light intensity 
on the photoelectrode is achieved with focusing lenses and 
measured with a calibrated photodiode. The PEC cells are 
placed inside a Faraday box that additionally avoids possible 
room illumination. An Agilent 34410A multimeter acts as 
nanoamperimeter; it is connected to a personal computer in 
order to control measurements and collect data. Photocurrent 
behavior for light on and off cycles is recorded without any 
applied voltage.

4  Results and discussion

After heat treatment the samples color changed from a 
pale bluish tint to a pale brownish one, indicating that the 
adsorbed Cu (II) formate decomposes to CuO as expected.

4.1  Structural and morphological analysis

Figure 2 shows SEM images of typical surfaces of samples 
40F_10min and 40F_30s which reveal a nanostructured 
morphology.

All particles look alike for both samples in Fig. 2. Nei-
ther size nor morphology differences distinguish CuO and 
 TiO2 particles. No CuO particles larger than  TiO2 are visible 
confirming CuO growth inside  TiO2 pores. This is important 
to neglect recombination within the CuO nanocrystal since 
CuO reported diffusion length for holes is LD = 40 nm [48].

Figure 2 also shows that visible pores allow penetration 
by an electrolyte or other media required by some devices 
based on the CuO/TiO2 interface.

XRD pattern for sample 40F_10min in Fig. 3a, shows 
only anatase and rutile peaks; in spite that CuO concentra-
tion is the highest since a longer immersion time increases 
the CuO concentration [36]. This indicates that CuO con-
centration is below the XRD equipment sensitivity even 
for this sample with CuO concentration higher than for 
the other two sample types. Accordingly, only anatase and 
rutile peaks showed in XRD of samples 40F_1min and 
40F_30s. Previous work showed that X-ray peak-intensity 
of CuO increases with precursor concentration [51] or 
longer immersion time [36]. In order to confirm why CuO 
diffraction peaks are not visible for samples studied here, 
two samples, 160F_1h and 160F_1min, were prepared and 
analyzed using XRD. They were obtained as described 
before but the precursor solution concentration was bigger, 
160 mM, and immersion times were one hour and one min-
ute. Figure 3b for samples 160F_1h and 160F_1min shows 
that CuO peaks are hardly visible for 1 min immersion 
time. It is understandable that CuO peaks would not show 
for the smaller concentration (40 mM instead of 160 mM) 
and immersion times used here; in spite that, color changes 

Fig. 2  SEM images of samples surface a 10 min immersion time b 30 s immersion time
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of the samples from white to bluish to brownish were vis-
ible during the technological procedure.

4.2  Photoelectrodes characterization

Figure 4 shows the time dependence of the short circuit 
photocurrent for the three types of photoelectrodes illu-
minated with filtered light to avoid electron–hole pairs 
created in the  TiO2. This decreases efficiency not only 
because part of the light spectrum is cut-off but also 
because CuO absorption of photons with higher-than-
bandgap energy increases as the wavelength decreases. 
Besides,  TiO2 photoconductivity most probably decreases. 
Nonetheless, it is needed to analyze the effect of nanocrys-
tal size decrease. The sense of all measured photocurrents 
corroborates the fact that the CuO sensitizes the  TiO2, i.e., 
electrons are injected from the CuO to the  TiO2. Both, the 
hardly possible electron injection from  TiO2 to CuO or 
the possible CuO contact (p-type) with the FTO, would 
produce a current in the opposite sense. Existing photocur-
rent sense indicates a positive value of ΔE, i.e., values of 
CuO occupied levels in its conduction band are higher than 
some empty ones in  TiO2 conduction band.

Considering photocurrent behavior in PECs, the same 
initial cycle is considered for all samples. Also, photocur-
rent density, JLIGHT , is given by:

where JDARK  corresponds to the initial dark current, and 
JMAX is the maximum value reached when light is turned on. 
It should be noted that wavelengths λ smaller than 520 nm 

(4)JLIGHT = JMAX − JDARK

are filtered out and do not contribute to photocurrent. This 
decreases the short circuit photocurrent, as explained before, 
and it determines the reported photocurrent values.

Figure 4b shows that JLIGHT values decrease for shorter 
immersion times. Apparently, results do not improve for 
lower immersion times for which nanocrystal size are 
smaller. But, one has to take into account that light absorp-
tion decreases for shorter immersion times because smaller 
quantities of CuO deposite inside the  TiO2 [36]. Therefore, 
in the next Sects. 4.3 and 4.4, photocurrents are compared 
as if light absorption were equal.

4.3  Optical absorption by CuO

Light absorption depends on the CuO concentration that 
is different for each sample. If the CuO absorption coeffi-
cient, �CuO , is known, the following relation can be applied 
in the spectral zone where neither the  TiO2 nor the FTO 
absorb:

where IT, is the transmitted light intensity, Ii is the incident 
light intensity given by Ii = I0(1 − R) since part of the total 
intensity I0 is reflected. αcom is the absorption coefficient 
for each CuO/TiO2 film, tcom is the actual composite film 
thickness, and teq is an equivalent CuO thickness that would 
absorb as much light as the CuO distributed inside the  TiO2. 
Figure 5 illustrates this assumption (scale and proportions 
are exaggerated). For the spectral zone where neither the 
 TiO2 nor the FTO absorb, expression (5) yields:

(5)
IT

Ii
=

IT

I0(1 − R)
= exp

(

−�comtcom
)

= exp
(

−�CuOteq
)

Fig. 3  a XRD pattern of sample 40F_10min deposited on optical-
glass substrates (reference code for anatase and rutile [55]). Inserted, 
a zoom of the 34°-40° range (vertical lines according to refer-
ence code for CuO [56]). b XRD pattern of samples 160F_1h and 

160F_1min used for comparison. The letters A and R identify the 
anatase and rutile phases, respectively, while the vertical lines iden-
tify CuO pattern
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Fig. 4  a Time dependence of the short circuit photocurrent density 
for the three types of photoelectrodes. Filtered white light was used 
(intensity 200 mW/cm2 and λ ≥ 520 nm). The white and black circles 
identify light-on and light-off time intervals, respectively. b The col-

umn bars show that the difference between the initial dark current and 
the maximum value reached when light is turned on, J

LIGHT
 ; which 

decreases for shorter immersion times

Fig. 5  a Diagram of the CuO/
TiO2 nanostructured compos-
ite. The dark and light circles 
correspond to CuO and  TiO2 
nanoparticles, respectively. b 
Diagram illustrating the concept 
of equivalent CuO thickness. It 
is assumed that light absorbed 
by CuO/TiO2 films in the spec-
tral zone where neither the  TiO2 
nor the FTO absorb, is equal to 
that absorbed by a layer of CuO 
with an equivalent thickness  teq
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In order to obtain teq , experimental values of �com(�) (see 
Fig. 6a) and tcom (see Table 1) were used. The spectral 
dependence of �CuO(�) was obtained from data reported in 
reference [57].

In Fig. 6a, values of αcom vs photon energy are shown 
for all three films. They were obtained using expression (5) 

(6)teq =
�com(�)

�CuO(�)
× tcom

and the experimental reflection and transmittance spectra. 
Band gap values were obtained from Tauc’s expression 
(7), with n = 2 for direct gap [58].

Figure 6b shows Tauc’s plot to find bandgap value for 
samples 40F_30 s and 40F_1min, Eg = 1.49 ± 0.03 eV and 

(7)� =
A∗

h�

(

h� − Eg

)n

Fig. 6  a Absorption coefficient 
of the samples synthesized 
using immersion times of 30 s, 
1 min and 10 min, and b Tauc’s 
dependence to estimate bandgap 
value

Table 1  Photocurrents comparison for equal optical absorption

Sample Gap (eV) J
LIGHT

(nA/cm2) Composite thick-
ness  tcom (µm)

Equivalent thick-
ness  teq (µm)

Absorbed fraction, F Jc for equal 
absorption (nA/
cm2)

40F_30s 1.49 ± 0.03 8.0 ± 0.7 0.5 ± 0.2 0.049 ± 0.001 0.11 ± 0.02 21 ± 2
40F_1min 1.46 ± 0.03 10.0 ± 0.6 1.6 ± 0.3 0.112 ± 0.005 0.23 ± 0.05 12.2 ± 0.7
40F_10 min 1.47 ± 0.06 14.5 ± 0.6 3.0 ± 0.2 0.143 ± 0.003 0.28 ± 0.03 14.5 ± 0.6

Fig. 7  a CuO equivalent thickness of CuO/TiO2 composites for different immersion time and 40 mM Cu (II) formate as precursor. b Inmersion 
time dependence of CuO equivalent thickness when using 40 mM Cu (II) formate as precursor
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Eg = 1.46 ± 0.03 eV, respectively. These values are within 
the range of those reported for nanostructured CuO [25, 31].

Figure 7a shows that teq values for the same sample but 
different photon energy, given by expression (6), are prac-
tically constant, confirming our assumptions. In order to 
define a thickness value teq , the quadratic average of these 
values has been used, and its value is also shown in Fig. 7a. 
Figure 7b shows the behavior of the equivalent thickness of 
CuO as a function of immersion time.

Figure 7a and b show that the CuO equivalent thickness 
increases 2.3 times from 30 s to 1 min, while it increases 
only 1.3 times from 1 to 10 min. This suggests that, during 
the immersion of the  TiO2 film in the 40 mM Cu (II) formate 
solution, the deposition speed of the salt inside the  TiO2 
mesoporous film decreases with the immersion time (the 
mass of Cu (II) formate deposited inside the pores deter-
mines the mass of CuO formed with the thermal treatment). 
Behavior shown in Fig. 7b was also observed when using the 
same technique but a different precursor [51].

4.4  Photocurrents comparison

In order to analyze the effect of nanocrystal size decrease, 
it is necessary to compare photocurrent produced for an 
equal number of light created electron–hole pairs in all 
cases. Therefore, photocurrent values are calculated for the 
same optical absorption in all samples, i.e., as if adsorbed 
CuO were the same for all three samples. The total absorbed 
light intensity, AC, depends on the absorption for each wave-
length. Since light is either reflected, absorbed or transmit-
ted, the absorbed intensity for a CuO thickness  teq, at a cer-
tain wavelength, A(λ), is [59]:

The absorbed fraction, F, of the incident light intensity cor-
responding to a wavelength range from λ1 to λ2 is given by:

The absorbed fraction F was obtained for each photoelec-
trode using the equivalent thickness, teq, (see Fig. 7a) and 
integrating from λ1 = 520 nm to λ2 . This value λ2 is given 
by the Eg value of each photoelectrode shown in Table 1. 
Absorbed fraction F is shown in Table 1, as well as, the 
corrected photocurrent density value Jc; which is calculated 
assuming that for all photoelectrodes the optical absorption 
is that of sample 40F_10 min.

In Table  1, the photocurrent Jc highest value corre-
sponds to the sample with the lowest immersion time and 
highest bandgap value which corresponds to smallest CuO 
nanocrystal size. A higher Jc value is explained by a better 

(8)A(�) = Ii(�) ×
(

1 − e−�CuO(�)teq
)

(9)F =
∫
�2
�1

A(�)d�

∫
�2
�1

Ii(�)d�
=

∫
�2
�1

Ii(�) ×
(

1 − e−�CuOteq
)

d�

∫
�2
�1

Ii(�)d�

alignment of CuO and  TiO2 energy bands that favors elec-
tron injection which is caused by a smaller CuO nanocrystal 
size (see Fig. 8), a correspondingly larger CuO bandgap and 
a larger difference ΔE between both conduction bands. One 
can observe in Table 1 a significant difference for calcu-
lated photocurrent Jc of sample type 40F_30s. But Jc values 
are not very different when comparing samples 40F_1min 
and 40F_10min. This can be explained by nanocrystal 
size not being very different for the last two samples and 
being dependent on the amount of CuO deposited shown 
in Fig. 7b.

Jc values behavior show that it is beneficial to decrease 
nanocrystal size, even though internal surface area and traps 
increase. Therefore, passivation of surface defects is recom-
mended together with nanocrystal size decrease.

5  Conclusions

Nanostructured CuO/TiO2 films have been fabricated using 
the modified wet-impregnation technique. Used precur-
sor concentration (40 mM Cu (II) formate) and immersion 
times (10 min, 1 min and 30 s) determine size decrease of 
deposited CuO nanocrystals. Tauc’s analysis of the absorp-
tion coefficient spectral dependence indicate bandgap values 

Fig. 8  Changes in bands alignment when nanocrystal size decreases. 
Black and white circles represent filled and empty states, respectively. 
Bold arrows indicate electron transfer from the CuO conduction band 
to the  TiO2. When the difference ΔE between both conduction bands 
increases because the nanocrystal size decreases, more photoexcited 
electrons pass to the   TiO2. CB and VB indicate the conduction and 
valence bands, respectively 
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of 1.47 ± 0.06 eV, 1.46 ± 0.03 eV and 1.49 ± 0.03 eV for 
samples 40F_10min, 40F_1min and 40F_30s, respectively. 
When illuminated with visible light (λ ≥ 520 nm) to pre-
vent photon absorption by  TiO2 and without applied bias, 
electrons are injected from the CuO to the  TiO2 in all cases; 
although this is more noticeable for the sample with the 
smallest nanocrystals and highest bandgap energy. This indi-
cates that when CuO bandgap increases, its conduction band 
movement to higher energies favors photocurrent increase. 
Analysis of photocurrent values indicate that it is beneficial 
to decrease nanocrystal size in spite of internal surface and 
trap density increase.
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