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An economical and scalable technique, namely a modified wet-impregnation method, has been developed in
order to control the size of CuO nanocrystals grown within a nanocrystalline TiO, mesoporous layer. Cu (II)
formate aqueous solution has been used as CuO precursor and different immersion times were experimented to
decrease nanocrystal size. Synthesized nanocomposite films have been characterized using scanning electron
microscopy and X-ray diffraction which reveals the nanocrystal size to depend on the immersion time. Results

indicate that nanocrystals grow almost linearly for immersion time shorter than 60 min. Nanocrystal growth is
not linear for a long immersion time; size increased less than 10% when the immersion time changed from one to

18h.

1. Introduction

Nanocrystalline TiO, combined with CuO has been widely studied
recently for the so called “water splitting” or water photolysis process.
Several CuO-TiO, suspended-particle systems have been reported
[1-4]. This combination has also been used in photoelectrodes for
photoelectrochemical cells (PEC) [5-8]. In the latter, one can imagine a
CuO/TiO, three dimensional interface and CuO nanocrystal size is an
important factor that must be considered [9]. It affects the CuO/TiO,
interface performance in different ways:

1. Light absorption by CuO plays an essential role in improving water
splitting when it is added to TiO,. CuO absorbs the visible spectrum
radiation because of its energy gap. Eg = 1.2-1.5eV is the most
frequently reported range [10-17] but gap value depends on na-
nocrystal size and morphology [18].

2. Loss of excited carriers can be avoided by controlling nanocrystal
size [19].

3. For equal CuO concentration in TiO,, a decrease of nanocrystal size
leads to an increase of internal surface and interface areas. This
increases recombination losses at surface and interfacial defects.

4. Nanocrystal size also affects band alignment in heterostructures
where no electric field capable of separating photon-created
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electron-hole pairs exists due to nano size (potential difference in
the nanoparticle depletion region must be larger than kT/q [20,21]).
For no band bending in the CuO/TiO; interface due to nanocrystal
size, electrons will move from CuO to TiO, if they can find empty
states of lower energy; that is, according to band positions relative
to vacuum. Smaller CuO nanocrystals could increase the gap value
and improve electron transfer probability to TiO,.

Regarding the CuO/TiO, interface, discrepancies exist in the lit-
erature with respect to CB offset. Chen et al. [4] and Yu et al. [3]
consider TiO, CB energy above that of CuO. Zhijun Li et al. [6] state
that high energy photoexcited electrons in CuO are thermodynamically
transferred to the CB of TiO,; even though, CuO CB bottom is lower
than that of TiO,. On the other hand, Chiang et al. [22] and Chauhan
et al. [23] study CuO photoelectrodes for water splitting. According to
the CuO CB values given by these authors, excited electrons in CuO
could move to empty states in the TiO, CB if they were in a CuO/TiO4
interface. We recently concluded [24] that excited electrons in the CuO
CB occupy levels with higher energy than empty states in TiO, CB for
the analyzed nanocrystalline CuO/TiO, interface. In all cases, CB po-
sitions relative to vacuum of both, CuO and TiO,, are not very different.

Previous analysis indicates the importance of nanocrystal size con-
trol; particularly, for the CuO/TiO, three dimensional interface used for
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water splitting. Nanocrystal size determines the bandgap value, the
optical absorption edge, electron-hole recombination losses, re-
combination in interfacial and surface defects and band positions re-
lative to vacuum.

An economical and scalable route to fabricate PEC photoelectrodes
[24] is analyzed here in order to control the size of CuO nanocrystals
grown within a mesoporous TiO, film. Pores in a TiO, film are filled
with Cu(Il) formate aqueous solution [24]. Cu(Il) formate molecules
adhere to the TiO, during the immersion time. Afterwards, heat treat-
ment decomposes the Cu(Il) formate and CuO nanocrystals grow inside
TiO, pores. Nanocrystal size dependence on immersion time is studied.

2. Experimental procedures
2.1. Fabrication of CuO/TiO; films

Single layers of mesoporous TiO, were prepared using TiO, nano-
powder Degussa P25 (nanocrystal mean diameter ca. 25nm) and the
well-known “doctor blade” technique developed for DSSC [25]. Air
drying of the TiO, layer was followed by heat treatment in air at 450 °C
during one hour. After cooling, the porous TiO, films were immersed in
a 160mM Cu (II) formate aqueous solution during a specific time.
Precursor molecules should move easily through the mesoporous
structure and penetrate pores [24]. Cu (II) formate adheres to the TiO,
internal surface during the immersion time [24]. Once immersion fin-
ished, care was taken to remove the precursor solution from the sample
surface so that it only remained inside the pores [24]. Samples were
heat treated in air at 500 °C during three hours to guarantee complete
synthesis of CuO. Water evaporates and Cu (II) formate decomposes
when samples are heat treated in air [24].

2.2. Characterization

The phase identification of the films was performed by X-ray dif-
fraction (XRD) with an Empyrean Panalytical apparatus in the range
10° < 26 < 60°. Cu Ka radiation (A = 1.5406 10\) was used for all X-ray
diffraction experiments, as well as, 0.5° grazing angle. The Panalytical
software for XRD HighScore version 3.0 (2012) was used for XRD
pattern analysis. Scanning electron microscopy (SEM) was conducted
with a Hitachi SU8020 scanning electron microscope.

3. Results and discussion

Sample types are shown in Table 1. Their names identify precursor
concentration and immersion time.

Fig. 1 shows SEM cross-section images of samples 160F_18h,
160F_1h and 160F_1min where the porous morphology of the films can
be appreciated. Pores are required for penetration of the hole con-
ducting medium and performance of the three dimensional interface.

XRD patterns corresponding to samples 160F_18h, 160F_1h and
160F_1min are shown in Fig. 2. XRD line pattern is also shown for
comparison (ICDD 01-080-1916). Only two CuO peaks are observed
because of the low CuO concentration and its nanocrystalline character.
The peak at 20 = 38.7°, tenorite plane (111), is hardly resolved from an
anatase peak. Therefore, peak at 20 = 35.5°, tenorite plane (111), was
used to obtain the values of the full width at half maximum, FWHM.

Table 1
Analyzed samples.

Sample name Immersion time (h) FWHM Crystallite size
(degrees) (nm)

160F_18h 18 0.303 32

160F_1h 1 0.328 25

160F_1min 1/60 0.463 18
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Fig. 1. SEM images of the cross-section of samples fabricated by the modified
wet-impregnation technique for different immersion times: (a) 18 h, (b) 1h and
(c¢) 1 min.
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Fig. 2. CuO/TiO, films diffraction patterns corresponding to different immer-
sion time together with the CuO reference pattern (ICDD 01-080-1916). A and R
refer to anatase and rutile peaks, respectively. Insert: CuO peak deconvolution
used to find FWHM of sample 160F_1min. The black line corresponds to ex-
perimental data and the red line shows peak deconvolution. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.).

Deconvolution of diffraction patterns was performed using Origi-
nPro2015 in the interval 35° < 26 < 36.5 °. As an example, deconvo-
lution for sample 160F_1min which has the lowest immersion time
(therefore, lowest CuO concentration) is inserted in Fig. 2. FWHM va-
lues corresponding to 20 = 35.5° are shown in Table 1. Crystallite size
was determined using Scherrer formula [26]:

K*A

S=——
FWHM*cos® ()]
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where K is a constant that depends on different factors such as the shape
of the crystallite and its size distribution [26]. Spherical crystals are
assumed, as well as, K = 0.90 [27]. A is the wavelength of the X-ray
radiation used (A = 1.5406 A) and 6 is the Bragg angle. FWHM values
are expressed in radians.

According to observed nanocrystals in Fig. 1, crystallite values re-
ported in Table 1 are of the same order of magnitude. It can be shown
that no band bending will occur for these values. For bulk materials,
band bending and the corresponding electric field in the heterojunction
depletion region are responsible for electron-hole pair separation. But
Curran and Lamouche [20] calculated the minimum value of the po-
tential difference A which is able to separate charges in the depletion
region. It is given by the relation 2kT/q which, for room temperature
(T = 27°C = 300K), has an approximate value of 52mV. Also, ac-
cording to L. M. Peter [21], if the potential difference A is smaller than
kT/q, it has a negligible effect on charge distribution, i.e., charges in the
depletion region will not be separated by the correspondingly small
electric field.

For spherical particles, potential difference in the depletion region is
given by the expression [28]:

o)
6q \ Lp 5)

where Lj, is the Debye length and q is the electron charge. The Debye
length Ly, is given by [28]:

€oekT NE

> =GN, ®)

where €, is the vacuum permittivity, € the static dielectric constant of
the material and N; is the concentration of donors or acceptors.

Using expressions (5) and (6), it is possible to calculate the potential
drop for a spherical CuO nanoparticle with radius R = 15nm, ecyo
=12 [29] and Ny =7 x 10'® ecm ™3 [30,31] the potential drop is A
=8mV. It will be even less for nanocrystals with a smaller size.
Therefore, for previously calculated values of A, charges will not be
separated by the electric field in the depletion region. When the po-
tential drop is not enough to separate photon-created electron-hole
pairs, electrons will move from one semiconductor to the other if they
can find empty states of lower energy. That is, band positions relative to
vacuum of each semiconductor will determine thermodynamic charge
transfer. If photons excite electrons in the narrow gap semiconductor of
a heterostructure, these electrons will only move to the higher energy
gap semiconductor if its CB bottom has a lower energy, i.e., they can
only move by losing part of the energy given by the absorbed photons.
Additionally, it must be mentioned that for nanocrystals with different
shapes but small enough dimensions in one or more directions, bandgap
increases [32-34]
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Fig. 3a shows crystallite diameter vs immersion time (see Table 1).
An almost linear dependence is observed for shorter times for which
there are no nanoparticles at t = 0, as expected. But nanocrystal dia-
meter for t = 18 h shows that growth rate decreases with time. This can
be explained since the growth of Cu(Il) formate nanocrystals inside the
pores lowers the solution concentration. Also the volume occupied by
the solution decreases. Therefore, considering that initially Cu(II) for-
mate nucleates on TiO, but then molecules bind to Cu(Il) formate ra-
ther than to TiO,, the mass growth rate for each nanocrystal can be
expressed as:

dm . m
dt T @
The solution of this Eq. (7) is:
m(t) = Ct[l—ex (—1)]
S ®

which describes the evolution of a Cu(II) formate nanoparticle mass as a
function of immersion time t. Cu(Il) formate nanoparticle mass must be
proportional to CuO nanoparticle mass after heat treatment. Assuming
this and since CuO mass density is constant, the mass dependence of a
spherical CuO nanoparticle is also given by expression (8) (values of C
and t will be different, of course). This dependence is plotted in Fig. 3b
which also shows that the experimental points follow this dependence.
Nanoparticle mass is practically constant for t>t. However, for small
values of t, exp(—%)z 1- % and expression (8) approximates to the
linear dependence m(t) = Ct.

4. Conclusions

CuO particles in the CuO/TiO, composite are nanocrystalline when
the modified wet-impregnation technique is used with 160 mM Cu (II)
formate as precursor. The XRD analyses indicate that the size of the
CuO nanocrystals decreases with decreasing immersion time. Applying
the Scherrer formula, CuO nanocrystal sizes are 32nm, 25nm and
18 nm for immersion times of 18, 1 h and 1 min, respectively. The
mass dependence of CuO nanocrystals on the immersion time shows
that it grows almost linearly for t < 60 min, while the mass hardly
changes for t > 6h.
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