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Abstract

Nanostructured CuO thin films were prepared by spray pyrolysis of aqueous copper acetate solutions at temperatures over 200–300 8C
range. The textural and structural properties of the films were determined by scanning electron microscopy, atomic force microscopy, X-ray

diffraction spectroscopy and X-ray photoelectron spectroscopy (XPS). Although the sole crystalline phase detected in the film was CuO, XPS

spectra revealed a more complex surface structure due to the presence of undecomposed copper acetate that can be easily removed by Ar+ ion

sputtering. The heating temperature was found to have little limited effect on the particle size and thickness of the films, which, however,

increased significantly increasing deposition time. The film with the smallest grain size exhibited an excellent electrochemical response in Li

battery electrodes and was capable of supplying sustained specific capacity as high as 625 A h kg�1 (50% greater than that delivered by bulk

CuO and close to the theoretical capacity for the CuO,Cu reaction) upon extensive cycling.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Copper oxide-based materials are of interest on account

of their potential uses in many technological fields. CuO

and Cu2O materials are known to be p-type semiconductors

in general and hence potentially useful for constructing

junction devices such as pn junction diodes [1]. Apart from

their semiconductor applications, these materials have been

employed as heterogenous catalysts for several environ-

mental processes [2,3], solid state gas sensor heterocontacts

[4,5], and microwave dielectric materials [6]. Their use in

power sources has received special attention. Thus, in

addition to photovoltaic devices [7,8], copper oxides have

been used as electrode materials for lithium batteries. The

earliest studies in this area focused on their potential use as

cathodes in lithium primary cells [9,10]. Recently, their
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ability to reversibly react with Li ions at low potential values

was ascribed to the following reaction [11]:

CunOþ 2Li , nCuþ Li2O ð1Þ

The theoretical deliverable specific capacity of CuO is 675

A h kg�1, which is much higher than that of graphite-based

anodic materials (the theoretical gravimetric capacity for

which is 372 A h kg�1). For this reason, CuO has been

proposed as candidate to replace these carbonaceous

materials as negative electrodes in Li-ion batteries. In

practice, however, bulk CuO electrodes deliver a sustained

reversible capacity of ca. 400 A h kg�1 [12], so roughly

40% of the CuO theoretical capacity, referred to its

reduction to Cu, is unusable.

Nanostructured materials have emerged as attractive

alternatives to conventional materials by virtue of their

prominent electronic and chemical properties [13]. Recently,

we reported nanostructured PbO2 and Ag thin electrodes to

exhibit excellent electrochemical activity as electrodes in
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lead-acid cells [14] and lithium batteries [15], respectively.

We extended the methodology used with these electrodes to

CuO with the aim of improving its electrochemical response

in lithium cells. In this work, we report the preparation and

characterization of nanocrystalline CuO thin films by spray

pyrolysis of an aqueous solution of copper acetate as a

simple preparation method that requires no sophisticated

equipment. X-ray diffraction (XRD) spectroscopy, electron

and atomic force microscopy and X-ray photoelectron

spectroscopy (XPS) were used for characterization purpo-

ses. We also explored the activity of a selected film as

electrode in lithium batteries. This electrode preparation

procedure results increases the electrochemical reactivity of

CuO relative to bulk material.
Table 1

Preparation conditions and selected properties of CuO thin films

Film Temperature

(8C)
Time

(min)

Mass deposited

(mg cm�2)

Thicknessa

(nm)

Sample A 200 30 0.36 660

Sample B 250 30 0.30 475

Sample C 300 30 0.17 420

Sample D 200 60 0.58 1100

Sample E 250 60 0.56 1150

Sample F 300 80 0.73 1250

a Values estimated from SEM images.
2. Experimental details

A spray pyrolysis method described elsewhere [16] was

used to prepare the CuO thin films. An aqueous solution of

0.05 M Cu(CH3COO)2 was used as precursor. The solution

was pumped into the air stream in the spray nozzle at a rate

of 50 ml h�1 by means of a syringe pump, for a preset time

of 30, 60 for 80 min. An air stream of 25 l min�1, measured

at 1.25 bar, was used to atomize the solution. Circular disks

of commercial 304 stainless steel (0.4 mm thick and 7.5 mm

in diameter) were used as substrates. The disks were kept at

temperatures over the range 200–300 8C. The amount of

oxide film attached to the substrate was determined by

weighting the electrode before and after deposition, using a

Sartorius microbalance with F1 Ag sensitivity.

X-ray diffraction patterns were recorded on a Siemens

D5000 X-ray diffractometer, using Cu Ka radiation an a

graphite monochromator, in steps of 0.028 and 1.2 s.

Scanning electron microscopy (SEM) images were obtained

on a Jeol JMS-5300 microscope. Topographic atomic force

microscopy (AFM) examinations were performed by using

a Nanoscope IIIa contact-mode AFM (Digital Instruments).

Type NP cantilevers (Digital Instruments) with Si3N4 tips

and a spring constant of 0.58 N/m were employed.

X-ray photoelectron and X-ray excited Auger spectra

were obtained with a Physical Electronics PHI 5700

spectrometer using non-monochromated MgKa radiation

(hm=1253.6 eV) and a hemispherical analyser operating at

constant pass energy of 29.35 eV. The spectra were recorded

with the X-ray generator operating at 15 kVand 20 mA. The

energy scale of the spectrometer was calibrated using the Cu

2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron lines at 932.7,

368.3 and 84.0 eV, respectively. The vacuum in the analysis

chamber was better than 10�9 mbar.

Binding energies were corrected using the binding

energy values for C 1s of adventitious carbon (and for the

methyl group) at 284.8 eV. Samples were mounted on a

holder without adhesive tape and kept under high vacuum in

the preparation chamber overnight before they were trans-

ferred to the analysis chamber of the spectrometer. Survey
spectra over the range 0–1200 eV were recorded at a 187.85

pass energy, each region being scanned several times to

ensure an adequate signal-to-noise ratio. A 3�3-mm sample

area was sputtered with 4 keV Ar+; the sputter rate was

assumed to be ~0.3 nm min�1 as determined for Ta2O5

under identical sputter conditions. Spectra were processed

using PHI-Access V.6 and Multipak software, both from

Physical Electronics. High-resolution spectra were fitted

upon Shirley background correction and satellite subtrac-

tion. Surface atomic concentrations were determined from

peak areas, using Shirley background subtraction and

sensitivity factors provided by the spectrometer manufac-

turer (Physical Electronics, Eden Prairie, MN). Data for the

Cu 2p region were acquired at short times in order to

minimize the reduction of copper oxide by X-rays.

Electrochemical measurements were carried out in two-

electrodes cell, using lithium as counter-electrode. The

electrolyte used was Merck battery electrolyte LP 40, which

consists of 1 M LiPF6 in ethylene carbonate and dimethyl

carbonate in 1:1 w/w ratio. Circular disks of stainless steel

coated with the active material were used as working

electrodes. Cells were galvanostatically charged and dis-

charged at a current density of 0.075 mA mg�1. SPES

curves were recorded at 75 mV h�1 per step. All electro-

chemical measurements were controlled via a MacPile II

potentiostat�galvanostat.
3. Results and discussion

The experimental conditions used to prepare films are

shown in Table 1. The amount of film deposited increased

with increasing deposition time; no clear-cut correlation

with the deposition temperature was observed, however. All

samples thoroughly coated with substrate; however, film

uniformity varied with temperature, as revealed by the SEM

images. Fig. 1 shows selected typical images for the

samples. Samples A, B and C were rougher than the other

because the small amounts of deposited material allowed the

wrinkled morphology of the substrate surface to be

distinguished. Increasing the time of deposition (samples

E and F) led to a dense, compact homogeneous film coating

and the formation of some cracks in parallel to the increase

in the amount deposited. However, sample D, which was



Fig. 1. SEM images of various CuO thin films.
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obtained at 200 8C, exhibited a highly cracked surface. This

different morphology could be explained as follows. At the

lowest deposition temperatures, while the film was growing,

a substantial amount of undecomposed organic precursor

remained in the film. By the end of the growing process,

nearly the whole organic component had been degraded and

converted into copper oxide. The difference in density

between the mixture of undecomposed acetate and copper

oxide resulted in poor adherence to the substrate and in

peeling of the film. At higher temperatures, the copper oxide

film was directly formed on the substrate, so it exhibited

good adherence and no cracks. However, if the deposition

time was increased, the resulting compact film was thicker

and subject to internal stress and strain as a result of the

metal substrate contracting upon cooling, among other

factors. Cracks can appear at some bweakQ points in the

film that progress through film releasing stress.

Film thickness was estimated from cross-sectional SEM

images such as that of Fig. 1; the results are shown in Table

1. Particle size was calculated by averaging the results of

several AFM observations in different regions of the films
(Fig. 2). The increased surface resolution of this micro-

scopic technique revealed films to consist of clusters of

round-shaped grains. Fig. 3 shows the particle size

distribution for the different samples as determined from

the AFM images.. Both film thickness and crystal size

distribution increased with increasing deposition time, on

equal deposition time, however, the temperature seemingly

had little influence on both parameters. Except for sample F,

calculating the crystallite size from XRD patterns was

impossible owing to the low peak-to-background ratio. By

applying the Scherrer equation to the (111) reflection, a

value of ca. 10 nm was obtained. Such a value is much

smaller than the particle size calculated from AFM images,

which suggests that grains are formed by several diffraction

domains.

Probably, the low temperature used to prepare these films

accounts for the difference and their nanometric nature,

particularly at short deposition times (30 min). It is worth

noting the more uneven size distribution of sample D, the

SEM image for which also exhibited a different surface

morphology.



Fig. 2. AFM images of selected CuO thin films.

Fig. 3. Particle size distribution of CuO films as calculated from AFM

images.
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The XRD patterns for the films are shown in Fig. 4. The

low signal-to-noise ratio obtained is consistent with the low

crystallinity of the samples. Two main signals at 35.68 and
38.782h were apparent in the XRD patterns that were

ascribed to the (�111) and (111) reflections of the CuO

phase [17]. Peak intensities, and hence crystallinity,

increased with increasing temperature and, especially,

increasing deposition time. Although the low particle

crystallinity reflected in the substantial peak observed
precluded the accurate identification of the Cu2O phase in

the films, the absence of the (111) reflection located at a

rather different spacing from those for CuO rules out its

formation under the deposition conditions used.

Supplementary data for the surface characterization of

these films were obtained from XPS measurements. Fig. 5

shows the Cu 2p, O 1s and C 1s surface XPS spectra for

samples A, B and C, no other signals belonging to Fe, Cr or

Ni, which are major constituent elements of the substrate

were detected, which provides thorough, additional evi-

dence of the homogeneous coating of the substrate. The

well-defined shake-up satellite structures observed at about

7 and 9.5 eV on the high binding energy side of the copper

core line 2p3/2 (centred at 934 eV) is typical of Cu2+ species

and due to multiplet splitting. Moreover, the Cu L3M4.5M4.5

Auger signal centred at a kinetic energy of 917.8 eV [18] is

also consistent with the presence of Cu2+ as the dominant

species on the surface. However, the Cu 2p1/2 and 2p3/2
peaks are relatively broad and seem to be influenced by the

presence of Cu2O and/or other copper species (e.g. residual

copper acetate). In addition, the C and O 1s peaks exhibit

different components, so these atoms must lie in different

chemical environments.

In order to acquire a more precise knowledge of these

environments, peaks were fitted using a Gaussian/Lorent-

zian mixed function. The Cu 2p3/2 peak profiles (Fig. 6a and

d) were fitted with two contributions assigned to CuO

(933.7 eV [19], curve 2), Cu2O (932.5 eV [19], curve 1),

and a third with its maximum at 935.6 eV (curve 3). This



Fig. 4. XRD patterns for CuO thin films. [*: Diffraction lines corresponding to the substrate.]
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latter peak can be assigned to either undecomposed acetate

(the reported signal for this compound spans the range

931.8–935.1 eV [19]) or hydroxylated species such as

Cu(OH)2 (BE 934.4–935.1 eV [19]). Curves 4 and 5 in Figs.

5a and 6d, represent the Cu 2p3/2 satellite contributions. The

fitted curve for the C1s photoemission (Fig. 6b and e)

exhibited three contributions. The peaks at 284.8 (curve 1)
Fig. 5. XPS Cu 2p, O 1s and C 1s core level spectra belo
and 286.2 eV (curve 2) were attributed to C–H/C–C and C–

O, respectively, and due to the methyl group and adventi-

tious carbon. The peak at 288.3 eV (curve 3) was assigned

to the OMC–O in acetate ion. Therefore, some undecom-

posed acetate is present at the film surface. The intensity of

this peak decreased as the deposition temperature increased,

whereas that of peaks 2 and 3 in the Cu 2p3/2 profiles
nging to the following samples: (a) A, (b) B, (c) C.



Fig. 6. Fitted profiles for Cu 2p3/2, O1s and C 1s core level spectra corresponding to samples A (a, b, c) and C (d, e, f).

Table 2

XPS elemental analysis (%) of the six thin films obtained

Film C O Cu

Sample A 23 (3.5) 43 (29.5) 34 (67)

Sample B 25 (3.0) 42 (29.0) 33 (68)

Sample C 19 (4.5) 43 (30.5) 38 (65)

Sample D 28 (3.5) 42 (29.5) 30 (67)

Sample E 42 (3.0) 38 (29.0) 20 (38)

Sample F 33 (4.5) 39 (30.5) 28 (65)

The values in brackets were obtained upon ion-etching for 20 s.
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increased and decreased, respectively, with increasing

temperature. This provides further support for the presence

of undecomposed acetate at the film surface and for

assignation of the component at 935.6 eV in the Cu profile

to this species. The intensity of peak 1 for Cu 2p3/2 (Fig. 6a)

changed little with the deposition time or temperature, so the

Cu2O content is scarcely affected by these variables as it

arises from the reduction of Cu2+ by X-rays [20]. The fitted

O 1s signal is rather complex, with many components

corresponding to various chemical states. The peak profile

was fitted to five components as shown in Figs. 6c and f.

The peaks at 529.6 and 530.3 eV were assigned to CuO

(curve 1) and Cu2O (curve 2), respectively. The others could

be assigned to traces of undecomposed copper acetate and

water-containing species. Thus, the peak at 531.2 eV (curve

3) can be assigned to hydroxyl groups and the other two,

curves 4 and 5, to oxygen atoms in the carboxyl group. As

expected, the intensity of these latter peaks also decreased

with increasing deposition temperature.

Based on the above-described results, Cu2+ is the

dominant oxidation state at the film surface; part of it is

present as undecomposed copper acetate—particularly at the

lower deposition temperatures. However, the layer of

undecomposed material is indeed very thin, as shown by

the spectra obtained after 0.3 min of Ar+ ion sputtering. The

most salient changes in these spectra were as follows: (i) the

C1s peak almost disappeared—the atomic concentration

dropped to 3–4% (see Table 2); (ii) the O1s peak was

markedly more symmetric, without the shoulder at 531.5 eV,

and the content calculated from it was considerably lower;
(iii) the Cu 2p profile underwent significant shifts. The

shake-up satellite structure of Cu2+ virtually disappeared

and the 2p doublet shrank. Now, the 2p3/2 line was located at

932.5 eV, a typical value for Cu(I) species. Moreover, the

copper content was significantly higher (nearly twice higher

than that of oxygen). This means that the surface compo-

sition approaches that of Cu2O as a consequence of the

instability of Cu2+ species to Ar+ ion bombardment and its

transformation into cuprite.

Based on the similar morphology and composition of the

nanometric CuO, we selected sample A, which contained an

increased amount of mass deposited, for electrochemical

tests. Fig. 7a shows the first galvanostatic discharge–charge

curve and the second discharge curve for Li/Sample A cell.

The first discharge curve exhibits an abrupt drop in the

potential up to 1.4 V, with a small slope change below 2.5 V

that is followed by two pseudo-plateaux centred at ca. 1.3

and 0.9 V. The plateaux are even better defined in the

second discharge curve. Below 0.7 V, the potential tends to
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Fig. 7. (a) First galvanostatic curves, (b) SPES curves and (c) cycling

properties of Li/sample A cell.

Fig. 8. C 1s core level spectra for film A impregnated with electrolyte (a)

and after discharge at 0.0 V (b).
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decrease gradually as the discharge depth increases, with a

slope change below 0.5 V. The voltage curve profile

resemble those reported for bulk CuO [12,21].

The first discharge curve for the Li/CuO thin film cell

considerably exceeds the nominal capacity of the elec-

trode—two lithium ions per mole of compound for the

theoretical CuOYCu reduction process; this can be ascribed

to the electrolyte being reduced at potentials below 0.5 V.

The presence of impurities of other transition metals

accounting for the abnormal first discharge capacity

observed can be discarded in the light of the XPS results.

The participation of the electrolyte in the overall electro-

chemical process seems to play a major role. The formation

of a solid electrolyte interface (SEI) has been suggested for

these types of electrodes when discharged at low potentials.

The presence of an SEI-like layer involving the metallic

particles can be ascribed to their catalytic activity. Thus, the

metallic nanograin surface may activate the solvent mole-

cules and facilitate the charge transfer needed for redox

processes, and favouring their reversibility [22]. The

electrode exhibits a high electrolyte/active material ratio

that may facilitate the electrolyte reduction. Indeed, a similar
discharge curve profile has been found for Cu2O anode

material grown on Ti-plated quartz crystals; the first

potential drop was ascribed to the reduction of electrolyte

components via a reaction such as [22]

ECþ 2e� þ 2Liþ , Li2CO3 þ alkane or alkene ð2

Direct evidence of partial electrolyte decomposition was

obtained from the XPS spectra of Fig. 8. When the cell was

discharged to 0.0 V, the main changes detected were in the C

1s emission line, which exhibited a new peak at 289.8 eV

assigned to carbonate ion formed in the previous reaction.

The charge curve exhibited strong polarization, with

subtle slope changes. The slope change observed above 1.5

V in the charge curve could be ascribed to a different Li-

driven electrochemical process. The cell tended to remove

about two Li+ ions per unit formula at a cut-off voltage of

3.0 V, which is consistent with the value reported for CuO

bulk material and corresponding to the CuYCuO oxidation

process [21].

The reversibility of the electrochemical processes was

demonstrated by using the step potential electrochemical

spectroscopy (SPES) technique (Fig 7b). Taking into

account that the amount of lithium removed in the first

charge was similar to that inserted in the second discharge

(Fig. 7a), the discussion of the SPES curves will be

restricted to such processes. The most salient feature of

the first anodic curve was the presence of two doublets

centred at 1.2 and 2.6 V. The second cathodic curve

exhibited a weak peak at 2.35 V followed by a stronger

band at 1.3 V and two broad overlapping peaks at 0.85 and

0.55 V. As reported in Ref. [21], the curve shape reflects the

following redox processes: CuO,Cu2O (1.3, 2.7 V),

Cu2O,Cu (0.85, 2.5 V) and the reduction–oxidation of

the electrolyte (0.5, 1.25 V). The cathodic peak at 2.35 V

has been ascribed to a lithium insertion process in the CuO

phase [20]. Further cycling hardly changed the curve
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profiles, so the redox processes involved in the anodic and

cathodic scans can be assumed to be reversible.

Fig. 7c shows the electrochemical response of Sample A

on cycling. As stated above, the specific capacity delivered

was initially higher than the theoretical value (674 A h

kg�1) due to the electrolyte participation in the electro-

chemical process—particularly during the first few cycles.

The cell has the ability to deliver a nearly constant specific

capacity of 625 A h kg�1 over 100 cycles. In order to justify

this value, one must accept the presence of Cu2+ after the

cell is charged, as well as the following reversible reaction:

CuOþ 2Li , Cuþ Li2O: ð3Þ

The cycling properties of these CuO thin films electrodes

are different from those reported for bulk CuO [12]. Thus,

the discharge capacity delivered by this later system on

cycling is ca. 400 A h kg�1 and thus only slightly greater

than the theoretical value for Cu2O (375 A h kg�1).

Therefore, the oxidation reaction Cu+YCu2+ is kinetically

hindered in the bulk material and the electrochemical

process on cycling is essentially controlled by the Cu2O/

Cu pair. The improved electrochemical performance of CuO

film relative to bulk CuO can be ascribed to two factors.

First, the nanometric nature of particles increases the

electrochemical activity of the film. Second, the small

thickness and good contact of the film with the substrate

facilitate electron transfers between the active material and

substrate, which acts as a current collector. Electrode

preparation method therefore has an advantage over the

conventional pellets system: the electrode can deliver a high

capacity on prolonged cycling without the need for additives

such as electronic conductors (e.g. carbon black) or binders.
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