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We demonstrate that the anodization of copper in alkaline water/ethylene glycol media containing fluoride ions
generates nanostructured copper oxide films. By modifying the anodization conditions (fluoride and OH™ con-
centrations, applied voltage and anodization time), nanofibrillar Cu,O as well as highly rough nanofibrillar
network or nanoporous mixed Cu,O/CuO films are obtained. Raman and X-ray Photoemission Spectroscopy
(XPS) results indicate that in fluoride presence, Cu(I) oxide is obtained when anodization takes place applying

low voltages at a relatively low OH™ concentration. In comparison, the subsequent oxidation to obtain Cu(II)
species (CuO and Cu(OH),) is promoted by increasing the OH™ contents. According to the present results, an
oxidation reaction scheme is proposed in order to gain a deeper understanding in the preparation of controlled
nanostructured copper oxide films.

1. Introduction

Nowadays, the preparation and characterization of nanostructured
materials have an increasing interest because of their novel properties
and potential applications in diverse areas such as medicine, optoe-
lectronics, acoustics, photonics, sensors and catalysis [1-4]. Nanos-
tructures can be prepared in various geometries as wires, rods, spheres,
pores and tubes, among others, either individually differentiated or as a
part of films. This, in turn, generates high-surface area materials that
could improve the performance of luminescent modules, piezoelectric
transducers, semiconductor electrodes, chemical sensors and electro-
catalysts [3,5,6].

Within semiconducting materials, nanostructured copper oxides (p-
type semiconductors) are very promising for use in different applica-
tions mainly due to their low cost, non-toxic nature, and low bandgap
values (Eg(Cuy0) = 2.17 eV and E4(CuO) = 1.2-1.9 eV). These prop-
erties turn Cu,O into a favorable material for the design of solar cells,
LEDs, as well as in water photolysis, which is favored due to the fact
that conduction and valence bands are near to the water reduction and
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oxidation potentials [7-9].

Several synthesis methods for Cu,O, CuO and Cu(OH), nanos-
tructures have been reported, e.g. thermal oxidation of metallic copper
at high temperatures, template assisted growth, colloidal methods,
electron-beam evaporation and sputtering, and electrochemical anodi-
zation [9-20]. High-temperature processes limit the control over the
interfacial characteristics of the thin films, which significantly affect the
optical and photoelectrochemical properties of the resulting oxides. In
addition, the use of templates and colloidal synthesis methods leads to
low adherence over conducting substrates, limiting their use or in-
tegration into electronic devices. On the other hand, electrochemical
anodization has been successfully used to synthesize a wide variety of
nanostructures. The preparation of copper oxide films by anodization
techniques offers potential advantages in relation to their integration in
electronic devices.

Several reports on the electrochemical preparation of Cu oxide/
hydroxide nanostructures are found in the literature, but the oxidation
mechanisms have not been fully elucidated yet. Wu et al. [16] obtained
Cu(OH), nanotubes and nanoneedles, with their morphology being
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Fig. 1. Potentiostatic j/t profiles (a-b) and final

morphology (c) for Cu foils anodized applying
different voltages (E,,) during 15 min at 5°Cin a
0.1 M KOH and 1% v/v H,O in ethylene glycol
B containing x % w/v NH4F electrolyte.

a) E;, =5V and x: 0 (—4a—); 0.01 (—0-); 0.1
(—m—).

b) x = 0.1% and Egy: 5V (——); 10V (— ——);

c) x = 0% and Eg, = 5V (I); x = 0.1% and Eg:
5V (I1); 10 V (IID); 20 V (IV).
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controlled by the electrolyte composition, pH and applied voltage. They
also demonstrated that Cu(OH), can be successfully transformed into
CuO by a suitable thermal treatment, thus resulting in a simple, clean
and efficient route for the manufacture of nanostructured Cu(OH), or
CuO films. In addition, Duc-Duong et al. [17] obtained Cu,O nanowires
presenting a preferential direction of growth in the plane [100] by
applying a density current of 2 mA cm ™~ 2 in 1 M NaOH at 20 °C. They
found that the wire diameter and length depend on pH, but that no
changes in the composition and crystalline structure take place. On the
other hand, Sahoo et al. [18] prepared different Cu,O nanostructures
via the anodization of Cu/SiO,/Si substrates in deionized water, which
show interesting photon sensing characteristics under white light illu-
mination. Recently, Allam et al. [19] obtained laminar Cu,O nanos-
tructures, with thickness up to 500 nm, and highly porous Cu,O films
using chloride and fluoride salts in non-aqueous electrolytic media,
similar to those used for the controlled growth and preparation of na-
noporous and nanotubular TiO, structures [6,21,22].

This work aims at understanding the chemical processes involved
during the anodization of copper in alkaline water/ethylene glycol
media containing fluoride ions, to successfully obtain specific nanos-
tructures. The dependence of the morphology and chemical composi-
tion of the anodized copper surfaces were correlated to the experi-
mental conditions (applied voltage, fluoride and hydroxyl
concentrations, and anodization time). The morphology was studied
using field-emission scanning electron microscopy (FESEM) and the
chemical composition by means of Raman and X-Ray photoemission
spectroscopy (XPS).

2. Experimental section

Copper anodization was performed in an electrochemical cell with a
two-electrode configuration. The anode electrodes consisted of

I (— —-)
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polycrystalline copper foils (Sigma Aldrich, 99.99% purity) of 250 um
in thickness (0.5 cm? of exposed geometric area) mounted in Teflon
holders. A 0.5 cm thickness graphite sponge of 3.0 x 3.5 cm? was used
as cathode electrode. Prior to anodization, the samples were mechani-
cally polished using a 0.05 pum alumina aqueous suspension and then,
degreased by sonication in a 50:50 acetone/ethanol mixture for 15 min.
After cleaning, the foils were rinsed with deionized water and dried
under N, flux. High-voltage anodization experiments were carried out
using a 173 EG&G PAR potentiostat/galvanostat coupled to a 175
EG&G PAR signal generator and a 7090A Hewlett Packard plotting
recorder. The anodic growth of the copper oxide films was performed
by applying a potential pulse up to different voltage values (Eq,) in the
range of 5-20V for different anodizing times (t,) at 5°C with con-
tinuous stirring. The electrolytic solutions were prepared from analy-
tical grade reagents and were based on ethylene glycol; 1% v/v water; x
% w/v ammonium fluoride (0 <x=<0.1) and yM KOH
(0.1 =y <0.5).

The morphology features of the nanostructured layers were char-
acterized by field emission scanning electron microscopy (FE-SEM)
using a Carl Zeiss Xigma microscope. Raman experiments were per-
formed ex situ (in air) using a Horiba LabRAM HR spectrometer, em-
ploying a He/Ne laser (632.8 nm wavelength). X-ray photoelectron
spectroscopy (XPS) was used to determine the chemical states of the
samples. A XPS-Auger Perkin Elmer electron spectrometer Model PHI
1257 running in an ultra-high vacuum chamber with hemispherical
electron energy analyzer, was used. The X-ray source, which provided
unfiltered Ka radiation, consisted of an Al anode (hv = 1486.6 eV). The
pressure of the main spectrometer chamber during data acquisition was
maintained at ca. 10”7 Pa. The binding energy (BE) scale was cali-
brated using the peak of adventitious carbon, which was set to
284.8 eV. The recorded HRXPS signal was fitted by using CASA soft-
ware, and the species composition was calculated taking into account
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the integrated area under each curve, the full width at half maximum
(FWHM), and the corresponding atomic sensitivity factors (ASF).

3. Results

Fig. 1 shows the potentiostatic j/t profiles (a,b) and final mor-
phology (c) for Cu foils anodized applying different voltages (E,)
during 15 min at 5 °C, ina 0.1 M KOH + 1% v/v H,0 in ethylene glycol
containing x % w/v NH,4F electrolyte. For all the conditions employed
(Fig. 1a and b), initially the current density increases sharply due to the
active dissolution of the copper substrate (Cu — Cu" " + ne™). After-
wards, the current density decreases significantly, indicating that pas-
sivation of the electrode surface due to the growth of a low-conducting
layer takes place. For 5 V, as the fluoride concentration increases from 0
to 0.1% w/v, the density current values diminishes (Fig. 1a) and a
morphologic transition from almost smooth to a fibrillary textured
surface, (Fig. 1c-I and c-II) is obtained. On the other hand, in the pre-
sence of 0.1% w/v of fluoride (Fig. 1b) and increasing the applied
voltage from 5 to 20 V, the j/t profiles show a minimum at around 150 s
followed by an increase in the current values that is more marked as the
applied voltage increases, reaching finally a quasi-steady state current.
This response is attributed to a marked increase in roughness promoted
by the film chemical dissolution due to the presence of fluoride. A
morphologic evolution from nanofibrillar to a noticeably nanoporous
surface (Fig. 1c-II to IV) is also noticeable. For Eg, = 20 V (Fig. 1c-IV),
The pores are randomly distributed (Fig. 1c-II to IV) and their average
diameter, which increase with the applied potential, are 6 * 1 nm;
10 = 2nmand 15 * 6 nm for 5, 10 and 20 V, respectively. A similar
behavior has also been observed for other metals as titanium during
anodization in fluoride-containing media [6,21,22], where nanopore/
nanotubular structures are obtained. Even though the anodic TiO, film
grows by a different mechanism, after a compact and/or porous oxide
layer is formed, the competition between oxide formation and film
dissolution to give soluble species takes place and parameters such as
fluoride and water content as well as applied potential determine the
nanostructure obtained.

In order to elaborate a detailed analysis about the copper chemical
state and the film composition, Raman and XPS measurements were
performed. For the non-fluoride containing electrolyte (Fig. 2-I), the
signals at 296 cm ™ 1 (sharp), 343 cm™ 1 (low intensity), and the wide
band around 600-635cm ™! are attributed to the presence of CuO
species, as previously reported for aqueous electrolytes [23-25]. Ad-
ditionally, the absence of a characteristic band at 488 cm ™~ * indicates
no evidence of Cu(OH), on the sample [23]. On the contrary, when
fluoride ions are incorporated to the electrolytic bath (Fig. 2-II to IV),
the Raman spectra show well-defined Cu,O features: a signal at
150 cm ™~ ! and two broad bands at 537 cm ™! and 620 cm ™! [23-25].
In addition, for E,, = 20 V (Fig. 2-IV), an incipient signal at 300 cm ™~ b
is also observed, indicating a minor presence of CuO at the anodized
copper surface. Table 1 summarizes the morphologies obtained for the
different conditions as well as Raman assignments.

Fig. 3 shows the Cu2p3,5 (a,d), Cu LMM (b,e) and O1s (c,f) HRXPS
spectra for Cu foils anodized applying 5 V (15 min) and 20 V (3 min) at
5°Cin a 0.1 M KOH and 1% v/v Hy0 in ethylene glycol containing
0.1% w/v NH,4F electrolyte. Because of the overlapping between me-
tallic Cu and Cu,O lines in the Cu2ps,, region, and the metallic Cu with
CuO in the Cu Auger LMM band, for the chemical assignments both
binding energy regions were analyzed complementarily [14].

For the Cu sample anodized at 5V, the high resolution Cu2ps,»
spectrum recorded shows a well-defined symmetric peak (Fig. 3a). The
fit was carried out taking into account a single contribution centered at
a binding energy of 933.2 eV, which is associated to the underlying
metallic Cu and the Cu,O film [14,15]. Additionally, Cu LMM band
(Fig. 3b) shows five contributions at 565.4; 568.1; 570.1; 571.0 and
574.7 eV. However, three of them (565.4; 571.0 and 574.7 eV) re-
present different transitions states of the Auger LMM and are neglected
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Fig. 2. Raman spectra for Cu foils anodized applying different voltages (E,,) during
15 min at 5°C in a 0.1 M KOH and 1% v/v H,O in ethylene glycol containing x % w/v
NH4F electrolyte. x = 0% and Eq, = 5V (I); x = 0.1% and E, = 5V (II); 10 V (II)); 20 V
av).

Table 1

Morphologies as well as Raman shifts and XPS binding energies (BE) for Cu foil anodized
applying 5, 10 and 20 V during different anodization times (t,) at 5 °C in a yM KOH and
1% v/v H,0 in ethylene glycol containing 0.1% w/v NH,4F electrolyte.

0.1 M KOH 0.5M KOH
5V (15 min) 20V (3min) 10V (6 min)

Film morphology Nanofibrillar Nanoporous Highly rough

nanofibrillar
network

Raman Cu,O 149.1; 537.8; 144.5; 542.0; 144.5; 538.3;
shift/ 621.1 623.2 620.7
cm ! CuO - 289.9 (very 296.0; 345.7

low)
Cu(OH), - - -

BE Cu2p;, Cu + Cu,0O 933.2 (100%)  932.5 (44%)  933.2 (64%)
2/eV CuO - 933.8 (24%)  934.2 (17%)

Cu(OH), - 935.5 (20%)  935.4 (13%)
CuF, - 937.0 (12%) -

BE Cu Cu,0 570.2 (69%) 569.6 (80%)  570.2 (56%)
LMM/ Cu + CuO 568.1 (31%) 567.2 (20%)  568.4 (44%)
eV

BE Ols/eV  CuyO + CuO 530.6 (63%) 530.1 (21%)  530.5 (22%)

Cu(OH), + OH™  531.9 (34%) 531.5 (29%)  531.7 (58%)
H,0 533.5 (3%) 532.9 (50%)  532.9 (20%)
CuO/Cuy0 (*) 0 ~0.3 ~0.5

(*) estimated from Cu2p3,, line and Cu LMM bands according to ref. [14]

for the present analysis [14]. The other two bands centered at 570.2 eV
and 568.1 eV are assigned to the Cu,O (69%) and Cu + CuO (31%)
species, respectively. According to the Cu2ps » data (Fig. 3a), the band
at 568.1 eV can be entirely assigned to the underlying Cu surface. In
addition, the O1s signals (Fig. 3c) show three contributions at 530.6 eV
(63%); 531.9 eV (34%) and 533.5 eV (3%), assigned to the Cu,O, ad-
sorbed OH™ and H,O, respectively [14,15]. Besides, the signal at
530.5 eV may contain CuO contributions, but as the Cu2p3,» only shows



D.P. Oyarziin Jerez et al.

Journal of Electroanalytical Chemistry 807 (2017) 181-186

Fig. 3. Cu2ps,» (a,d), Cu LMM (b,e) and O1s (c,f) HRXPS

spectra for Cu foils anodized applying 5V during 15 min
(a—c) and 20 V during 3 min (d-f) at 5°C in a 0.1 M KOH
and 1% v/v Hy0 in ethylene glycol containing 0.1% w/v
NH,F electrolyte.
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the Cu,O contribution, an unambiguous assignation for this sample was
made. These observations agree with the Raman experiments shown in
Fig. 2(I and IV), which indicate that Cu,O is the main species obtained
after copper anodization at 5V in alkaline water/ethylene glycol con-
taining fluoride electrolyte.

On the other hand, after the anodization at 20 V, Cu2ps3,» (Fig. 3d),
Cu LMM (Fig. 3e) and O1s (Fig. 3f) signals show more complex features.
For Cu2p;3,», the fit was performed using four contributions centered at
932.5 eV (44%); 933.8 eV (24%); 935.5 (20%) and 937.0 eV (12%),
which are assigned to metallic Cu surface and Cu,0 layer, CuO species,
Cu(OH),, and CuF,, respectively [14,15,27]. For the Cu LMM Auger
bands (Fig. 3e), the peaks for Cu,0O at 569.6 (80%) and Cu + CuO at
567.2 (20%), are obtained. Furthermore, the fit of the Ols signals
(Fig. 3f) shows the same oxygen contributions mentioned before: CuO
and Cu,0 at 530.1 eV (21%); Cu(OH), and adsorbed OH™ at 531.5 eV
(29%), and adsorbed water at 532.9 eV (50%). Using the methodology
described by Platzman et al. [14] for the precise separation of metallic
Cu and CuO intensities from the Cu2ps,» line and Cu LMM bands ne-
glecting Cu(OH), contributions, a CuO/Cu,0 = 0.3 ratio for the XPS
penetration depth (F10 nm) was estimated (see Supporting informa-
tion). These results indicate that for the higher applied voltages (20 V),
a porous and more hydrated mixed copper oxide is obtained. Table 1
also shows a summary of the XPS binding energies for the conditions
studied.

Additionally, the OH™ content effect on the morphology and che-
mical composition for anodized Cu surfaces was studied. Fig. 4a shows
the potentiostatic j/t profiles recorded at E, = 10V for different
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anodizing times of Cu foils at 5°C in a 0.5M KOH and 1% H-O0, in
ethylene glycol containing 0.1% NHF electrolyte. Besides, Raman
spectra (Fig. 4b) and FESEM images (Fig. 4c) for the anodized Cu foils
are shown. The j/t profiles show current density values higher than the
obtained at the same potential in 0.1 M KOH electrolytes (see Fig. 1b).
The response is very reproducible showing three well-defined zones,
which may be associated to changes in both the film composition
(Fig. 4b) and morphology (Fig. 4c). At the initial stages of anodization
(t < 3 min, zone I), the Raman spectrum shows only the presence of
Cu,0 species at the surface, meanwhile for higher anodizing times
(zones II and III), the characteristic CuO bands (296.0, 344.4 and
631.6 cm ™~ 1) are also obtained. Furthermore, the porous morphology
presents a progressive evolution with time (Fig. 4c) showing a strong
enlargement in size of pores, which is attributed to the increase in the
rate of chemical dissolution due to the higher KOH content.

Fig. 5 shows the Cu2psz,» (a), Cu LMM (b) and O1ls (c) HRXPS
spectra for an anodized Cu foil, applying 10 V during 6 min at 5 °C in a
0.5M KOH and 1% v/v H,O in ethylene glycol containing 0.1% w/v
NH,4F electrolyte (see also Table 1 for summarized XPS and Raman
signal assignments). The fit of the Cu2p;,, spectrum (Fig. 5a) gives us
four contributions centered at 931.5eV (6%), 933.2eV (64%),
934.2eV (17%) and 935.4 (13%); which are assigned to CuS, Cu
+ Cuy0, CuO and Cu(OH),, respectively [14,15,27]. For this sample,
sulfide presence may be due to contamination in the vacuum chamber.
In agreement with these results, the deconvolution of the Cu LMM
spectrum (Fig. 5b) shows 56% of Cu,0 (570.2 eV) and 44% Cu + CuO
(568.4 eV). Complementary to this, the detailed Ols spectrum (Fig. 5c)
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shows the three oxygen contributions assigned to CuO at 530.5 eV
(22%); Cu(OH), and adsorbed OH™ at 531.7 eV (58%) and adsorbed
water at 532.9 eV (20%). These results indicate that the anodization in
more concentrated hydroxyl ion electrolytes also promotes the oxida-
tion to Cu(Il), with CuO/Cu,0 = 0.5 (see Supporting information), and
generates very hydrated rough films.

4. Discussion

The evidence shown in the previous section and summarized in
Table 1, indicates that the anodization of copper in alkaline water/
ethylene glycol media produces mainly Cu(Il) species, according to
previous reports [19,20]:

Cu(s) + 20H (aq) —» CuO(s) + H,0(1) + 2e~ (€8]

@

Instead, the Cu(I) species stabilizes by adding fluoride ions to the
electrolytic bath, preventing the direct oxidation from Cu(0) to Cu(II).
Previous reports indicate that Cl~ ions can be specifically adsorbed on
the [100] crystalline metallic Cu face, thus promoting the formation
and growth of Cu,O layers [26]. Therefore, in the presence of fluoride
the Cu(I) oxide formation, may take place according to:

Cu(s) + 20H (aq) — Cu(OH),(s) + 2e~

Cu(sup) + F~(aq) — Cu — F(ad) + e~ 3

2Cu — F(ad) + 20H (aq) — Cu,0(s) + H,0() + 2F~ 4

Journal of Electroanalytical Chemistry 807 (2017) 181-186

Fig. 4. a) Potentiostatic j/t profiles for the ano-
dization at E,, = 10 V during 3 min (I); 6 min (II)
and 15 min (III) of Cu foils at 5 °C in a 0.5 M KOH

\jL’\i
I
I

and 1% H0 in ethylene glycol containing 0.1%
NH,F electrolyte. b) Raman spectra for anodized
Cu foils. ¢) FESEM images for I-1II surfaces.

200 400 600 800
RAMAN shift /cm™

1000

On the other hand, in more alkaline media the subsequent oxidation
to Cu(Il) may come about, generating oxide/hydroxide films:

Cu,0(s) + 20H (aq) — 2CuO(s) + H,0(1) + 2e~ 5)

Cu,O(s) + 20H (aq) + H,O(l) —» 2Cu(OH),(s) + 2e~ 6)

Additionally, as it has been previously reported [13], the generation
of Cu(Il) species is promoted by the increase in roughness of the un-
derlying surface. Our microscopic analysis indicates that in more al-
kaline media, as the anodization time elapses significant changes in the
surface morphology take place. The formation of the different nanos-
tructures is related to local film dissolution produced by specific che-
mical species present in the electrolytic bath. It is well-known that
Lewis bases as fluoride, hydroxyl and ammonia may act as complexing
ligands for Cu(I) and Cu(lIl), generating different soluble species, e.g.
[Cu(NH3),1"; [Cu(NH3)s(OH»)1**; [Cu(OH),]*~, and [CuF]*
[14,20,28]. Among them, fluoride and hydroxyl ions may compete with
the oxide formation (Egs. 1 and 4), dissolving the layer or generating
other fluorinated species as CuF,.

5. Conclusions

We demonstrate that the anodization of copper in alkaline water/
ethylene glycol media containing fluoride ions, generates different na-
nostructured oxide films. By modifying the anodization conditions
(fluoride and OH™ concentration, voltage applied and anodization
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Fig. 5. Cu2p;,2 (a), Cu LMM (b) and O1s (c) XPS spectra for a Cu foil anodized applying
10 V during 6 min at 5 °C in a 0.5 M KOH and 1% v/v H,O in ethylene glycol containing
0.1% w/v NH4F electrolyte.

time), nanofibrillar and nanoporous Cu;O or CuO/Cu(OH), films are
obtained. The Raman and XPS measurements provide high quality in-
formation about the chemical states of the nanostructured films for the
experimental conditions employed. In the absence of fluoride, the an-
odization of copper in alkaline water/ethylene glycol media produces
mainly Cu(Il) species meanwhile, in fluoride-containing media, Cu(I)
oxide formation takes place. On the other hand, the subsequent oxi-
dation to Cu(Il) species occurs in more alkaline media promoted by the
highly rough underlying surface for the higher voltages applied. These
findings may allow tuning both the chemical species and the film
morphology to generate specific nanostructured materials for potential
use in a wide range of applications.
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