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a b s t r a c t

The aim of this paper is to report the optical and thermal properties of V2O5 and CuO doped
P2O5–Na2O–CaO–Al2O3:CoO glasses so as to investigate their possible use in solar collection applica-
tions. The optical absorption spectra of the glasses at room temperature were in the spectral range of
ccepted 30 January 2011
vailable online 24 February 2011

eywords:
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200–1100 nm. The optical band gaps of the glass samples were determined for direct and indirect tran-
sitions. When transition metal ions doped to the base glass, the optical band gap decreased. Changes in
the refractive indices vs. wavelength for all the specimens were also examined by spectroscopic ellip-
sometry. By measuring the heat capacities and thermal diffusion coefficients of the specimens at varying
temperatures, their thermal conductivities were calculated to be in the 320–620 K temperature range.

to b
hermal conductivity
olar collectors

The obtained glasses seem

. Introduction

Glass is used in a wide variety of fields, such as in electrical
evices and building materials. Thermal conductivity is one of the
rincipal properties considered during the manufacture and use
f glass products. Due to their unique physical properties of hav-
ng high thermal expansion coefficients, low melting and softening
emperatures, high electrical conductivity, ultraviolet (UV) trans-

ission, and optical characteristics, phosphate glasses, of all the
xide glasses produced, are generally considered to be both sci-
ntifically and technologically important materials [1–5]. These
lasses are known for having lower glass transition temperatures
nd have attracted considerable interest in recent years because of
heir potential for technological applications, particularly in optics
6], and even more so in laser systems and biomaterials research
7,8].

Of particular interest are glasses with high concentrations of
ransition metals owing to both their semiconducting properties
9–13] and their optical absorption in the visible range, resulting
n coloration of the glass states [14]. Glasses doped with transi-
ion metals also attract much attention because of their ability
o memorize and photoconduct [15–17]. Moreover, they have the

otential to be used in such applications as solid-state lasers [18],

uminescent solar energy concentrators, and optical fibers for com-
unication devices [19–23].
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e promising materials and can be used in solar collector applications.
© 2011 Elsevier B.V. All rights reserved.

When considering the most appropriate transition metal ions
for these purposes, vanadium and copper ions stand out as being the
simplest and best-suited since they are characterized by a partially
filled d shell which can exist in at least two valence states. Each
of these valence states has a different electronic structure and co-
ordination geometry [24].

Absorption spectroscopy is a valuable tool in the examination of
materials. Just a cursory view of the absorption vs. the wavelength
and the absorption edge is enough to reveal whether the mate-
rial under investigation is crystalline or amorphous in nature. The
absorption edge is very sharp in crystalline substances whereas it
has a finite slope in amorphous substances.

This technique can also provide information about the opti-
cally induced transitions, the band structure, and the band gap
of materials [25]. Variation in the optical band gap of phosphate
glasses has previously been studied as a function of composition
[26,27].

In this study, black glass was produced by CoO incorporation at
high ratio into P2O5–Na2O–CaO–Al2O3 glass structures. The effect
of the transition metal ions V2O5 and CuO on the optical and ther-
mal characteristics of black glass was then investigated.

2. Experimental

2.1. Glass preparation
Glass samples were prepared by the melt quench technique, and their starting
batch compositions are listed in Table 1.

Appropriate amounts (all in weight %) of the reagent grade P2O5, Na2CO3, CaO,
Al2O3, Co3O4 V2O5 and CuO powders were methodically weighed and thoroughly
mixed. They were then melted in a thick-walled platinum crucible in the electric
furnace for 2 h at 1573 K until a bubble free liquid was formed. The resultant melt

dx.doi.org/10.1016/j.jallcom.2011.01.172
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Compositions of glass structures (in wt%) studied in the present work.

Glass code Glass structure

P1 %60 P2O5 + %20 Na2O + %18 CaO + %2 Al2O3 (base glass)
P2 Base glass + %20 CoO (black glass)
P3 Black glass + %0.5 V2O5
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Fig. 1. Optical absorption spectra of all glasses.

Table 2
Direct, indirect band gap, refractive index and density values of glasses.

Glass code Direct band
gap (eV)

Indirect band
gap (eV)

n � (g/cm3)

P1 4 3.43 1.475 2.619
P2 3.84 3.08 1.601 2.906
P3 3.4 2.08 1.595 2.910
P4 Black glass + %1 V2O5

P5 Black glass + %0.5 CuO
P6 Black glass + %1 CuO

as then poured into a graphite mould and subsequently annealed at 723 K for 1 h,
hen cooled slowly to room temperature.

.2. Characterization tools

The amorphous state of the glasses was verified by X-ray powder diffraction
atterns recorded in the 2� range from 10◦ to 70◦ on a XRD-Rigaku Rint 2000 diffrac-
ometer using CuK� radiation. The optical absorption spectra of the glasses at room
emperature were recorded in the wavelength range of 200–1100 nm via Perkin
lmer Lambda 2S UV/VIS Spectrophotometer. The refractive index was determined
ver the wavelength range 300–900 nm by SC620 Spectroscopic Ellipsometer using
he Lorentz model, which is better suited to describe the optical properties of lay-
rs that absorb light in a region of the measured spectral range [28,29]. Thermal
iffusivity measurements were taken by using the laser flash technique. The mea-
urements were captured with NETZSCH LFA 457 MicroFlash, and the specific heat
apacity was measured by a differential scanning calorimeter (NETZSCH DSC409 PG)
t temperature range from 320 to 620 K. Glass densities (�) were measured at room
emperature using the Archimedes method with ethanol as the immersion fluid.

. Results and discussion

.1. Optical investigations

Fig. 1 shows the optical absorption spectra of all glasses against
he wavelength 200–1100 nm. While absorption is observable only
n the UV region of base glass, absorption was observed in both the
isible and NIR regions when we incorporated 20% of CoO (P2) to the
lass. By adding V2O5 into the named P2, a strong absorption occurs
t the UV edge while CuO addition into the glass structure causes
strong absorption in the NIR region. V2O5 doping causes absorp-

ion in the 350–400 nm wavelength range. This is probably related
o the V3+ ions present, which have a characteristic UV absorption
t 350–400 nm. The absorption peak at 420 nm is almost certainly
elated to the vanadly tetravalent ions established by Ref. [30].

hen the doping rate of V2O5 was increased (at 1%), this caused the

bsorption peak at 420 nm to have a little higher absorbance value
han P3 glass (at 0.5%). When the amount of V2O5 was increased, it
aused an increase in the number of vanadly tetravalent ions. Fur-
hermore, when CuO doping was increased, it caused an increase in
he absorbance value in the ∼700–800 nm wavelength range. This

Fig. 2. The relation between (a) (˛h�)2 and (h�
P4 3.21 1.7 1.589 2.917
P5 3.6 2.31 1.599 2.916
P6 3.7 2.52 1.586 2.924

can be attributed to the absorption of Cu2+ ions in the octahedral
coordination as reported in [31].

We evaluated the optical band gap (Eopt) of the glasses from
the observed absorption edges. It is customary to plot (˛h�)2 as a
function of photon energy (h�) in order to find the optical energy
band gaps (Eopt) for direct transitions by using Davis and Mott rela-
tion [32]. This relation holds very well above the exponential tail
where it shows linear behavior. The straight region in these curves
is extrapolated to meet the x-axis (h�). The value of (h�) at the
meeting point yields a direct measure of the optical band energy
(Eopt). For indirect transitions, it is determined by plotting (˛h�)1/2

as a function of (h�) [33]. Graphs (direct and indirect transitions)

for only P1 glass are shown in Fig. 2.

The direct and indirect band gap values of all the glasses are
given in Table 2. The glass with the highest direct and indirect band
gap values is P1 glass. Black glass (P2), produced by the incorpora-

) and (b) (˛h�)1/2 and (h�) for P1 glass.
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ilar form. The refractive index values of the glasses decrease with
a corresponding increase in wavelength. Black glass (CoO incorpo-
rated) and transition metal doped glasses have higher refractive
index values than P1 (base glass). The refractive index values of base
Fig. 3. SE s

ion of 20% of CoO to the base glass, has a lower band gap than P1.
2O5 and CuO doping into the black glass lowered the band gap val-
es. The lowest band gap values were determined for V2O5 doped
lass structures.

In order to determine the refractive indices of the glasses,
parameters were measured by using the polarization of the

ight reflected from the specimens in the ellipsometer device.
hese experimentally measured spectroscopic � values were mod-
lled by using the Lorentz model, with theoretical � values then
btained. The refractive indices (n) of the glasses were determined
y ensuring the best fitting between the theoretical and experi-
ental values of � . The spectroscopic ellipsometry (SE) spectra of

ll glasses in the wavelength range of 300–900 nm are shown in
ig. 3.

Our study shows that the fitting between the theoretical model
nd the experimental data is extremely fine. The MSE (mean square

rror) values for all the glasses are 0.01, 0.02, 0.04, 0.03, 0.03, 0.04,
espectively. The refractive index (n) spectra of the glasses are given
n Fig. 4.

In Fig. 4, it can be seen that changes in the refractive indices of the
lasses at long wavelengths are almost constant and occur in a sim-
of glasses.
Fig. 4. Refractive index (n) spectra of glasses.
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Fig. 6. Specific heat values of glasses as a function of temperature.

T
T

Fig. 5. Extinction coefficient (k) spectra of all glasses.

lass exhibit a noticeable variation in the UV region (∼1.68–1.50).
owever, this variation is smaller than is detected in other glasses

∼1.68–1.60). A comparison of the values of the average refractive
ndices for all glasses is given in Table 2. When we compare the
verage refractive index values of blank glass (P2), we can observe
decrease in the values caused by both V2O5 and CuO doping. If

urther doping continues, the n values also continue to decrease.
ince the values are so close to each other, it is really quite difficult
o make any comments with regard to the dopant type. Moreover, it
s clear that the higher n values seen in CoO incorporated and tran-
ition metal doped glasses, when compared with P1 glass, are due
o CoO content. The different density values (Table 2) of different
lasses probably also causes the observed variation in n values.

Fig. 5 shows the extinction coefficient spectra of all the glasses.
t can be seen that CoO incorporation and transition metal doping
rocesses caused increased absorption values when compared to
ase glass P1.

.2. Thermal investigations

The thermal conductivity (K) can be found from the thermal
iffusivity (DT) and specific heat (Cp) measurements through the
ormula:

= DT �Cp, (1)

where � is the density of the glass. It is determined by
he Archimedes principle, using ethanol as an immersion liquid
density = 0.789 g/cm3 at room temperature). The densities of all
amples are listed in Table 2. As it can be understood from the table,
hile P1 is the glass with lowest density, P6 is the glass with highest
ensity. As the amount of doping to the glass increased, the density
lso increased. CuO doping demonstrated a greater increase in the

ensity of the glass than V2O5 doping.

The values of the thermal diffusivity coefficient for all the speci-
ens within the stated temperature range are given in Table 3, and

he graph of specific heat relative to temperature is given in Fig. 6.
he thermal diffusivity coefficient increases with an increase in

able 3
hermal diffusivity values of all glasses.

P1 P2 P3

T(K) DT × 10−6

(m2 s−1)
T(K) DT × 10−6

(m2 s−1)
T(K) DT × 10−6

(m2 s−1)

321.75 0.22 321.75 0.23 321.75 0.23
373.35 0.19 373.35 0.22 373.25 0.22
423.75 0.18 423.65 0.21 423.65 0.21
473.75 0.18 473.75 0.21 473.75 0.19
523.65 0.17 523.75 0.21 523.65 0.19
573.55 0.17 573.65 0.19 573.55 0.18
623.55 0.16 623.55 0.18 623.25 0.19
Fig. 7. The calculated thermal conductivities of glasses as a function of temperature.

the temperature. The doped glasses had higher thermal diffusivity
values upon measurement.

As can be seen in Fig. 6, the specific heat values of glasses, with
the exception of P6, increase with rising temperature. The excep-
tion to the rule is P6 glass whose Cp value is not greatly affected
by changes in temperature. While the glass with the lowest heat
capacity value is P6 glass; the glass with the highest heat capacity
is P2 glass.

As is shown in Table 3 and Fig. 6, the thermal conductivity of all
glasses was calculated with Eq. (1) and these results are shown in

Fig. 7. As can be seen from Fig. 7, with an increase in temperature,
the thermal conductivity values of P1 and P4 remain almost con-
stant, while that of P6 displays a slight decrease, and those of P2,
P5, and P3 have a noticeable increase. The glass with the highest
thermal conductivity is P2 while the glass with the lowest ther-

P4 P5 P6

T(K) DT × 10−6

(m2 s−1)
T(K) DT × 10−6

(m2 s−1)
T(K) DT × 10−6

(m2 s−1)

321.85 0.23 321.95 0.22 321.85 0.24
373.35 0.21 373.35 0.21 373.35 0.22
423.75 0.2 423.65 0.21 423.75 0.21
473.75 0.2 473.65 0.19 473.75 0.2
523.65 0.2 523.75 0.2 523.65 0.19
573.45 0.21 573.35 0.19 573.55 0.19
623.45 0.18 623.35 0.19 623.45 0.18
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al conductivity is P6. CuO and V2O5 doping causes the thermal
onductivity of blank (P2) glass to decrease. There is not a linear
ariation between the doping amount and thermal conductivity.
owever, it is clear that high doping rates force thermal conduc-

ivity values to decrease for both types of dopants, namely V2O5
nd CuO. CuO doping at 0.5% caused higher thermal conductivity
alues than V2O5.

. Conclusions

In this study, the effect of transition metal ions such as V2O5
nd CuO on the optical and thermal characteristics of black glass
as been investigated.

It was determined that the incorporation of CoO at 20% almost
estroys absorption in the visible region from the absorption spec-
ra. V2O5 doped glasses absorb the UV region and CuO doped
lasses absorb the NIR region. Thus, since the absorption spec-
ra at base glass are considerably affected by doping, we believe
hat it is a strong contender for use in future applications in
olar collectors. Furthermore, the absorption edge shifted to longer
avelengths as the concentration of V2O5 and CuO increased.
oping by both V2O5 and CuO caused the direct and indirect
and gap values to decrease. The values of the refractive index
or all glasses decrease as the wavelength increases. Refractive
ndices at 590 nm varied from 1.456 to 1.591. The glass with
he lowest refractive index is P1 and the one with the high-
st refractive index is P2. It is our opinion that an excess of
nbounded oxygen in the P2 glass caused the polarization to

ncrease, which in turn increased the refractive index. The incor-
oration of CoO reduced the number of unbounded oxygen in the
2 glass and this probably, in turn, decreased the refractive index
alue.

The thermal conductivity coefficients of all the glasses were
alculated by considering the heat capacity, thermal diffusivity
oefficient, and density values. While the thermal conductivities
f P1 and P4 glasses remain almost constant depending on the
emperature, the thermal conductivities of P2, P3 and P5 glasses
ncreased with a rise in temperature, whereas the thermal conduc-
ivity of P6 glass decreased with an increase in temperature. By
ncreasing the temperature, the number of phonon–phonon col-
isions increases, and thus, the mean free path of the phonons
ecreases. This then leads to a decrease in thermal conductivity. In
eneral, phonon–phonon scattering and phonon–impurity scatter-

ngs are dominant mechanisms in thermal conductivity [34]. In our

easurements, P6 glass is the specimen which exhibits a decrease
n the value of thermal conductivity when temperature increases.
he increased doping of CuO (at 1%) commits the role of impu-
ity. Since such a case was not observed in 1% V2O5 doped glass,

[
[
[

[

ompounds 509 (2011) 4935–4939 4939

it is thought that V2O5 joined to the structure without impurity.
Finally, it is our conclusion that CoO incorporation and doping
by transition metal ions have a dramatic effect on the properties
of sodium–phosphate glasses, and that new and alternative glass
materials may be produced economically by this process. We also
concluded that CuO doped (at 0.5%) glass is the best candidate for
solar collector applications with its improved absorption charac-
teristics and thermal conductivity values.
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