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Abstract
Metal–ceramic nanocomposite films for solar absorbers have been obtained by electro-deposition. This

coating technique uses a mixed solution of nickel nanoparticles and sub-micron alumina particles. The

relative ratio of Ni-to-Al in these films is varied by tuning the concentration of nickel and alumina

particles in the starting solution. Three films with different Ni/Al ratio have been prepared and

characterized with X-ray photo-electron spectroscopy and scanning electron microscope. Even in absence

of any heat treatment, significant amount of nickel in metallic state has been found in all three samples.
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1 INTRODUCTION

Nanostructured metallic nickel films are used for solar heat ab-

sorption [1], electromagnetic interference (EMI) shielding [2],

tribology [3], magnetic [4], photo-catalytic [5], energy storage

[6] and automotive lightweight metal matrix composites

(MMC) [7] applications. These films are obtained by sputtering

[8], chemical vapour deposition (CVD) [9], electroless depos-

ition [10] and electro-deposition [6, 11] processes. Other techni-

ques have been also used to form metallic, alloyed and

composite films containing bulk or nanostructured nickel struc-

tures. Cost-effective deposition techniques are required for a

wider acceptance of these nanostructured nickel films.

Besides optimizing the use of raw materials, nickel nanocom-

posite films provide performance attributes when compared

with uniform bulk nickel coating. Increased active interface

between the different battery layers may give rise to higher spe-

cific current density and faster charging/discharging rates [6].

There are numerous examples where nanostructured nickel

enhances catalytic, magnetic, thermo-optical and tribological

properties. Integration of nanocrystalline metallic nickel in a

non-conductive matrix improves mechanical, chemical and

thermal stability. Nickel-based precipitates increase the mechano-

chemical properties of coatings and base materials.

Nickel nanoparticles imbedded in oxide matrix provide high

solar absorption with low emissivity [1, 8] and improved stability

at high temperature even under aggressive chemical environ-

ments. Ni/Al2O3 nanocomposite coating has a low emittance and

high absorption coefficient even at high operating temperatures

[12, 13]. Controlling the size of nickel nanoparticles and their dis-

tribution within the dielectric matrix is critical to achieve higher

absorption to emissivity ratio. Thus, the selected deposition tech-

nique should allow the possibility of controlling size and distri-

bution along the surface normal. Furthermore, the deposition

technique should allow cost effective large-area film-coating.

Solar absorber consisting of a metallic substrate coated with a

high solar absorption coefficient film is a critical component of

the solar thermal system. Several techniques are used to produce

these coating films. Starting from the raw materials, a nano-

powder formulation is produced to suite the film characteristics

and the coating technique requirements. Once optimized and

tested, the coated substrate is packaged and integrated within

the overall solar thermal system. The overall value chain consist-

ing of the five main extraction, manufacturing and installations

steps is summarized in Scheme 1. In this article, we will focus

mainly in the third step (coating film formation), although Step

2 (formulation) and Step 4 (optimization and testing) will be

also discussed briefly.
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Electro-deposition often referred as electrophoretic [14] and

electroplating [11, 15] have been used in the past to produce

graded Ni-Al2O3 films. In the case of electrophoretic deposition

(EPD), dispersed nickel and alumina particles are used as pre-

cursors. Ionic nickel and aluminium precursors dispersed in the

solution bath are used in the case of electroplating. Both

approaches have their own advantages and drawbacks. EPD

techniques allow preparation of films with thickness varying

from ,10 nm up to several hundred micrometers [16, 17].

Specific advantages of EPD include rapidity, low deposition

cost, scalability and wide composition and thickness ranges.

Furthermore, there are no limitations in terms of shape and size

of the substrate. EPD has been already used as an industrial

process over more than 160 years [17]. Electro-deposition is

cost-effective when compared with physical vapour deposition

(PVD) techniques for metal-dielectric composite-coating pro-

ductions [8, 18, 19].

Recently EPD has been pursued as a scalable and cost effect-

ive fabrication process for nickel-based coating films [20, 21].

EPD is a cost-effective and green process allowing quick depos-

ition of nickel nanoparticles over large surface areas for solar

absorbers. To allow higher absorption coefficient and lower

emissivity, a graded nanostructure nickel/alumina coating has

been pursued [13]. Two different composition layers deposited

by spin coating on aluminium substrates have been obtained.

The first layer is composed of an 80% nickel–20% (Ni80)

alumina film followed by a 40% nickel–60% alumina (Ni40)

film [13]. Although it is simple, spin coating has several limiting

factors for industrial applications. For example spin-coating

process leads to high materials losses, non-uniform composition

and thickness and low production efficiency.

One drawback of EPD used in metal-dielectric film produc-

tion is the requirement of high temperature, up to 10008C, and

longer annealing times, up to several days under hydrogen con-

trolled atmosphere [16]. In this study, we will use metallic nickel

nanoparticles as precursors for EPD. X-ray photo-electron spec-

troscopy (XPS) will be used to probe the oxidation state of the

film obtained with different nickel concentration before any

post-treatment. Additionally, the effect of the relative nickel to

alumina starting composition will be investigated.

2 EXPERIMENTAL PART

Aluminium oxide (alumina) and nickel powder particles are

obtained from Alfa-Aesar (Ward Hill, USA) and Vale-Inco

(Toronto, Canada), respectively. The alumina sample has an

average particle size of around 400 nm. The average particle size

of the nickel powder is around 50 nm. Other size distributions

are available although not evaluated in this study. These relative-

ly small metallic nickel nanoparticles are obtained by high-

temperature carbonyl method following an optimization of the

fabrication process [22]. EPD is carried out in a two electrodes

cell with a magnesium working electrode and a gold counter

electrode. Appropriate amounts of nickel and alumina powders

are first mixed with 50 ml ethanol solvent and sonicated over-

night. Longer sonication is required to obtain higher quality

films. Once dispersed, these two solutions are mixed in different

proportions to form the electrolytic to obtain a targeted coating

composition (Figure 1). The pH of the mixed electrolytic solu-

tion is adjusted to around 4.6 by HCl (acidic side) and NH4OH

(basic side). The deposition is conducted under a constant

stirring using 10 V applied voltage for at least 5 min duration.

Three coating samples were obtained by varying the Ni:Al

ratio in the starting solution. A nominal weight composition of

78, 46 and 22% nickel is initially targeted for the final film

(Figure 1). These films are referred by Ni22, Ni46 and Ni78
symbols, respectively.

The samples were then examined using a JEOL 840A scan-

ning electron microscope equipped with an Oxford Instruments

6560 INCAx-sight light element energy-dispersive X-ray (EDX)

spectrometer. The spectrometer consists of a super atmospheric

thin window and Si(Li) crystal that can detect Be to U and has a

spectral resolution of 129 eV. All photos and analyses were

taken using an accelerating voltage of 20 kV and a working dis-

tance of 15 mm. A total live count time of 60 s was used for each

analysis.

XPS data were obtained using a Kratos Axis Ultra XPS

equipped with a monochromated Al X-ray source (X-ray

photon characteristic energy, hv ¼ 1486.6 eV). Analyses were

carried out using an accelerating voltage of 14 kV and a current

of 10 mA. Chamber pressure during analysis was typically in the

Scheme 1. Overall value-chain of the solar thermal system for solar heat production. Dashed rectangle indicates parts of the value-chain covered in this

manuscript.
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order of 2.67 � 10210 Pa. Sample charge build-up was compen-

sated by using the Axis charge balancing system. Binding energy

values were referenced to the main carbon peak set to 285.0 eV.

3 RESULTS

Photo-correlation spectroscopy revealed that the average size of

the starting nickel powder is around 50 nm [23], consistent with

SEM data. Brunauer–Emmett–Teller (BET) measurements

showed that the average size distribution is about 60 nm. In the

case of commercially available alumina particles, the datasheet

indicates an average size of 400 nm.

Besides the size distribution of the starting powders, there are

numerous experimental parameters that could affect the overall

film quality. Preliminary testing showed that pH and relative

nanoparticle concentrations are critical. Other important para-

meters include applied voltage, deposition time, viscosity and

substrate type and pre-treatment. Films with three different rela-

tive concentrations are obtained. Uniform and relatively dense

black film has been obtained within 5 min of deposition.

Backscattered SEM pictures of typical areas from the

Ni22Al78, Ni46Al54 and Ni78Al22 samples are shown in Figure 2.

In the case of the Ni22Al78 and Ni46Al54 samples, crack-free

coating with an apparent variation in film thickness is observed.

The third sample (Ni78Al22) showed a more uniform film thick-

ness although an evidence for cracks is noticed throughout the

film surface. EDXA of the Ni22Al78 and Ni46Al54 samples showed

the presence of two different areas. One area (the majority of the

surface) containing a coating film with a composition consistent

with the starting Al/Ni composition ratio. The second area con-

sists of brighter spots where excess of Ni is observed. The

brighter spots shown in Figure 2a and b are not observed in

Figure 2c related to Ni78Al22.

The Ni/Al ratio is estimated by averaging the atomic concen-

tration obtained from around 20 spots. Values of 0.17, 0.32 and

1.6 have been obtained for Ni22Al78, Ni46Al54 and Ni78Al22, re-

spectively. These experimental values are lower than the theoret-

ical ratio (0.28, 0.85 and 3.5, respectively) estimated from the

starting elemental composition. This difference between the

composition obtained with SEM and the theoretical compos-

ition is higher with low alumina concentrations. There are two

possible explanations. One is the non-uniform deposition

normal to the surface of the two powder materials (gradient

composition). Thus, one could hypothesize that the smaller

nickel nanoparticle will deposit first followed by the larger

alumina particles. Indeed, the deposition kinetics of larger parti-

cles (alumina) is expected to be relatively slower. Furthermore, it

is possible that smaller particles will aggregate to form larger

particles. Another explanation, more plausible, is related to the

fact that alumina particles sediment much faster than nickel par-

ticles. Indeed, alumina particles are more difficult to disperse in

the ethanol solution. In both cases, the preferential deposition is

a valuable technology advantage in the quest for functional

graded materials with top alumina layer. In particular, starting

particle surface compositions could be used to control the de-

position kinetics.

XPS analysis also revealed the presence of Al and Ni in all

three samples. It is consistent with XPS data reported elsewhere

[24]. The estimated relative nickel content is about 9, 31 and

62% for the Ni22Al78, Ni46Al54 and Ni78Al22 samples, respective-

ly (Figure 3). Composition obtained with XPS and SEM showed

similar trends. In both cases, nickel content is lower than

expected. This confirms the preferential surface segregation of

alumina particle. Increasing Ni:Al trend ratio is reflected by the

ratio obtained by XPS and SEM in both cases. Relatively higher

Al concentration is expected given the surface sensitivity of XPS.

The oxidation state of Ni and the relative ratio of Ni/NiOx

are also critical for some applications. To probe the different

binding states, high-resolution XPS has been recorded from the

Ni22Al78, Ni46Al54 and Ni78Al22 samples. We have used the peak

fitting and quantification reported by Biesinger et al. [24]. As

summarized in Table 1, three different nickel-based compounds

are observed. Although the absolute values of the relative con-

centration of the different chemical states vary, the ratio of me-

tallic nickel to the metallic oxides is relatively constant. A value

of around 12 is estimated for metallic nickel to non-metallic

nickel concentration ratios for all three samples. However, it is

Figure 1. Simplified two-steps process for the production of nickel-alumina nanocomposite films. Ni22, Ni48 and Ni78 correspond to nominal nickel weight

compositions of 22, 46 and 78%, respectively.
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worth noting that this ratio does not reflect the actual ratio of

the films, given the surface sensitivity of XPS. Indeed, XPS

detects only the first 10 nm, with an exponential sensitivity re-

duction from top to the depth of these nickel nanoparticles.

Nickel nanoparticles are expected to have a core–shell struc-

ture. The shell layer will consist of a nickel oxide structure. To es-

timate the thickness of the oxide, we have used the following

formula [24–26]:

dox ¼ lox � sinu � ln½ðNm=NoxÞ � ðlm=loxÞ � ðIox/ImÞ þ 1�

where Im is the inelastic mean free path of the metal, Iox is the in-

elastic mean free path of the oxide, Nm is the volume density of

the metal atoms in the metal, Nox is the volume density of the

metal atoms in the oxide, lm is the inelastic mean free path of

the metal, lox is the inelastic mean free path of the metal oxide,

and u is the photo-electron take-off angle (908).

Ni, NiO and Ni(OH)2 densities are assumed to 8.90, 6.67 and

4.15 g/cm3, respectively [24]. An inelastic mean free path of

1.798, 2.206 and 1.08 nm have been assumed for NiO, Ni(OH)2
and Ni, respectively [24]. It is worth noting that this formula is

established for uniform oxide on a flat metal substrate. We will

assume this formula applies also for spherical core–shell-

oxidized nickel nanoparticles. For the sake of calculation, we will

consider an equally weighed average for both volume density

and inelastic mean free path for the non-metallic nickel. In this

case, we will consider average numbers of 5.41 g/cm3 and

2.002 nm for the density and the inelastic mean free path of

non-metal nickel species, respectively.

Using the formula and constant values above, the overall

oxide thickness is estimated to around 4.3 nm. This is slightly

higher than the oxide thickness reported on flat nickel substrate

estimated to around 3.6 nm [24]. This difference is probably due

Table 1. Relative concentration of the main nickel chemical states as

probed by XPS.

Ni22 Ni46 Ni78

Ni 0.25 0.68 0.56

NiO 0.82 1.98 1.82

Ni(OH)2 1.25 3.51 3.10

Ni/(NiOþ Ni(OH)2) �1022 12.0 12.4 11.4

Figure 3. Relative elemental Ni and Al contents in the three films.

Figure 2. Backscattered SEM images of Ni22 (a), Ni46 (b) and Ni78 (c)

samples.

F. Bensebaa et al.

4 of 5 International Journal of Low-Carbon Technologies 2014, 0, 1–5

 at C
an

ad
a In

stitu
te fo

r S
T

I o
n
 M

arch
 2

7
, 2

0
1
4

h
ttp

://ijlct.o
x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://ijlct.oxfordjournals.org/
http://ijlct.oxfordjournals.org/


to the assumption of a relatively flat film structure. However,

other experimental parameters may explain this difference. A

more accurate quantitative XPS analysis has been used to

account for variable take-off angle of photo-electron on a spher-

ical particle [27]. Using unweighed take-off angle of photo-

electron an error of ,23% has been obtained. In a more recent

publication, Shard et al. used an XPS topofactor to estimate

over-layer thickness of spherical particles [28]. Using normal

collection geometry to minimize the shadowing effect, these

authors used a topofactor of 0.67 in the case of spherical sample.

This factor is less than the ratio 3.6/4.3 ¼ 0.84 of the oxide

thickness estimated for the spherical particles in this work and

the flat substrate reported by Biesinger et al. [24].

We are currently evaluating the effect of concentration on the

thermo-optical properties of theses nanostructured films.

Preliminary data showed that the optical reflectance of non-

annealed samples increases with nickel content within the film.

This may indicate that solar absorption coefficient increases

with relative concentration of nickel nanoparticles. Multilayer

structure with variable nickel concentration is achievable with

EPD, which could allow reduced emissivity coefficient. More

investigations are underway to understand and optimize the

thermo-optical properties of these films.

4 CONCLUSIONS

Three films with a nominal starting composition of Ni22Al78,

Ni46Al54 and Ni78Al22 are obtained by electrophoretic deposition

under room temperature conditions. The film with the highest

nickel content is uniform, although it gives rise to some type of

surface film discontinuity. It is possible to fabricate variable me-

tallic nickel-based nanocomposite films without subjecting the

materials to longer annealing time at high temperature under

hydrogen atmosphere. However, it is likely that the annealing

may contribute to improved properties.
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