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a b s t r a c t

The paper presents the characterization of the surface properties of copper based cermets obtained by
two different techniques: spray pyrolysis deposition (SPD) and electrodeposition. Copper acetate was
used as precursor of Cu/CuOx cermet. The surface morphology was tailored by adding copolymers of
maleic anhydride with controlled hydrophobia. The films morphology of Cu/CuOx was assessed using
contact angle measurements and AFM analysis. The porous structures obtained via SPD lead to higher
liquid adsorption rate than the electrodeposited films. A highly polar liquid – water is recommended as

testing liquid in contact angle measurements, for estimating the porosity of copper based cermets, while
glycerol can be used to distinguish among ionic and metal predominant structures. Thus, contact angle
measurements can be used for a primary evaluation of the films morphology and, on the other hand, of

et c

1

s
m
d
(
e
o
m
f

c
m
t
(
[
(
i
fi

b
t
(
(
(

a
m
i
i
c
s
b
e

w
l
o
i
a
t
a
t
fi
a
a
m
i

0
d

the ratio between the cerm

. Introduction

To be efficient, solar thermal collectors use a spectrally selective
urface that absorbs and converts the solar radiation into heat. Cer-
ets materials are one of the high performing selective surfaces

ue to their optical properties: maximum absorption coefficient
˛ > 0.9) in the wavelength (�) range of 0.3–2.5 �m and minimum
missivity (ε > 0.1) in the infrared region (� > 2.5 �m). They consist
f metal particles embedded in a ceramic matrix, deposited on a
etal substrate. Optimum cermet design requires a porous matrix

or the metal infiltration.
Copper based cermets Cu/CuOx can be used as selective

oatings due to its good optical properties, good adhesion to
etal surfaces, thermal and chemical stability. Different deposi-

ion techniques have been reported for copper oxide thin films
e.g. electrodeposition [1], sol–gel [2,3], cathodic arc deposition
4], pulsed magnetron sputtering [5], spray pyrolysis deposition
SPD) [6,7]. The SPD technique is a promising method due to
ts low cost and the possibility of depositing large area of thin
lms.

Contact angle measurements can be used to analyse the wetting
ehaviour and surface morphology. A wetting liquid is considered

o be the one that produces a contact angle of 30◦ or less on a solid
Fig. 1a). Between 30◦ and 89◦ the liquid is partially wetting the solid
Fig. 1b) and above 90◦ the liquid presents non-wetting behaviour
Fig. 1c) [8]. By studying the contact angle time dependence
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ssumptions regarding the solid–liquid interactions and the solid
orphology can be done. The contact angle is strongly decreas-

ng for porous materials due to the liquid absorption/adsorption
nto the pores, while for dense films a slow variation of the
ontact angle in time is expected [9]. The surface charge of the
olid also plays an important role and depends on the chemical
onds and, in some degree, on the morphology (smooth, fractured,
tc.).

The aim of the experiments was to develop Cu/CuOx cermet
ith controlled morphology, using SPD and electrodeposition, the

atest considered as reference technique [10]. The cermet can be
btained on metallic substrate with the both techniques [11], but
n this paper only the ceramic part deposited by SPD was studied,
nd the cermet obtained by electrodeposition. For this purpose,
he copper oxides were deposited on glass substrate in order to
void the interfering from the oxides formed by thermal oxida-
ion of the metallic (copper) substrate. Correlations between the
lm morphology and the contact angle values are developed; par-
llel analyses on the surface morphology were performed using
tomic force microscopy (AFM). The influence of copper based cer-
et components (copper, copper oxides) on the surface energy is

nvestigated.

. Experimental
.1. Samples preparation

Thin films of copper oxide were deposited by SPD onto micro-
copic glass from precursor solutions of (CH3COO)2Cu 0.1 M
Merck) in aqueous–ethanolic = 1:1 solvent (ethanol absolute,

http://www.sciencedirect.com/science/journal/09215107
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Fig. 1. The wetting behaviour.

Table 1
Deposition conditions for SPD and electrodeposition

Spray pyrolysis deposition Electrodeposition

Sample T (◦C) Complexing agenta Sample Edeposition (V) tdeposition (min)

1 150 – 7 −0.16 20
2 150 Hfb 8 −0.65 10
3 200 – 9 −0.3 20
4 200 Hfb
5
6
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perature, precursor composition – additives), different surface
morphology were obtained (Figs. 3–6). The film, mainly consisting
of CuO deposited from precursors without additives, Fig. 3, shows
a uniform structure with columnar crystallites of 150–200 nm
250 –
250 Hfb

a Complexing agent: copolymers of maleic anhydride, the hydrophobic form.

harlau Chemie, S.A.). Copolymers of maleic anhydride with con-
rolled hydrophobia, 50 ppm (synthesized at Petru Poni Institute,
omania) were added in the spraying solutions. The glass sub-
trates (1.5 cm × 3 cm, Heinz Herenz) were cleaned with ethanol
efore each deposition, in an ultrasonic bath. The substrate tem-
erature (T) was varied during deposition from 150 to 250 ◦C.
ir was used as carrier gas (p = 1.4 bar). The deposition was done

n open atmosphere, at a spraying angle of 45◦. The distance
rom nozzle to the heated substrate was 20 cm and the spraying
equences number was 60.

For the electrodeposited films, the substrate – 1.5 cm × 3 cm flat
ieces of copper (99.9%) – was chemically cleaned with concen-
rated HNO3. A multichannel potentiostat galvanostat, PAR BioLogic
SP with a three-electrode system (working electrode: sample,
ounter electrode: platinum plate, reference electrode: Ag/AgCl/KCl
at (SAE), ESAE = 0.197 V) was used. All the potential were recorded
ersus SAE. The samples were obtained at room temperature, at
ifferent deposition potentials and durations, from precursor solu-
ions based on mixtures of (CH3COO)2Cu 0.05 M with CH3COONa
.1 M. Table 1 presents the deposition parameters for both deposi-
ion techniques.

.2. Characterization techniques

Contact angle measurements were performed at room temper-
ture with the OCA-20 System (DataPhysics Instruments). The test
iquids were: glycerol (Reactivul Bucureşti) and ultra pure water
Direct-Q 3 Water Purification System). The surface tension, den-
ity and viscosity of these liquids are presented in Table 2. A 5 �L
rop of liquid was placed on the sample with 1 �L/s velocity and
he contact angles were measured by analyzing the droplet image,
ach second. The interaction energy was evaluated from the linear
t of the contact angle time dependence.

Infrared spectroscopy was used to determine the modifications

n the precursor composition and the additives form depending
n temperature. FT-IR measurements (Spectrum BX PerkinElmer)
ere done in reflectance mode, in the range of 500–4500 cm−1,

fter four scans, with 4 cm−1 resolution.

able 2
he properties of the liquids used for contact angle determination

iquid properties Distilled water [18] Glycerol [19]

urface tension, � (mN/m) 72.10 63.40
ensity, � (g/cm3) 0.9982 1.2613
iscosity, � (mPa s) 1.002 1412.0

F
t
2

Fig. 2. XRD patterns for SPD (1, 2) and electrodeposited (7) samples.

Surface morphology and thin films roughness were examined
sing atomic force microscopy (NT-MDT model NTEGRA PRIMA
C). The images were taken in semi-contact mode with “GOLDEN”
ilicon cantilever (NCSG10, force constant 0.15 N/m, tip radius
0 nm).

X-ray diffraction (XRD, Bruker-AXS D8 Advance) was used to
valuate the films’ crystalline structure and composition.

. Results and discussion

.1. Structural analyses

The XRD patterns recorded for Cu/CuOx films deposited via
PD on microglass (Fig. 2) show crystalline CuO. All the diffrac-
ion peaks matched with the peaks from the monoclinic cuprite
tandard (PDF 48–1548). The crystalline structure is not influenced
y the complexing agents, as confirmed by the XRD patterns. The
lectrochemically deposited films contain mainly Cu and Cu2O. All
he diffraction peaks can be indexed to the cubic structure Cu2O
PDF 71–3645) and face-centered cubic Cu. The strong and sharp
eaks suggested that more crystalline compounds are formed by
lectrodeposition.

.2. Atomic force microscopy

Depending on the deposition parameters (substrate tem-
ig. 3. AFM 3D surface morphology of SPD sample grown at T = 150 ◦C, without
he addition of the complexing agents in the precursor solution, average roughness
04.7 nm.
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Fig. 4. AFM 3D surface morphology of SPD sample grown at T = 200 ◦C, without
the addition of the complexing agents in the precursor solution, average roughness
160.1 nm.

F
p

d
t
s
t
o
m
a
p
i
[
a
a
F
(
r
s
o
t
h
t
s

F
2

F

3

a
u
p
c
c
t
f
p
e

3

f
c
a
function may be correlated with the absorption (characteristic to
large pores morphology – when a high decrease in time of the con-
tact angle is expected) and/or adsorption rate of the liquid on/in
the film (in the case of nano- or meso-pores).
ig. 5. AFM 3D surface morphology of SPD sample grown at T = 150 ◦C, with com-
lexing agents addition in the precursor solution; average roughness 198.2 nm.

iameter and average roughness of 204.7 nm. Higher deposition
emperatures (Fig. 4), result in completely different, compact,
moother structures (average roughness: 160.1 nm). Increasing
he growth temperature increases the effective diffusion length
f depositing species resulting to smoother films. The surface
orphology is also controlled by adding copolymers of maleic

nhydride as complexing agents into the spraying solution. The
olar CO groups in the copolymer can interact with the copper

ons in the precursor’s phase leading to intermediate components
12,13] that react slower in the nucleation step, thus forming
n open porous matrix of meso- and micro-structured associ-
ted crystallites (Fig. 5) with lower roughness values: 198.2 nm.
ilms with uniform morphologies, but with higher roughness
289.8 nm) are obtained via electrodeposition (Fig. 6). The film
oughness was evaluated based on the AFM analysis. Experiments
how that electrodeposited Cu/CuOx is preferential depositing
n the high-energy sites (edges and corners) of the substrate;
herefore, the substrate morphology and the deposition time
ave a strong influence on the film growth. Longer deposition

imes are required for uniform coverage of the metallic sub-
trate.

ig. 6. AFM 3D surface morphology for the electrodeposited sample (at −0.3 V, for
0 min); average roughness 289.8 nm .

F
p

ig. 7. Time dependence of contact angle measured with water for the SPD samples.

.3. Fourier transform infra-red (FT-IR) analysis

Possible interaction mechanism between the metal precursor
nd the maleic anhydride copolymers with controlled water sol-
bility were studied based on FT-IR analysis. The IR studies were
erformed for aqueous solutions of the polymers and Cu2+ pre-
ursor, at room temperature and at 50 ◦C. Interactions between the
opper ions with the C O anhydride groups were identified in solu-
ion; the characteristic bands are located in a wide spectral interval,
rom 2236 to 2150 cm−1 [14]. At higher temperatures (50 ◦C), the
resence of the COO− groups resulted from the hydrolysis of the
ster groups was registered (1730 and 1244 cm−1) [15].

.4. Contact angle analysis

The interaction between the different liquids and the film sur-
ace was evaluated based on contact angle measurements. The
ontact angle values vary with the film surface charge and porosity,
nd with the liquid polarity. The slopes of the contact angle vs. time
ig. 8. Time dependence of contact angle measured with glycerol for the SPD sam-
les.
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Table 3
The correlations between contact angle interparticle bonds for the electrodeposited
samples

Sample 7 8 9
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ig. 9. Time dependence of contact angle measured with water for the electrode-
osited samples.

The oxides containing metal particles with inferior oxidation
tate (Cu2O) present a higher ionic character than oxides containing
etal ions in higher oxidation states (CuO) [16,17]. Thus, stronger

nteractions between Cu2O–water are expected.
The contact angle measurements at initial moment (t = 0 s) show

arge variation for the SPD deposited samples, as result of the dif-
erent morphologies. Dense morphologies, obtained at the highest
eposition temperature (sample 5 and sample 6) have the con-
act angle value with about 30% higher than the other samples,
onfirming the dense structures obtained. The porous structures
ailored using the polymer additives, present lower contact angle
�) values (for all the analysed samples). The slope of the � vs.
ime variation must be correlated with the film morphology and
ith the chemical composition. Samples obtained at the same

emperature with and without additives show, at lower deposi-
ion temperatures, different slopes that could be attributed to the
y-products resulted, in different quantities, from the precursor’s

hermal degradation. These products, embedded in the film, have
ifferent polarity, caused by the different reaction temperatures;

ower deposition temperatures favour the formation of low polar-
ty substances while increasing the temperature, carboxilates can
e formed, as confirmed by the FT-IR analysis.

ig. 10. Time dependence of contact angle measured with glycerol for the electrode-
osited samples.
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omposition Cu2O Cu Cu2O/Cu
nterparticle bonds Predominant ionic Metallic Ion-metal
(degree) 104.71 75.26 47.43

Glycerol, with lower polarity, is expected to have weaker interac-
ion with the predominant ionic structures, comparing with water,
hus higher contact angles. The results presented in Figs. 7–10
onfirm this assumption. For the samples with predominant Cu2O
ontent, there is practically no variation of the contact angle in time,
howing that glycerol is not suited for estimating the morphology
ariations of these thin layers.

For the electrodeposited samples, the contact angle depends
n the copper/copper oxide ratio. Previous studies showed that
t E = −0.16 V, Cu2O is mainly deposited, at E = −0.65 V, copper is
btained, while at E = −0.3 V a mixture of copper and Cu2O with
ifferent ratios is formed [11]. These compositions are confirmed
y the contact angle values, at t = 0 s, in the water-film systems,
able 3 and Fig. 9.

Glycerol contact angle non-linear behaviour, Fig. 10, indicates a
omplex of processes occurring in time; the similar behaviour of
ample 8 and 9 can indicate a predominant metal content in the
ermet, but further investigations are required.

. Conclusions

The films morphology of Cu/CuOx was assessed using two dif-
erent techniques: contact angle measurements and AFM analysis.

Open, large pore structures can be correlated with the initial
alue of the contact angle and with the adsorption rate of a liquid
n the pores that can be visualized by the decrease in time of a drop
n the substrate, i.e. with the modification (decrease) of the contact
ngle.

The liquid suited for indirect morphology characterisation must
xhibit a sharp slope of the � = f (time) function. Experiments test-
ng water (highly polar) and glycerol (low polar liquid) recommend
ater as a testing liquid for estimating the porosity of different, pre-
ominant ionic films with similar compositions. The contact angle
an also be an interesting tool in investigating the film composi-
ion; tests done on Cu/Cu2O cermets with different metal content
roved that glycerol can sense differences among ionic and metal
redominant structures.
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