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Metal oxidation at high temperatures has long been a challenge in cermet solar thermal absorbers,

which impedes the development of atmospherically stable, high-temperature, high-performance

concentrated solar power (CSP) systems. In this work, we demonstrate solution-processed Ni nano-

chain-SiOx (x< 2) and Ni nanochain-SiO2 selective solar thermal absorbers that exhibit a strong anti-

oxidation behavior up to 600 �C in air. The thermal stability is far superior to previously reported Ni

nanoparticle-Al2O3 selective solar thermal absorbers, which readily oxidize at 450 �C. The SiOx

(x< 2) and SiO2 matrices are derived from hydrogen silsesquioxane and tetraethyl orthosilicate pre-

cursors, respectively, which comprise Si-O cage-like structures and Si-O networks. Fourier transform

infrared spectroscopy shows that the dissociation of Si-O cage-like structures and Si-O networks at

high temperatures have enabled the formation of new bonds at the Ni/SiOx interface to passivate the

surface of Ni nanoparticles and prevent oxidation. X-ray photoelectron spectroscopy and Raman

spectroscopy demonstrate that the excess Si in the SiOx (x< 2) matrices reacts with Ni nanostructures

to form silicides at the interfaces, which further improves the anti-oxidation properties. As a result,

Ni-SiOx (x< 2) systems demonstrate better anti-oxidation performance than Ni-SiO2 systems. This

oxidation-resistant Ni nanochain-SiOx (x< 2) cermet coating also exhibits excellent high-

temperature optical performance, with a high solar absorptance of �90% and a low emittance �18%

measured at 300 �C. These results open the door towards atmospheric stable, high temperature, high-

performance solar selective absorber coatings processed by low-cost solution-chemical methods for

future generations of CSP systems.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4893656]

I. INTRODUCTION

Oxidation of metal nanostructures poses a significant

challenge in their applications because they have large spe-

cific surface area and strong reactivity, leading to easier and

faster oxidation than bulk materials. While noble metals are

intrinsically resistant to oxidation, they are often too costly

for applications in large area coatings. Cermet solar selective

absorber coatings for concentrated solar thermal power

(CSP) systems1,2 are such an example.

CSP and solar photovoltaics (PV) are two major approaches

to harvest solar energy. Compared to PV, CSP can be more

easily integrated with conventional power plants. In addition,

it offers great advantages in low-cost energy storage since the

heated working fluid (e.g., molten salt) can be stored and kept

at a high temperature for an extended period of time. This is

an attractive solution to the intermittency issue of solar

energy. Selective solar thermal absorber coatings for CSP sys-

tems have been an important research area in solar energy

materials.1,2 They convert solar energy efficiently into heat

with minimal thermal radiation losses in the infrared (IR)

regime. Most of the solar selective absorbers in CSP

systems comprise metal nanoparticles embedded in a ceramic

matrix, known as “cermet.”1–3 Conventionally, the coating is

designed as graded refractive index anti-reflection layers in

the solar spectrum range, with the volume fraction of the

metal nanoparticles gradually increasing from the surface to

the coating/substrate interface. The size of metal nanoparticles

is in the order of several nm, much smaller the wavelengths of

interest. With adequate design of refractive indices profile and

thicknesses of the cermet coating layers based on interference

effect, low reflectance (high spectral absorptance) in the solar

spectral regime and high reflectance (low spectral emittance)

in the infrared thermal radiation regime can be achieved

simultaneously.4–6 There are a couple of disadvantages for the

conventional cermet absorbers, though: (1) the thicknesses of

the layers need to be precisely controlled for optimal perform-

ance, which usually requires more costly vacuum deposi-

tions;7 (2) The tiny size of the metal nanoparticles makes

them highly susceptible to oxidation.8 Therefore, most of the

CSP receivers have to work under vacuum, which adds to

additional cost. Besides, the vacuum breaching also became a

major failure mechanism of CSP systems.

To reduce the fabrication cost without sacrificing the

performance of the cermet solar absorbers, recently we have

a)Author to whom correspondence should be addressed. E-mail address:

Jifeng.Liu@dartmouth.edu. Tel.: þ1-603-646-9885; Fax: þ1-603-646-
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developed solution-processed plasmonic Ni nanochain-

Al2O3 selective solar thermal absorbers that have achieved a

high solar absorptance >90% and a low thermal emittance

<10% according to the reflectance spectra measured at room

temperature.9 The spectral selectivity is inherent to the plas-

monic response of the Ni nanochains, which can be tuned by

their lengths or diameters via solution chemistry. In compari-

son with the conventional design, the performance of this

new nanochain cermet is much less constrained by stringent

film thickness requirement, thereby facilitating low-cost so-

lution-based fabrication method. Also, the size of the Ni

nanoparticles in the chains is in the order of 100 nm, �10�
larger than those in conventional cermets. The increased size

not only leads to plasmonic enhancement of absorption in

the solar spectrum regime,9 but also makes the nanochains

more robust to oxidation.8 However, in the Ni nanochain-

Al2O3 system, Ni nanoparticles are still easily oxidized at

�450 �C in air. It has been reported that introducing TiO2

particles into the Ni-based cermets helped to form com-

pounds with Ni and effectively reduced the oxidation rate,

yet the corresponding impact on the optical properties is

unknown.10 In this work, we further develop solution-

processed plasmonic Ni nanochain-SiOx (x� 2) selective so-

lar thermal absorbers that exhibit a strong oxidation-resistant

behavior up to 600 �C in air with high optical performance,

far superior to the 450 �C limitation for Ni nanoparticle-

Al2O3 selective solar thermal absorbers. These oxidation-

resistant cermet coatings will help to alleviate the problem of

vacuum breaching failure in CSP systems. This investigation

also constitutes an initial step forward towards atmospheric

operation of CSP systems.

II. EXPERIMENTAL

Considering that metal silicides are much more resistant

to oxidation than metals while maintaining the metallic opti-

cal properties,11,12 we propose to introduce excess Si into the

ceramic matrix material. It is expected that the excess Si in

the matrix will form silicide-like chemical bonds with the

metal nanostructures. The bond energy and bond dissociation

energy of Ni-Si are both greater than those of Ni-Ni, indicat-

ing that Ni silicides are more chemically stable than Ni

against oxidation. Moreover, in the presence of sufficient Si

supply, thermodynamics dictates that a SiO2 layer will pref-

erentially form on the surface of the silicide upon oxidation

without affecting the integrity of the silicide itself.11,12 Only

after the supply of Si is depleted will the silicide oxidation

process produce both SiO2 and metal oxides. Si-rich Ni sili-

cides are even more robust to oxidation than Ni-rich Ni sili-

cides11,12 because they have more Si-Si bonds with even

higher bond energy than Ni-Si. Therefore, we expect that

introducing excess Si into the ceramic matrix material will

effectively retard the oxidation process.

Two types of cermet selective solar thermal absorbers

have been fabricated in this experiment, i.e., Ni nanochain-

SiOx (x< 2) absorbers and Ni nanochain-SiO2 absorbers.

The Ni nanochain-SiOx (x< 2) absorber consists of a thin

film with Ni nanochains embedded in a dielectric matrix of

SiOx (x< 2). The SiOx matrix is derived from hydrogen

silsesquioxane (HSQ) diluted by methyl isobutyl ketone

(MIBK). Based on the stoichiometry of the HSQ precursor

(H8Si8O12), x is approximately 1.5. The molecular structure

of HSQ is shown in Fig. 1.13 Under heat treatment at

>700 �C, the Si-H bonds, the Si-O cage-like structures, and

the Si-O networks will start to dissociate,14 facilitating the

formation of new chemical bonds with the Ni nanochains.

Since the SiOx (x< 2) is Si-rich, the excess Si could also

form silicide-like bonding with Ni nanostructures, as men-

tioned earlier. To verify the effect of excess Si in the matrix

on the oxidation resistance, we also fabricated Ni nanochain-

SiO2 absorber as a comparison. In this case, the nanochains

are embedded in a stoichiometric silica matrix derived from

tetraethyl orthosilicate (TEOS) using sol-gel method.

Ni nanochains are fabricated by solution-chemical

approach. The reaction is

2Ni2þ þ N2H4 þ OH� ¼ 2Niþ N2 þ 4H2: (1)

The size of Ni nanoparticles is controlled by Ni2þ:N2H4 ra-

tio, which averages at 80 nm in this case. Besides, the Ni

nanoparticles will automatically form Ni nanochains in eth-

ylene glycol solution, which help to enhance the optical per-

formance of the system due to the plasmonic effect in Ni

nanochains.9 More details about the fabrication process can

be found in the supplementary information of Ref. 9. The Ni

nanochain suspension and powders are shown in Fig. 2(a).

The black color clearly indicates a high spectral absorptance

in the visible spectrum regime.

For Ni nanochain-SiOx (x< 2) cermet fabrication, HSQ

was diluted with MIBK at a ratio from 1:3 to 1:10 with soni-

cation. The Ni nanochains were mixed with the HSQ/MIBK

solution and dispersed uniformly by sonication to form a sol

before spin-coating. A scanning electron microscopy (SEM)

picture of the Ni nanochain-SiOx (x< 2) cermet is shown in

Fig. 2(b).

For Ni nanochain-SiO2 cermet fabrication, the SiO2 sol

was prepared by mixing TEOS, ethanol, and deionized water

with 37.2% wt. HCl acid as catalyst.15 First, 18ml TEOS

and 12ml ethanol were mixed with vigorously stirring for

30min. Then, 10 drops of HCl was introduced to 20ml

deionized water. Next, slowly add the diluted HCl solution

into the TEOS-ethanol solution with vigorously stirring at

FIG. 1. Chemical structures of HSQ: (a) cage form, (b) network form.

Reproduced from C. M. Lampert, Sol. Energy Mater. 1, 319 (1979).

Copyright 1979 The Royal Society of Chemistry.
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60 �C for 2 h. The Ni nanochains were mixed with the as-

fabricated TEOS solution and dispersed uniformly by sonica-

tion to form a sol before spin-coating.

The two kinds of liquid mixtures were respectively spin-

coated on Si or Grade 316 stainless steel (SS) substrates. The

dimensions of the substrates were within 2� 2 cm2. The final

step was to anneal the sample in a N2, Ar or reducing atmos-

phere (e.g., Ar with 5% H2) at 700–800
�C for 15 to 30min.

Ni nanochain-Al2O3 cermet samples were also prepared

using the methods described in Ref. 9 for comparison with

Ni-SiOx and Ni-SiO2 systems. The thickness of all the coat-

ings is controlled to be �1lm.

The anti-oxidation properties of the coated samples

were tested in air from 450 �C to 675 �C, and the samples

were characterized by X-ray Diffraction (XRD, Cu

Ka1 line, k¼ 0.15406 nm), X-ray photoelectron spectroscopy

(XPS), Raman spectroscopy (excitation laser wavelength

k¼ 514 nm), and Fourier transform infrared spectroscopy

(FTIR) to investigate their crystal structures and chemical

bonds. The optical property at room temperature was charac-

terized by measuring the reflectance spectra of the cermet

coatings on SS substrates using a UV-VIS-IR spectrometer.

An integrating sphere was incorporated into the spectrometer

to measure the total reflectance (specular and diffuse) in the

wavelength range of k¼ 300–2500 nm. Since the transmit-

tance through the SS substrate is 0, the spectral absorptance,

ak, can be derived from the reflectance spectra by1,2

ak ¼ 1� Rk; (2a)

where Rk is the reflectance of the coating at wavelength k.
By integrating ak over the AM 1.5 solar spectrum and nor-

malizing it to the incident solar power, we can calculate the

overall solar absorptance of the coating1,2,9

asol ¼
Ð
Isol;kakdkÐ
Isol;kdk

¼
Ð
Isol;k 1� Rkð Þdk

Ð
Isol;kdk

: (2b)

Here, Isol;k is the radiation intensity at wavelength k in AM

1.5 solar spectrum.

Furthermore, in order to directly characterize the high-

temperature emittance of the sample, the emission spectra

from the samples at 300 �C are measured and normalized to

that of a black body reference sample under the same condi-

tion. Note that according to Kirchhoff’s law, at each wave-

length k, the spectral absorptance is equal to the spectral

emittance under thermal equilibrium, i.e., ak ¼ ek. Therefore,
by measuring the spectral emittance at 300 �C, we can also

obtain the corresponding solar absorptance using Eq. (2b).

The overall thermal emittance at 300 �C can be derived

as1,2,9

etherm ¼
Ð
Iblack;kekdkÐ
Iblack;kdk

: (2c)

Here, Iblack;k is the 300 �C black body radiation intensity at

wavelength k.

III. RESULTS AND DISCUSSION

A. Anti-oxidation behavior

Fig. 3 shows the XRD data of Ni nanochain-SiOx

(x< 2) coated on Si substrate before and after annealing in

N2 at 750
�C for 20min. A bump around 25� can be clearly

seen for the Ni nanochain-SiOx (x< 2) sample before

annealing compared to the data after annealing, which corre-

sponds to the amorphous HSQ matrix. This bump disappears

after annealing since the Si-O cages and network in HSQ dis-

sociate, as will be discussed in more detail in Sec. III B. The

two peaks at 44.5� and 51.8� correspond to Ni (111) and Ni

(200), respectively. No Ni oxide peaks are found.

The Ni nanochain-SiOx (x< 2) sample and a Ni nano-

chain-Al2O3 reference sample were then annealed at 450 �C

FIG. 2. (a) Photos of Ni nanochain suspension and powders; (b) SEM pic-

ture of Ni nanochain-SiOx (x< 2).

FIG. 3. XRD data of Ni nanochain-SiOx (x< 2) cermet coatings on Si sub-

strate before and after annealing in N2 at 750
�C for 20min.

073508-3 Yu et al. J. Appl. Phys. 116, 073508 (2014)
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in air for various durations and characterized by XRD each

time to test their anti-oxidation properties. Fig. 4(a) shows

the XRD results of both samples after 15min’s annealing in

air. It is very clear that strong NiO peaks (especially com-

pared to the Ni peaks) show up in the Ni nanochain-Al2O3

XRD pattern, while the Ni nanochain-SiOx (x< 2) XRD pat-

tern only shows very little NiO signals. Since neither Raman

nor transmission electron microscopy (TEM) analysis iden-

tify any NiO in amorphous state, we can conclude that all

NiO formed in the samples are crystalline. This is not sur-

prising since the NiO formation can be considered as insert-

ing O atoms into the octahedral interstitials of Ni’s face-

centered cubic (FCC) lattice. Therefore, we can use the XRD

peak intensity of NiO vs. Ni to determine the extent of oxida-

tion. The result in Fig. 4(a) indicates that during the first

15min’s annealing in air, the Ni nanoparticles are much bet-

ter protected from oxidation in the Ni nanochain-SiOx

(x< 2) system compared to the Ni nanochain-Al2O3 system.

Fig. 4(b) further shows the XRD data of the Ni nanochain-

SiOx (x< 2) coating on SS substrates annealed at 500 �C in

air. The XRD pattern shows almost no change when the

annealing time is increased from 20min to 90min, indicating

that the oxidation is effectively retarded at this temperature.

The results in Figs. 3 and 4 also indicate that the oxidation-

resistant behavior of the Ni nanochain-SiOx (x< 2) cermet

coating is independent of the substrate.

For each XRD pattern, the intensity ratio of NiO (200) to

Ni (111) was calculated to characterize the extent of oxidation

because they are the strongest peaks in NiO and Ni,

respectively. This helps to reduce the effect of measurement

errors on the quantitative analysis of the oxidation process. Fig.

5 compares the NiO/Ni XRD peak ratios of the Ni nanochain-

SiOx (x< 2) samples, the Ni nanochain-SiO2 samples, and the

Ni nanochain-Al2O3 samples annealed at 450–600 �C in air for

up to 2 h. Note that the vertical axis is in log scale in order to

show all the data in the same plot. Clearly, the extent of oxida-

tion in Ni-SiOx (x< 2) and Ni-SiO2 systems are 1–2 orders of

magnitude lower than the Ni-Al2O3 system when annealed in

air at 450 �C. In fact, even after annealing at 600 �C in air, the

NiO/Ni XRD peak ratio of the Ni-SiOx system is still an order

of magnitude lower than the Ni-Al2O3 system annealed at

450 �C. Compared to Ni-SiO2 system, Ni-SiOx (x< 2) system is

more resistant to oxidation, as indicated by 3–4� lower NiO/Ni

XRD peak ratio under the same annealing conditions. These

results demonstrate that both the SiO2 matrix itself and the

excess Si in the matrix contribute to the anti-oxidation behavior.

The mechanism will be discussed in more detail in Sec. III B.

To analyze the oxide growth mechanism in Ni-SiOx sys-

tem at 450–600 �C, we applied Deal—Grove model16 to fit

the relation between the extent of oxidation and annealing

time, as shown by the dashed lines in Fig. 6. According to

the model, the reaction-limited oxidation increases linearly

with time, while the diffusion-limited oxidation follows the

square-root law, as described in Eq. (2)

rNiO=Ni ¼ Atþ B
ffiffi
t

p
: (3)

Here, rNiO=Ni is the NiO(200)/Ni(111) XRD peak ratio, t is
the annealing time, and A and B are the fitting parameters.

This model fits the data at 450 and 550 �C very well. For

both cases, the parameter A is negligibly small compared to

B. Therefore, the oxidation processes at both temperatures

are dominated by diffusion. On the other hand, the model

does not fit the data at 600 �C very well, especially consider-

ing that the NiO/Ni ratio does not change between 80 and

120min of annealing. As a comparison, the solid black curve

shows another fitting using an phenomenological exponential

association model to capture the saturation after long-time

annealing and the reaction limited linear oxidation as t� 0

FIG. 4. XRD data of (a) Ni nanochain-SiOx (on Si) and Ni nanochain-Al2O3

coatings annealed in air at 450 �C for 15min; (b) Ni nanochain-SiOx coating

on stainless steel substrate annealed in air at 500 �C for 20min and 90min.

FIG. 5. NiO(200)/Ni(111) XRD peak intensity ratio vs. annealing time at

different temperatures (450–600 �C) for Ni-SiOx, Ni-SiO2, and Ni-Al2O3

systems. The extent of oxidation in Ni-SiOx is nearly 2 orders less than Ni-

Al2O3, and 3–4� less than the Ni-SiO2 system at 450 �C. Note: the vertical
axis is in log scale.
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rNiO=Ni ¼ Að1� e�BtÞ: (4)

This fitting works better at t> 60min, but the overall coeffi-

cient of determination (R2) is similar to the Deal-Grove

model. As we will discuss in Sec. III B, this complication is

likely due to the interfacial silicide phase transformation

from Ni3Si towards NiSi2 at �600 �C, which significantly

slows down the oxidation rate.

In order to further investigate the effect of thermal activa-

tion on the oxidation mechanism, we annealed the same Ni

nanochain-SiOx (x< 2) sample in air from 450 up to 675 �C.
At each temperature, the sample was annealed for 40min.

After each annealing, we performed XRD analysis to deter-

mine the intensity ratio of NiO(200):Ni(111). Further employ-

ing quantitative X-ray diffraction analyses17 that take into

account the volume of the unit cells and the structure, multi-

plicity, Lorentz-polarization (LP), and thermal factors18,19

listed in Table I, we can obtain the NiO molar fraction after

each annealing from these intensity ratios. After deriving the

amount of oxide growth upon each annealing, we calculated

the activation energy Ea of oxidation using an Arrhenius plot,

as shown in Fig. 7. In the temperature range of 500–600 �C,
an activation energy of Ea¼ 0.956 0.19 eV is derived. This is

comparable to the bonding energy of Ni-Si dimers (0.745 eV)20

as well as the activation energy for oxidation of silicides,11

implying the possibility of nickel silicide formation in the

Ni-SiOx (x< 2) system.

A remarkable feature in Fig. 7 is that the oxidation pro-

cess deviates significantly from the Arrhenius plot at

>600 �C, indicating that other mechanisms start to play a

role. As we will discuss in Sec. III B, this phenomenon is

likely due to the silicide phase transformation at >600 �C,
which leads to more Si-rich silicides that are more robust to

oxidation. The oxidation kinetics is slowed down

correspondingly.

B. Chemical bonding analysis

To understand the interfacial atomic bonds between the

Ni nanostructures and the matrix that lead to the anti-

oxidation behavior in Ni-SiOx (x< 2) system, we performed

FTIR, XPS, and Raman spectroscopy analysis to probe the

change in the chemical bonding upon annealing.

Fig. 8 shows the FTIR spectra of the Si substrate (refer-

ence), the unannealed HSQ, the Ni-SiOx (x< 2) sample

annealed at 750 �C in N2, and the Ni-SiOx (x< 2) sample

FIG. 6. NiO(200)/Ni(111) XRD peak ratio vs. annealing time in Ni-SiOx

(x< 2) system at 450, 550, and 600 �C in air. The dashed lines show the fit-

ting curves using Deal-Grove oxidation model. The solid line shows a fitting

curve using phenomenological exponential association model for the case of

600 �C annealing.

TABLE I. Parameters used in quantitative XRD analysis.

Structurea Multiplicity LPb Thermalc

Ni(111) j4fNij2 8 11.37 0.96

NiO(200) j4fNi2þ þ 4fO2� j2 6 12.06 1.00

aThe atomic form factors at the given X-ray wavelength (0.15406 nm) and

diffraction angles h are: fNi ¼ 19:1; fNi2þ ¼ 19:3; and fO2� ¼ 4:8.17

bThe Lorentz-polarization factor is ð1þ cos22hÞ=ð sin2h cos hÞ.
cThe thermal factors (also known as Debye-Waller factors) for Ni and NiO

are calculated using the parameters in Refs 18 and 19, respectively.

FIG. 7. Arrhenius plot of NiO growth in Ni-SiOx system from 450 �C to

675 �C. An Arrhenius fitting is given in the temperature range of

450–600 �C with an oxidation activation energy of Ea¼ 0.956 0.19 eV. The

NiO growth rate slows down dramatically at> 600 �C due to silicide phase

transformation at the Ni/SiOx interface, as will be discussed in Sec. III B.

FIG. 8. FTIR spectra of (1) unannealed HSQ on Si substrate (black line); (2)

Si substrate alone (red line); (3) Ni nanochain-SiOx (x< 2) on Si annealed in

N2 at 750
�C (blue line); and (4) Ni nanochain-SiOx (x< 2) on Si annealed

in N2 at 750
�C followed by 600 �C in air (green line).
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annealed at 750 �C in N2 followed by 600 �C annealing in

air. As mentioned earlier, the structure of HSQ has two

forms: Si-O-Si cage and Si-O-Si network (see Fig. 1).13 The

associated vibration modes of the Si–O–Si network and cage

structures are at 1070 cm�1 and 1130 cm�1, while the bend-

ing modes are at 830 and 880 cm�1, respectively.21,22 When

mixed with Ni and annealed at around 750 �C, the intensity

of vibration modes at 1070 cm�1 and 1130 cm�1 both

decrease, with the latter one (cage structure) decreasing

more significantly. The bending modes cannot be observed

any more after the annealing, consistent with the observation

in Ref. 21. The FTIR spectrum does not show a significant

change after further annealing in air at 600 �C. These results

indicate the dissociation of the cage and network structures

in the SiOx (x< 2) matrix. During this process, the Ni nano-

structures could form new chemical bonds with Si, Si-O net-

work, and/or Si-O-Si cage in the SiOx (x< 2) matrix, which

help to resist oxidation at high temperatures in air. Similar

mechanism may also apply to the Ni-SiO2 system derived

from TEOS precursor, which also has Si-O network struc-

tures. Compared to stoichiometric SiO2, SiOx (x< 2) has

excess Si that may also form silicide-like bonding with Ni,

thereby adding more protection to the Ni nanostructures. To

verify this assumption, XPS and micro-Raman analyses were

applied to probe the Ni-Si bonds in the Ni-SiOx (x< 2)

system.

Fig. 9 shows the XPS data of the Ni-SiOx samples. As

expected, signals from various Ni silicides were obtained.

For the Ni 2p spectra, the unannealed Ni-SiOx (x< 2) and

Ni-SiOx (x< 2) annealed in N2 showed peaks at similar posi-

tions, which correspond to Ni 2p3/2 (852.7 eV), Ni3Si 2p3/2
(852.8 eV), and Ni3Si 2p1/2 (870.0 eV).23,24 Selected area

electron diffraction studies (not shown here) also confirmed

the formation of Ni3Si in the sample annealed in N2 at

750 �C. For the sample annealed in N2 at 750
�C followed by

annealing in air at 675 C, NiSi2 2p3/2 (854.6 eV), 2p1/2
(871.8 eV) and its satellite peak (880 eV) are clearly

observed, along with the NiO 2P3/2 and its satellite peaks at

855 and 861 eV, respectively. From these observations, it

can be concluded that Ni-rich Ni silicides (Ni3Si) were

formed on the surfaces of Ni nanoparticles through the

process of mixing and annealing in N2. After being annealed

in air at >600 �C, Ni3Si further reacts with oxygen and/or

the excess Si in the matrix and transforms into a Si-rich sili-

cide phase (i.e., NiSi2) and NiO. For instance, chemical reac-

tions like Eqs. (5a) and (5b) could occur during this air

annealing process

3Ni3Siþ 5O2 ! 8NiOþ NiSi2 þ SiO2; (5a)

Ni3Siþ 5Si ! 3NiSi2: (5b)

Note that NiSi2 is more resistant to oxidation than Ni3Si

since it is more Si-rich. It has been shown that NiSi2 can sus-

tain an accelerated oxidation test at 850 �C in steam for

20min without any measurable oxidation.11 Therefore, after

the formation of NiSi2 at �600 �C, the oxidation kinetics is

significantly slowed down. This silicide phase transformation

explains the sudden decrease in oxidation rate at �600 �C
shown in Fig. 7, as well as the saturation of oxidation after

annealing for >80min at 600 �C in Fig. 6.

The Raman spectroscopy of the Ni-SiOx sample

annealed at 750 �C in N2 followed by 675 �C in air further

confirms the Si-rich silicide formation. As shown in Fig. 10,

NiSi and NiSi2 Raman peaks were found at 224, 292, 332,

and 404 cm�1, which are largely consistent with 216, 288,

320, and 397 cm�1 observed in previous research.25,26 We

notice that the peaks generally shift to larger wavenumbers

compared to literature, which may indicate compressive

strain in these silicide interfacial layers. Due to equipment

cut-off at <190 cm�1, we are unable to observe Ni3Si and

Ni2Si Raman peaks at <190 cm�1.27 Overall, the Raman and

XPS data indicate that multiple silicide phases, including

Ni3Si, NiSi, and NiSi2 are formed at the Ni/matrix interface

to protect the Ni nanostructures from oxidation.

C. Optical properties at room temperature and high
temperature

To characterize the optical properties of our anti-

oxidation cermet coatings, Ni nanochain-SiOx cermets are

spin-coated on SS substrates. As mentioned in Sec. II, the re-

flectance spectra (Rk) of the samples have been measured

at room temperature using an integrating sphere in the

UV-VIS-IR spectrometer to capture both specular and

FIG. 9. XPS spectra of (1) unannealed Ni-SiOx (x< 2) on Si (blue line); (2)

Ni-SiOx (x< 2) on Si annealed in N2 at 750
�C (red line); and (3) Ni-SiOx

(x< 2) on Si annealed in N2 at 750 �C and then in air up to 675 �C (green

line). Silicide formation is clearly observed after annealing.

FIG. 10. Raman spectrum of Ni-SiOx (x< 2) on stainless steel substrate

annealed at 750 �C in N2 followed by 675 �C in air. Peaks corresponding to

NiSi and NiSi2 are clearly observed.
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diffuse reflectance in all directions. The corresponding spec-

tral absorptance/emittance data of ak ¼ ek ¼ 1� Rk are

shown in Fig. 11(a). Curves 1–3 respectively correspond to

the data for the SS substrate only, the Ni-SiOx (x< 2) coat-

ing on SS before being annealed in air, and Ni-SiOx (x< 2)

on SS after being annealed in air at 450 �C for 4 h. As shown

in curve 1, the ak of the SS substrate is only around

30%–40% in the visible regime. It is expected that the selec-

tive solar thermal absorber will significantly increase the

spectral absorptance in the visible regime while maintaining

a low spectral emittance in the infrared regime. Sure enough,

the Ni nanochain-SiOx cermet coatings increase ak in

the UV, visible, and near infrared regime to �90%

(k¼ 300–850 nm), as shown in curves 2 and 3. Furthermore,

we find that after 4 h annealing at 450 �C in air (curve 3), an

even lower ek in the infrared regime is achieved without

notably sacrificing the high ak in the visible regime

compared to the unannealed one (curve 2). This result

directly confirms the effectiveness of the anti-oxidation Ni

nanochain-SiOx selective solar absorber coating. Using the

dielectric functions of Ni and HSQ at room temperature and

the finite element method described in Ref. 9, the theoreti-

cally calculated optical response is shown in Fig. 11(b). The

theoretically modelled optical extinction factor, defined as

the extinction cross-section divided by the cross-section of

the Ni nanoparticles, starts to decrease at k> 1.0 lm. This is

consistent with the roll-offs in the ak spectra at k> 1.0 lm in

curves 2 and 3 of Fig. 11(a), considering that the extinction

factor is proportional to the absorption coefficient at a

given wavelength k. Note that this roll-off wavelength

(kroll�off� 1.0 lm) is shorter than that of the Ni nanochain-

Al2O3 system reported in Ref. 9 (kroll�off� 2.3 lm) although

the sizes of the Ni nanoparticles are the same. This shift in

kroll�off is due to the higher refractive index of Al2O3 com-

pared to HSQ (1.7 vs. 1.4). Such a spectral shift with the ma-

trix refractive index is a typical feature of surface plasma

response.28 The magnitude of the extinction factor before the

roll-off, on the other hand, is similar to the case of

Al2O3,since it is mainly determined by the dielectric function

of Ni itself instead of the matrix. From curves 2–3 in Fig.

11(a) and Eq. (2b), we can also derive that the overall solar

absorptance asol for the Ni nanochain-SiOx cermet coatings

are 83% and 78% before and after annealing in air at 450 �C
for 4 h, respectively. The major limiting factor of the solar

absorptance is that the spectral absorptance rolls off a rela-

tively short wavelength of kroll�off� 1.0 lm. If the spectral

absorptance edge can be red-shifted to �2 lm, the absorption

will cover almost the entire solar spectrum and asol will

increase correspondingly. One should also keep in mind that

the plasmonic response spectrum may redshift at elevated

operation temperatures due to the increase of matrix refrac-

tive index with temperature. Therefore, it is interesting to

directly measure the spectral emittance/absorptance at high

temperatures.

As mentioned in Sec. II, the spectral emittance ek(¼ ak)
at 300 �C (Fig. 11(a), curve 4) is characterized by directly

measuring the emission spectrum from the Ni nanochain-

SiOx sample previously annealed in air at 450 �C for 4 h and

normalizing the spectrum to that of the black body reference.

Note that at this temperature, the thermal emission at

k< 1.5 lm is too weak to measure directly, so the curve

starts at k¼ 1.6 lm. Compared to the result at room tempera-

ture, the optical performance at 300 �C is even better since

the edge of the ak(¼ ek) spectra is indeed notably red-shifted

from k¼ 1.0 lm (room temperature) to �1.8 lm, covering

almost the entire solar spectral regime. Considering that the

thermal expansion of Ni is in the order of 10�3 at 300 �C, its
electron density and corresponding contribution to dielectric

function hardly changes compared to that of the room tem-

perature. Therefore, the red-shift is most likely due to the

change in the refractive index of the cermet matrix as the

temperature increases to 300 �C. On the other hand, the mag-

nitude of the extinction factor before the roll-off is insensi-

tive to the refractive index change of the matrix, as discussed

earlier in comparing the optical response of the Ni-SiOx sys-

tem with the Ni-Al2O3 system. Thus, we expect that ak at

FIG. 11. (a) Spectral absorptance/emittance (ak ¼ ek) derived from room-

temperature reflectance spectra using Eq. (2a) (curves 1–3) and directly

measured emission spectra at 300 �C (curve 4). Curve 1: SS substrate alone;

curve 2: as-coated Ni nanochain-SiOx on SS substrate; Curve 3: Ni nano-

chain-SiOx on SS substrate annealed in air at 450 �C for 4 h; and curve 4:

spectral emittance ek measured at 300 �C for Ni nanochain-SiOx on SS sub-

strate previously annealed in air at 450 �C for 4 h. The emission spectrum

from the sample at 300 �C is measured and normalized to that of a black

body reference sample under the same condition. The data show a significant

red-shift in the spectral absorptance/emittance edge from k� 1.0 to

k� 1.8 lm compared to room temperature, covering almost the entire solar

spectrum regime. (b) Theoretically calculated optical response of Ni nano-

chian-SiOx (x< 2) at room temperature using the methods in Ref. 9. The

extinction factor refers to the extinction cross-section divided by the cross-

section of the Ni nanoparticles, and it is proportional to the absorption

coefficient.
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k< 1.4 lm for 300 �C is� 90%, similar to the value before

the roll-off in curve 3. Further applying Eq. (2b), it is esti-

mated that the overall solar absorptance asol at 300 �C is

�89% based on the redshift in spectral absorptance/emit-

tance. The thermal emittance etherm at 300 �C is calculated to

be 18% using Eq. (2c), assuming that the spectral emittance

levels at 0.17 for k> 5.5 lm. Such an assumption is sup-

ported by the theoretical analyses in Fig. 11(b) and in Ref. 9,

which show that the extinction factor slowly decreases with

the increase of wavelength after the roll-off. Therefore, the

coating exhibits excellent spectral performance in high-

temperature operation. This result also suggests that the

high-temperature dielectric function of the SiOx (x< 2) ma-

trix derived from HSQ needs to be investigated in order to

further optimize the design and performance of the Ni-

nanochain cermet coating at high working temperatures.

IV. CONCLUSIONS

In this work, oxidation-resistant Ni nanochain-SiOx

(x< 2) selective solar absorber coatings have been fabricated

by a vacuum-free, low-cost solution-chemical method for

CSP applications. Compared to Ni-Al2O3 system which is

readily oxidized at 450 �C in air, the Ni nanochain-SiOx

(x< 2) system exhibits a strong anti-oxidation behavior up to

600 �C in air. There are two major factors contributing to the

anti-oxidation behavior: (1) the dissociation of Si-O cage-like

structures and Si-O networks in the SiOx (x< 2) matrix at

high temperatures enables the formation of new bonds at the

Ni/SiOx interface to passivate the surface of Ni nanoparticles

and prevent oxidation; (2) the excess Si in the SiOx (x< 2)

matrices reacts with Ni nanostructures to form silicides at the

interface, which further improves the anti-oxidation proper-

ties. This anti-oxidation Ni nanochain-SiOx coating also dem-

onstrates excellent high-temperature optical performance,

with a high solar absorptance �90% and a low thermal emit-

tance �18% at 300 �C even after previous annealing in air at

450 �C for 4 h. These results represent an initial step forwards

towards atmospherically stable, high temperature, high-

performance solar selective absorber coatings processed by

low-cost solution chemical methods for future generations of

CSP systems. The silicide enhanced anti-oxidation mechanism

can be readily extended to other metal nanoparticle systems.
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