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Spray-pyrolyzed Al,O3-Ag Nano-Cerments coatings for solar absorbers
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In this work, it is shown the feasibility for obtaining silver nanoparticles by ultrasonic spray pyrolysis and their simultaneous incorporation
during deposition of thin layers of aluminum oxide to get a Cermet coating #ARg. The synthesis of these Cermets was achieved on

the basis of both the simultaneous pyrolysis of silver nitrate and aluminum acetylacetonate on different substrates: Quartz, glass, crystalline
silicon (c-Si), and titanium at temperatures of 500, 550 and®60d he structural properties of the Cermets were studied by Scanning
Electron Microscopy, Atomic Force Microscopy and X-ray diffraction. For the optical properties, UV-vis spectroscopy was used to obtain
the optical Absorbance of the Cermets, while the Reflectance was obtained by UV-vis-IR spectroscopy measurements. UV-Vis spectroscopy
showed that the intensity of the absorption peak (plasmon) was limited to the concentration of silver nitrate, and it shifted toward shorter
wavelengths with the decrease in the size of the Ag nanopatrticles inside the Cermets. The plasmon position of Ag nanoparticles in the
different samples was found to be centered at 504 nm, 506 nm, 497 nm and 475 nm for samples deposited with 0.1 mol, 0.05 mol, 0.02 mol,
and 0.01 mol of Ag(N@), respectively. The shape of the Ag nanoparticles was approximately spherical, ranging from 4 nm to 35 nm, and
their concentration was proportional to the concentration of Ag{N@xluded in the spray solution. By means of the UV-Vis Spectroscopy-

IR and FT-IR, in the best of cases, a solar absorptance of 0.83 and an infrared thermal emittance of 0.14, for a saspleof prepared

with 0.1 mol of Ag(NQ;) in the precursor solution, were obtained.

Keywords: Al>O3-Ag; nano-cermets; spray pyrolysis; optical properties; structural properties.
PACS: 81.05.Mh; 81.15.Rs; 78.66.Sq

1. Introduction sensors [9-12]. The photo-thermal applications are possible
because these materials may show a high solar absorptance
The research and development of solar collectors or solar eier low reflectance), in the region 6f3 < A\ < 3 um, com-
ergy materials (materials capable of converting solar radiabined with a low thermal emittance or low heat transfer (high
tion into thermal energy) has recently increased due to theeflectance in the regiod < A < 100 um) [3]. For ap-
high demand, which has been directed toward the profitablglications of such solar collectors, it is necessary that these
use of solar energy [1-3]. A category of materials used formaterials are resistant to high temperatures without degra-
this purpose is one that is given by a coating type composedation of the high selectivity (absorptance/emittance ratio)
of metal-dielectric material. These types of materials, called4]. Within the techniques developed for the fabrication of
Cermets, are systems composed of a ceramic matrix anddifferent Cermets, there are those that are based on physi-
metallic component [3,4]. In these materials, the ceramic maeal or chemical principles such as Sputtering [1,6,13], Dip-
trix can be constituted by an insulator metallic oxide or an ox-Coating [7,14], Evaporation [5,15,16], Anodizing [17,18],
ide semiconductor, such as SiAlI.O3, Cr,O3, SNG,, etc.,, among others. However, very rarely the Ultrasonic Spray
while the metal component that has been used can be Cu, Agyrolysis (USP) technique has been used to synthesize such
Au, Mo, Co, Ni, Cr, Pt, Fe, Mn, etc., in nanometric dimen- materials. The literature reports limited research in the man-
sions [5-8]. The Cermets can exhibit excellent optical, therufacture of photo-thermal materials using the spray pyroly-
mal, and structural properties that make them of particular insis technique [19-21]. The USP method has been frequently
terest in different applications, apart from the photo-thermabnd successfully used in the past decades; it is considered
solar energy conversion, such as waveguides, materials withs a simple, non-expensive technique for depositing thin and
photo-chromic or photo-electrochemical properties and gas
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thick films. It could be scalable for industrial applications solutions of Ag(NQ) and Al(acac) with their respective sol-
[19]. The USP method implies the pyrolysis of a spray thatvents. In all cases, air was used as the carrier gas at a flow
has previously been produced by ultrasonic means. The genate of 10 liters per minute and at a pressure of 40 psi. The
erated mist is then thermally decomposed on top of a surfaceleposition time to get the Cermet films was lower than 25
which is normally referred as a substrate, leading to the thiminutes, and their thicknesses were obtained between 200
or thick solid layer [20]. The USP technique has been useshm and 850 nm. In the spray pyrolysis technique, the thick-
to get a wide variety of materials, mainly metal oxides forness of the film is generally limited to several experimental
different applications [19]. Research in the;®s-Ag Cer-  conditions like the concentration of the chemical precursors,
met, as selective materials to solar radiation, has been carrigde deposition time and the temperature of synthesis [19,20].
out very successively on coatings deposited by sputtering [1)n our case, from the measured values of thicknesses of the
On the other hand, silver has been used as a metal compfiims, the deposition rate was about 20 nm/min in average.
nent in various matrices such as Si@nd in partially oxi- The characterization was carried out by means of struc-
dized amorphous silicon (a-Si) [6,13,22], whereas aluminumural and optical techniques. A scanning electron microscope
oxide has been the host material for different metal compo¢(SEM) from Jeol, model JSM-6390LV, and a Park Scientific
nents [4,8,15-18,23,24]. Aluminum oxide (&3) is a very  Instruments atomic force microscope were used in the mor-
stable material at high temperatures, in addition to the fact ophological characterization. The elemental composition of
being an excellent diffusion barrier for oxygen, making it athe coatings was obtained by Energy Dispersive Specroscopy
good insulating composite component [4]. Generally, this ox{EDS). An Inca x-sight Oxford Inst. 7582 model spectrom-
ide has an amorphous structure and it has been a remarkaldter, located inside the Jeol SEM, was used for this pur-
material for different studies, including those related to inte-pose. The X-ray diffraction (XRD) measurements were per-
grated circuits in MOS devices [25-27]. In the present work,formed in a Bruker D8 Advance Diffractometer. The diffrac-

it is shown the feasibility of obtaining Cermet type coatingstion measurements were acquired in grazing angle condition
of Al,03-Ag deposited by the USP technique. The Cermetgincidence angle-3°). The optical characterization was car-

of Al,O3-Ag were synthesized on titanium, c-Si, quartz andried out in a Cary 5000 and Cary 50 conc spectrophotome-
glass substrates, at temperatures of 500, 550 ant®A0 ters, from Varian, as well as in iS50 FTIR spectrophotome-
was found that the concentration of particles of Ag was deter. The optical absorption was measured in the range from
pendent on the concentration of Ag(A)Ancorporated inthe 200 to 1100 nm. For this case, the coatings were deposited
precursor solution. The shape of the Ag nanoparticles waen quartz substrates. The computation of the absorptance
approximately spherical, and their size was approximately irwas performed on the % Reflectance spectra acquired in the
the range from 4 nm to 35 nm. It was noticed that the positange from 200 nm to 2500 nm; for this purpose the coatings
tion of the plasmon resulted with a shift toward shorter wavewere deposited on Titanium substrates. Finally, the emittance
lengths with the decrease in the size of the Ag nanopatrticlewas computed from the % Reflectance spectra which were
into the Cermets. In the best of cases, a solar selectivity S acquired in the range from 2500 nm to 25000 nm; in this
6 (S = Absorptance/Emittance), (corresponding to 0.83 abease, the coatings were also deposited on Ti substrates. A
sorptance and 0.14 emittance), was obtained in a Cermet ¢dw Cermets were deposited on c-Si for AFM studies. The
Al O3-Ag prepared with 0.1 mol of Ag(Ng) and deposited thicknesses of the Cermet films were measured in a surface
on a not-polished surface of titanium substrate. profilometer system from Veeco (model Dekijk

2. Materials and Methods 3. Results

The Cermets of AlO3-Ag were obtained from silver nitrate The pyrolysis of Ag(NQ) and Al(acac) has already been
(Ag(NO3), Sigma Aldrich), as a source of silver (Ag) and alu- syggested in the literature and can be summarized as fol-
minum acetylacetonate (Al¢Ei;O.); or Al(acac, Sigma-  |ows: the decomposition reaction for Al(acackarried out
Aldrich), as a source of aluminum (Al). Deionized water wasat 400°C, is given by the following chemical reaction:

used as solvent for Ag(N§), while N,N-Dimethylformamide

(N,N-DMF) was the solvent for Al(acag) A 0.1 mol con- Al(Acac);H2 Al — Oxide+Acetoner-Hydrogen-Carbon
centration of Al(acag) was used for all Cermets, whereas

the Ag(NQ;) concentration was varied in molarities of 0.01, Where, as a result of the decomposition, aluminum ox-
0.02, 0.05 and 0.1 Mol. The synthesis was carried out aide is obtained, as well as byproducts such as acetones and
deposition temperatures of 500, 550 and 8D®n quartz, related compounds with hydrogen and carbon. This reac-
pyrex glass, c-Si and titanium (Ti) substrates. The titaniuntion has been reported by using hydrogen as carrier gas [28].
substrates were subjected to a cleaning process and mostldbwever, from previous results for synthesizing aluminum
them were polished, whereas the c-Si, quartz and pyrex glaside, using the USP technique, the reaction takes place from
substrates were only cleaned prior to the deposition of théower temperatures and using air as carrier gas [26]. On the
Cermets. In this work, two ultrasonic humidifiers, operat-other hand, the thermal decomposition of the Ag¢)l®as

ing at a frequency of 800 kHz, were used, each one for théeen studied at temperatures between°€7&nd 575C. It
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has been reported that the decomposition occurs in a singkeg(NOs) in the spraying solution. These diffraction pattern
step, producing silver oxide (A®) without the formation show reflections &0 = 38.1°, 44.3, 64.5 and 77.5, cor-
of an intermediate product. In addition to this, the reactionresponding to the (111), (200), (220) and (311) diffraction
produces N@ as the sole product containing nitrogen. Theplanes of Ag, respectively (PDF No. 01-087-0720). No re-
chemical reaction suggested is: flections are observed for D3, suggesting its amorphous
structure. This result seems to confirm that the previous reac-
4AgNO; — 2Ag;0 +4NO; + O; tions are likely to be carried out simultaneously,r\)/vhich favors
but if the reaction is carried out at a temperature approxithe synthesis of AlOs;-Ag Cermets. In addition to this, it is
mately of 550C, the reduction of the silver oxide to metallic highlighted the fact that the Cermet is obtained in nanostruc-
Ag is observed with the loose of O2 according the following tured dimension.

chemical equation [21]: SEM and AFM micrographs are shown in Figs. 2a-2e.
o, 1 The SEM micrographs show the surface morphology of the

Ag;0 — 2Ag” + 502 Al,05-Ag Cermets deposited with 0.01, 0.02, 0.05 and 0.1

In this way, this previous knowledge about the decom-mol of Ag(NO;) at a temperature of 60C on titanium sub-

position of the different reagents was taken into considerastrates. The SEM micrographs show clearly the Ag particles.
tion in order to carry out a single and simultaneous reactionAn estimate of the size of the Ag particles is done through
where, in a parallel way; the formation of a solid layer of a histograms analysis, which is displayed next to the SEM
aluminum oxide, and at the same time, the generation of Agnicrographs. The AFM micrographs highlight the shape and
nanoparticles was achieved in a single solid coating@3  distribution of the Ag nanoparticles in two selected Cermets.

Ag Cermet). The versatility of the USP technique has been  The histograms represent the size distribution of the Ag
used in many works to get systems of thin layers consisting oparticles. A large number of Ag particles.{00-200) were
more than one component, for example thin layers of C4CrOrandomly selected from the SEM images to get the above his-
[29]. Previous studies have shown the high quality obtainedograms. The use of the Image J software was also used for
in coatings of aluminum oxide deposited from acetylaceto+his task. The elemental composition of a selected set of coat-
nate of aluminum, using the USP technique at temperatureiigs was realized by EDS. A silver content of about 10.77
of 400°C and up to 658C and with different concentrations wt% and 21.66 wt% was obtained in samples deposited with
of acetylacetonate of aluminum in solutions [25-27]. In this0.02 Mol and 0.1 Mol of AgN@, respectively (EDS spectra
new work, the goal is to show the interesting characteristicsot shown). The AFM micrograph (2e) correspond to a Cer-
of the films that result from the simultaneous pyrolysis of sil- met coating deposited at 500 on c-Si with a concentration
ver nitrate and aluminum acetylacetonate. of 0.05 Mol of AgNO;, and to a Cermet coating deposited at

The first result is shown in Fig. 1, which shows the XRD 500°C on glass substrate with a concentration of 0.05 mol of
diffraction patterns of AJO3;-Ag Cermets deposited at 530  AgNO; (2f).

and 600C on glass substrates and deposited with 0.1 mol of Figure 3 shows the different optical absorption spectra as

a function of wavelength for the coatings that were deposited

1 ‘ T 55D, ] ] on quartz at 600C. These spectra were acquired in Cermets
] ! S T; 600 °C ] deposited with different contents of Ag(NPin the start so-
] " 0.1 Mol AgNQ ] lution.
- ] - g
i ] Table | resumes the value of the position of the plasmon

peak depicted in Fig. 3, among other results of the main cer-
mets prepared.

A correlation between the position of the plasmon peak
and the size of the Ag particles is shown in Fig. 4.

The computation of the solar absorptaneg (vas ob-
tained through the equation;= 1 — (1/n) Z?:1 p;,» Where
p; refers to the reflectance of the Cermets [2]. The absorp-
tance was considered in a region from 200 to 2500 nm in the
Cermets deposited on Ti substrates. Similarly, the emittance

Intensity (A.U.)

20 ‘ 30 40 ‘ 50 ‘ 60 ‘ 70 ‘ 80 (e) was also computed in the range from 2500 nm to 25000
nm, using the following relation; = 1 — (1/n) 3", p;.
2® From the reflectance spectra, the absorptance and emittance
FIGURE 1. Diffraction patterns of AlO;-Ag Cermet coatings Were computed and the results are listed in Table I, while the
deposited at 550 and at 600C with 0.1 mol concentration of ~UV-vis-IR and FT-IR spectra are shown in Figs. 5 and 6,
AgNO; in initial solution. respectively.
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FIGURE 2. SEM and AFM micrographs of ADs;-Ag Cermet coatings. The SEM micrographs correspond to coatings deposited @t 550
on Ti substrates with different concentrations of Agi@®.01 mol (2a), 0.02 mol (2b), 0.05 mol (2c), and 0.1 mol (2d). The histograms
represent the size distribution of the Ag particles. The AFM micrograph (2e) correspond to a Cermet coating deposifét! @ 805i

with a concentration of 0.05 Mol of AgN§) and to a Cermet coating deposited at B0@n glass substrate with a concentration of 0.05 mol

of AgNOs (2f).
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TaBLE |. Plasmon peak, Absorptance)(and Emittance«) of the Al,Os-Ag Cermet coatings obtained by USP at different deposition

temperatures on different substrates.

Absorption (A.U.)

FIGURE 3. Optical absorption as a function of wavelength for

% mol Tdeposition Position of Absorptance Emittance
Ag(NOs) (°C)/Substrate absorption peak o €
0.01 600/quartz 475 nm
0.02 600/quartz 497 nm
0.05 600/quartz 506 nm
0.1 600/quartz 504 nm
0.02 550/polished Ti 0.73 0.43
0.05 550/polished Ti 0.79 0.55
0.1 550/polished Ti 0.78 0.51
0.1 550/not polished Ti 0.83 0.14
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FIGURE 5. % Reflectance spectra for AD3-Ag Cermet coatings
as a function of the wavelength in the solar region of the electro-
magnetic spectrum.

Al;05-Ag Cermet coatings deposited on quartz at8D0and with
different concentrations of AQN{In precursor solution.
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FIGURE 6. % Reflectance spectra for AD3-Ag Cermet coatings
FIGURE 4. Average diameter of the Ag nanoparticles as a function as a function of wavelength in the far infrared region of the electro-
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4, Discussion solution. The results in Fig. 3 show that the plasmon was
centered at 504 nm for deposited samples with 0.1 mol of

The reflections in the diffraction patterns are observed aé\9(NO;), at 506 nm for deposited samples with 0.05 mol,
wide peaks, indicating the nanostructured nature of Ag parat 497 nm for deposited samples with 0.02 mol and at 475
ticles. There are no additional reflections in the diffractionnm for deposited samples with 0.01 mol of Ag(NQon-
patterns, suggesting that aluminum oxide does not manifeent. Barshiliaet al. [1] found for the same Cermet, #D;-

a crystalline structure. The amorphous phase of aluminuri\g, deposited by sputtering that the position of the plasmon
oxide is generally obtained by the ultrasonic spray pyrolysidS located at 610 nm, approximately. In the work of Yang
technique even at temperatures as high as64@5]. From  Li, related to coatings of nano-composite of $ifg, it is

the nanostructured characteristics of Ag particles, the crystaleported that the position of the peak has a blue-shift and
lite size was estimated considering the reflection (111), makthe intensity of the peak decreases with the decrease in the
ing use of the Debye-Scherrer equation. The average valu@ze of the particles of Ag, probably by the non-homogeneity
of the crystallite was about17-26 nm. This result seems Of the particles [22]. 1.O. Sosat al reported that the ex-

to confirm that the chemical reactions related to the decomcitation of the surface plasmon of Ag is located in the 350
position of Al(acac) and Ag(NQ,) are likely to be carried Nm and that its position depends strongly on the geometry
out simultaneously which favors the synthesis of®{-Ag of the Ag patrticles [30]. C. Noguez studied the influence of
Cermets. In addition to this, it is highlighted the fact that the shape and the physical environment in the surface plas-
the Cermet is obtained in nanostructured dimension. Th&wons on metal nanoparticles [31]. She showed that polyhe-
AFM micrographs highlight the shape and distribution of thedral nanoparticles with less faces showed more resonances
Ag nanoparticles in two selected Cermets. An estimate ofind that in more symmetric nanoparticles the resonance was
the size of the Ag particles was done through a histogramblue-shifted. Other effects were noticed when the nanoparti-
analysis, which is displayed next to the SEM micrographs ofles were close to the substrate. Her work shows a dramatic
Fig. 2. The statistical analysis shows that the average size #ffluence of the shape and environment on the plasmon res-
the particles and their standard deviations are the followingenance [31]. It is observed in this work that the plasmon
9.4+ 4.7 nm, 11.3- 5.14 nm, 27.1= 9.6 nm and 16= 3.4  peak is shifted to longer wavelengths as the particle size in-
nm, for those deposited with 0.01, 0.02, 0.05 and 0.1 moFfreases, in agreement probably to previous reported results
of Ag(NOS), respective|y_ It can be observed that the partic|e[32]. However, a further work should be done related to this
size is in the range obtained by XRD (Scherrer formula). Thdssue since the location of the absorbance could also be due
distribution of particles seems to be uniform and distributecdto possible changes in the particle shapes, their environment
over the entire surface, a situation that should be present @nd/or to their closeness to the substrate [31]. In the best of
achieve the potential applications of the Cermets. The morcases, an absorptance and emittance of 0.83 and 0.14, respec-
phology and distribution of this type of Cermets is similar to tively, were obtained for a sample of AD;-Ag deposited on

the results reported in the literature that use Ag as a compd not polished titanium substrate. In this case, the Cermet
nent in the Cermets [6,22]. In addition, it can be seen that awas prepared with 0.1 mol of Ag(NQ: Lower values, com-

the content of Ag(N@) increases in the precursor solution, pared to the ones obtained in the literature, were found in this
the particles tend to clump together in small clusters (Figwork, probably because our Cermets were characterized as
2d). This fact might probably impede a further growth of they were deposited without any subsequent annealing treat-
the Ag particles size when the Cermets are synthesized witent and/or any antireflective/anti-glare layer [1]. Further
0.1 Mol of Ag(NO;). However, a further work should be research is currently being undertaken with the purpose of
done with higher molarities to verify this hypothesis. It canbeing able to increase the selectivity in the studied Cermets
be perceived that the increase in the content of Ag influencet this contribution, in addition to the fact of considering dif-
strongly the optical absorption of the Cermet in the visible re-ferent treatments on the metal surfaces for the possible appli-
gion, Fig. 3. It has been reported that the location and shapeations as solar absorbing coatings. However, in this contri-
of the surface p|asm0n, due to Ag nanopartic]es, depends dwtion it seems to be hlgh'lghtEd the feaS|b|I|ty of Obtaining
the shape of Ag nanoparticles. Other reports show the effedl203-Ag Cermets by a simple route such as USP.

of different thermal treatments in the Cermets. For example,

in the work of YangL et al,, [22] the Ag particles, whichre- 5 Conclusions

sultin 2.5 nm, reach an average value of 3.3 nm after a heat

treatment at 200C. Further annealing treatments carried outin summary, it is shown the feasibility for synthesizing
at 300C and 400C, resulted in Ag nanoparticles of 3.9 nm Al,03-Ag hano-Cermets coatings using the USP technique
and 4.2 nm, respectively [22]. In this research, no annealfrom Ag(NOs) and Al(acac) as sources of silver and alu-
ing treatment was carried out after the Cermets depositiorminum, respectively. The XRD results confirmed emphati-
these Cermets were characterized as deposited. However, tbally the presence of metallic silver in the Cermets synthe-
position of the plasmon resulted with a slight shift; showingsized. The plasmon peak showed an increment in the cor-
the trend to move toward shorter wavelength as a function ofesponding absorption with the increase in the concentration
the decrease in the Ag(NPconcentration in the deposition of silver nitrate. The shape of the particles resulted mainly

Rev. Mex. Fis64(2018) 392-398
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