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Structure of Lattice Strain and effect of sol
concentration onthe characterization of
TiO ,-CuO-SiO, nanoparticles

ABSTRACT
M. Riazian?! We report on the synthesis, morphology, chemically and
A. Bahariz* structurally of TiQ-CuO-SiO, nanostructure with different precursors
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?Department of physics, compounls and other elements charig special chemical and physical

university of Mazandaran,

gualities in this nano oxidePowders and coatings have been
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characterized by XRD, SEM, EDX and FTIR:r&y diffraction showed
Received:14 January2012 the formation of nano crystalline CuO (Tenorite) and anatase phdses
Accepted:16 April 2012 average crystallite size was calculated by usingay diffraction
analysis. The activation energy (E) of nanoparticles formation during
thermal treatment were calculated. The lattice straimluated by
WilliamsonHall's equation. SEM revealed thananoaggregation
structure formed by increasing the calcined temperature and grains like to
make a spherical shape. EDX spectroscopy confirmed the composition of
the ternary powders and coating, which are formed during the gelation
process. FTIR spectra sked that SiO-Ti, Ti-O, CuO, Ti-O-Ti, Ti-OH

and SiO-Si bonds are formed and indicated that titanium is in-folar
coordination with oxygen in the StO The effects of chemical
compositions and the strong process on the surface topography and the
crystllization of anatase and CuO (Tenorite) were studied. With
increasing the molar ratio (content of CuO) inpaspared state, the
formation of rod regiomvasmore prominent than agglomerate region.
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The photocatalytic performance of these It is well recognized that the properties of
compounds depends on the characteristic of thematerials highly depend on size, morphology, and
TiO, crystallites, such as the size and surfaea.  dimensionality [10], three crucial geometric
Therefore, maodification of its physical and parameters. Many chemical and physical routes are
chemical property is of interest to researchers. Oneexplored bythe chemistsand material researchers
of the possible ways to modify the property of 7iO to control those parameters and to obtain various
crystallites is by adding a second semiconductorshapes of materials such as tubes, rods, plates, and
into the TiQ matrix. SiIQ has high thermal soon[11].
stability, excellent mechanical strength and help to Among all metal oxides, TiQpowders are
create new catalytic sites due tbe interaction  extensively wused as catalysts, adsorbents,
between TiQ and SiQ [1] also, SiQ acts as a composites, ceramics, and dgsh supports because
carrier of TiQ and helps to obtain a large surface of their high surface area and significant pore
area as well as a suitable porous structure [2]volume. In this workwe prepare TiQCuO-SiO,
During the Iat years many studies dealing with by using hydrolysis procedure of Tetra isopropyl
TiO, doping with different metals have shown the ortho titanate and copper nitrate which is
alterations that the dopant may catise structural  transformed to anatase and CuO by heating it at
properties. For instance, it has been indicated thaB00, 500 and 80C. It obviously depends on the
the insertion of Cu nanoparticles in the TiQtile preparation procedures and TFiOcontent in
lattice improves its photocatalytic efficiency [3]. combination.

Titania can be synthesized by various
techniques, such as precipitation [4], chemical
vapor deposition [5], hydrothermal method [6] and EXPERIMENTAL
glycothermal method [7]. Another common
technique that can resuit Titania with extremely The composition of the starting solution
high surface area is $gel method. The salel  and the experimental conditions used for ternary
process is one of the versatile methods to prepargowders are listed iffiable 1 Figure lillustrates
ceramic materials. The incorporation of an activethe preparation procedures. The precursors:
metal in the sol during the gelation stage allows thetetraethoxysilane (TEOS, Merk, 99%), tetra
metal to have a direct interaction withpport. The  jsopropy ortho titanate (TIOT, Merk 98%),
sokgel process is commonly applied tthe  Cu(NO;),3H,O0 ( applichem), acetic acid
synthesis suchas TiO, materials because ofits (Floka,60.5%), HCI (Merk,36% Ethanol (Merk

several advantages such as low terapge 97%) and deionized water weresed without
processing and the ability to prepare materials infurther purification.

various shapes, compared with the conventional
preparatiorprocedures of glass and ceramics. [8,9].

Table 1.Composition of starting solutions and experimental conditions for ternary powders preparation.

Sokgel Sokgel Molar ratio(MR) Stirrin

Methodgused Methog ste Precursor TEOS/ TIOT / Cupper nitrite =1:1/0.5 Time(r?) PH
P TEOS/Cupper nitrite/TIOT=1:1/1
TEOS/EtOH/HCI/HO

L TEOS =1:50/0.1/2 .

TIOT/EtOH/CHCOOH/H:0 0.5

TIOT .
Alkoxide =1:50/4/2
route

2 Cu(NG;)2.3H,0 Cu(NG;)2.3H,0/H,0 =1:0.02 0.5 2
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Acetic acid acts an important role in

hydrolysis because chelating mechanism decreases

1 Scanning electron microscopy
SEM (XL30 Philips) was routinely used to

the rate of hydrolysis, meaning very fine particles investigate the morphology of the naparticles.

of titanium hydroxide will be formed and
suspended isolution. In MR=0.5, the molar ratio
of TEOS and TIOT in combinatiors itwice of

1 FT-IR study
FT-IR measurements were performed on a

molar ratio of copper nitrate and in MR=1, the 1730 Infrared Fourier Transform Spectrometer
molar ratio of TEOS, TIOT and copper nitrate in (PerkinElmer) using the potassium bromide as the
precursors combination are equal. After 48 hoursbackground.

gelation was formed. Afterward, the gel was dried

for about 24 hours at 5C temperature in air and

calcined in three different temperatures (300, 600RESULTS AND DISCUSSION

and 800 °C). Moreover, the effects of varied
calcinations temperature were studieds a
prepared, 300, 600 and 8TD.

TEOS/EtOHfHCUIIzO

atRT stirring for 0.5h, PH=3

TIOT/EtOH/CH 3C O0OH'H 2O

at RT stirring for 0.5h, PH=3

Mixing TEOS and TIOT at RT,
stirring time for 0.5h, PH=3

Cu(NO3),.3H,0/H,0 at RT

stirring time for 0.5 h, PH=2

Mixing
TEOS/TIOT/Cu(NO3),.3H,0

at RT, stirring time Tor 48h,
PH=3, form to gelation.

Fig. 1. Schematic flow chart illustrating the steps in the synthesis
pathway of TiQ-CuO-SiO, nanomaterials.

Characterization of the Ti@-CuO-SiO,

1 X-ray powder diffraction study
X-ray powder diffraction (XRD) patterns
were measured on a (GB@MA 007 (2000)) %
ray diffractometer. The diffractograms were
recorded with (0, 66 ,15406,0.02 step size

in which the speed wa;so(%’)
range of 10780 .

In the solgel method, two factors
determine the hydrolysis and condensation rates.
The first factor is the acetic acid, which promete
the hydrolysis of TEOS; the second is the titanate
formed by the chelate of acetic acid and titanium,
which accelerate the condensation of TEOS
[12].With respectd acetic acid, it plays two roles
in the sytem.From e side, it acts as the catalyst
to promote the hydrolysis of TEOS; on the other
side, it chelate with titanium to form titanate,
which accelerate the condensation of TEOS and
retard the hydrolysis and condensation of TIOT. In
the present workhe TEOS is partially hydrolyzed
in ethanol, water and hydrochloric acid under
controlled conditions that allow the solution, i.e.,
sol, to yield a formable, loosely crefisked
matrix, i.e., gel. Then, titanium chelate compound
(PTP) was added to form ofjytitanosiloxane
solution (TiSi) via polycondensation reacticrgé.

1 and 5). TiO,-CuO-SiO, precursor solution
consists of siloxane ()-Si) and SiO-Ti linkages
as a main chain.

Titanium alkoxide is hydrolyzed and
condensed to form polymeric specwsmposed of
Mi Oi M bonds in ethanol solution. The process is
generally described ire(s. 24).

Hydrolyzing water can be supplied via
two different mechanisms. The first mechanism is
the esterification of Ethanol and acetic in situ, as
shown in €q. 9. The second one is the oxolation,
as shown ireq3). The esterification product, butyl
acetate was found and identified by a GC/Mass (HP
GCD plus). The esterification becomes much more
favorable when the ratio of acetic acid/metal
alkoxide is low [13]. Acetic acid also serves as a

radi at i orhel@te figand ardddcarchange the alkoxide

precursor at the molecular level, thus modifying the
hydrolysis process [14]. Chelation can be described
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in (egs. 6and7) [15]. The hydrolysis of chelated Samples obtained from 68D and 808C
titanium complex is deferred so that Ethanol ligand have a high degree of the crystallinity and show
may still remain in the soUpon further hydrolysis, anatase and tenorite phases. The grain size values
Ethanol ligand is broken off and gives toi OH were calculated from Scherrequation:

bond. This mechanism decreases the rate ofy- 99! wher=e @. 154 nm, and
hydrolysis, meaning very fine particles of titanium refle%:?igor?an e
hydroxide will be formed and suspended in ge-

As show inFigures 2and 3, there is not
rutil e phase °(onthe otherhdnd, at
e saF pureanatase phase in TjO polymorphs is
i —— eq.1 available. Depending on crystalline size,

distribution and arrangement, the anatase phase can
transform into rutile phase at temperature between
Ti(OR)3(OH)+ Ti(OR)s(OH) —————— (OR);Ti-O-Ti(OR)3+H-0 eq.3 400 and 1000’C, but usuaIIy between 600 and
Ti(OR) s(OH)+Ti(OR); —————— (OR);Ti-O-Ti(OR)s+ROH eq.4 80C’C in the nanocrystalline case [17]. Phase
transformation depends on two main factors:
{ ) 1 surface energy angrecursor chemistry. At nano

solution.

Ti(OR) s+ H,O ~——»  Ti(OR)s(OH)+ROH eq.2

OH RO);

I I size particles, the surface energy is a chief part of

Si—0 Ti— 0

5 L [ —s SiOszz%Cuo eq.5 the total energy. It hadeen reported that the
4—0 T —o—| surface energy of the anatase phase is lower than
on I <éo>, ] those of rutile and brookite [18 and 19]. Precursor
chemistry, experimentalondition and presence of
dopant material, influgce on the nucleation and
growth of the different polymorphs of TjQ20-
21]. Rutile crystals grow much faster than anatase
H_ R \ [22], therefore, rutile nanocrystals exhibit larger
RO ‘fi/oa - g ?./O\C—CH‘ ca diameters [23].To retain nanarystalline anatase
ROTITOR  42CH,COOH \O/I\ phaseon purpose that requisehigh temperature
R | treatment that is important to prevent the anatase
to-rutile transition and restrict the growth of
Crystallographic phases of the composite crystals when the material is heated. Zener pinning
ceramic membranes were investigated by XRDcould be used to restrict the growtlof
method. Figures 2and 3 and assignments of the nanocrystalline metal oxide in sgél method
XRD peaks are summarized inables land 2, during the calcination stage [2%6]. This process
respectively. Due to different hydrothermal involves the dopant material, such as silica, which
treatment crystalline phases are fednFigures 2  exids as discrete particles at the nanocrystal
and 3 show the XRD patterns of powder obtainedinterfaces and pins the grain boundaries in place by
from gels after drying and calcinating at 300  redricting surface diffusion and reducing the radius

600°C and 806C with 10 —— gradient and stayed of curvature of nanoparticles [26]. In our
: a'e . .. knowledge, tenorite phase effects on elimination
in 2 hours, after then, they cooled in similar

) ) the rutile phase is so considerable, so that it has not
temperature gradiant. Figures 2 and 3 show th P

®been reported yet. The Si@opant can only limit
amorphous structure for -peepared anq 300 the angaseto-rutile transition and decreases the
sample due to the short range ordering of the

. crystallization of rutile phase [27]. Since the atomic
network [16].Figures 4aand4b, also show anatase o : ; : : ;
) ’ . radii of Si atom is smaller than Ti, the Tiarticle
and tenorite (CuO) phases. Anatase phase A0a

i i - xperiences a contraction and its crystalline grows
tetragonal with crystalline system (88500, 5 retarded due to the Si atom. However, high

c=9.5140 0) and teorite is monolknic with compsition of SiQ component leads to the

crystalline  system (&6530 0, b=3.4100, formation of larger second particles of Bidhis is

c=5.10800). due to the SiQwhi ch behaves as
connects the Ti@particles [26].

ROH+CH;COOH ———» [H,O0+RCOOC-H, eq.6
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Fig. 2. XRD patterns of Ti@ CuO-SiO, for molar ratio (MR=0.5)
correspond to Table 1 obtained from: without hydrothermal treatment
(asprepared), calcined at 300, calcined at 606C
and calcined at 80TC.
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Fig. 3. XRD patterns of Ti@-CuO-SiO, for molar ratio (MR=1)
correspond to Table 1 obtained from: without hydrothermal treatment
(asprepared), calcined at 300, calcined at 606C
and calcined at 80%C.

(b)
Anatase

()
Copper @) oxide

b ©
&N \

Fig. 4. Schematic model of (a) Tenorite and (b) anatase

Lattice strain of nanocrystallites are
determined from the dependence of FWHM of

di ffraction |l ines @&bmer
sind, accor di ngall's equatioh:e
Twl———+4|§‘2—[28] where b

observed, shape factér was assumed to be 0.9
similar to Scherrer eq
v, 00 . The plots of bco

different samples were approximated to be linear.

Lattice strain was determined from the sl@p this

linear relation. Because of lowlyystallized

powder sampl es, the | inear:.
4sind is not very bcvoisdde nt [
against 4sind for di fferen

illustrated in Figure 5 and Table 2 For low
calcired temperatures, the experimental points for
the diffraction lines measured scattered, because
the peaks are weak and broad so that their FWHMs
were difficult to be measured. As shownHigure

6 for sample with specific molar ratio in precursor,
variation of lattice strain per calcined temperature
is illustrated. As can be seenkigures Sand6 and
Table 2 in, the lattice strain decreases with
increasing the calcined temperature. For the
samples with MR=0.5, with increasing the calcined
temperature up t800 °C, lattice strain decreases
from -0.785 t0-0.317 and with more increasing
from 300°C to 800°C, lattice strain increases from
0.188 to 0.244. For the sample with MR=1, with
increasing the calcined temperature, lattice strain
decreases from 0.646 @117. This implies that
with increasing the calcined temperature, the form
of lattice strain varies from internal to external
strain.

|IAs-Prepared (a)
y=-0.78518X+1.5874 =
osl y=-0.31744X+0.8128 ®
: y=0.18893X-0.0231 a
y=0.24462X-0.0905 V¥
= 06}
=
) 800 °c
U
8 0.4
=
0.2
0.8 1.0 1.2 1.4 1.6 1.8 2.0
4sin(9)hk|
o7l ™ Y=0.6461X-0.4517 (b)
" e y=0.1648X+0.0235 .
A y=0.15146X+0.0438 As-Prepared
06 v y=0.11756X+0.11417 >
=
A=
C 2
3
g
vV € 10
W
W] A L
08 09 10 11 12 13 14 15 16 1.7 18 19
4sin(®@)hk1
ualtl Oon S . o (WaVvel ngth
SFigl5. T haeg raeil Atsiton Hestiwgeh -Heftpigd and
for (a) MR=0.5 and (b) MR=1, with different calcination temperatures.
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Fig. 6. Dependence of lattice strain on calcination temperature for (a) MR=0.5 and (b) MR=1.

Table2.Th e 2 d -spacgy Miler, indekes, grain size TD,-CuO-SiO..
Molar ratio TEOS/ TIOT / Cupper nitrate =1:110.5
Anatase (Tetragonal) CuO (Monoclinic) Lattice
Sample 2 d -spacing (A Size (nm)  Miller indices 2 d d-spacing () Size (nm)  Miller indices Strgin
(h k1) k1) U
25.36 3.50 8 (101),
37.9 2.37 (004)
As -prepared | 48.01 1.89 (200) There are no considerable peaks -0.785
53.80 1.70 (105),
5491  1.67 (211)
2536  3.50 15 (101) | 38.43 2.32 17 (111)
38.10 2.34 (004)| 35.54 251 111)
300°C 47.50 1.90 (200)| 48.41 1.86 202) -0.317
54.40 1.68 (105) 58.32 1.57 (202)
55.32 1.62 (211)] 61.21 1.50 113X
25.15 3.51 23 (101) 38.69 2.32 46 (111)
3781 237 (004) 35.64 2.51 (111)
600°C 48.14 1.89 (200) 48.71 1.86 (202) 0.188
54.02  1.69 (105) 58.3 157 (202)
55.22 1.66 (211) 61.4 1.50 (113)
2530 3.50 45 (101) 38.79 231 101 (111)
37.76  2.38 (004) 35.53 2.52 111)
800°C 48.04 1.88 (200) 48.87 1.86 202) 0.244
5393 1.70 (105) 58.32 1.58 (202)
5512 1.66 (211) 61.58 15 113)
Molar ratio TEOS/Cupper nitrate/TIOT=1:1\1
25.46  3.49 14 (1012)
38.0 2.36 (004)
As- prepared | 47.47 1.89 (200) There are no considerable peaks 0.646
534 1.69 (105)
5508 1.66 (211)
25.16 3.50 16 (101) 38.67 2.32 20 (111)
3810  2.36 (004)| 35.35 253 (111)
300°C 47.50 1.91 (200)| 48.71 1.86 (202) 0.164
5440 171 (105)| 58.21 158 (202)
55.32 1.66 (211) 61.59 1.50 (113)
2538 3.50 18 (101) 38.84 231 30 (111)
38.08 2.38 (004)| 35.74 251 (111)
600°C 47.97 1.89 (200) 48.86 1.86 (202) 0.151
53.73 1.70 (105) 58.38 1.57 (202)
55.17 1.66 (211)| 61.59 1.50 (113)
2555  3.48 22 (101) 39.06 2.30 45 (111)
38.06 2.36 (004)| 35.90 2.49 (1112)
800°C 48.01 1.88 (200)[ 49.02 1.86 (202) 0.117
5395 1.69 05)1 58.3 1.58 (202)
5512 1.66 (211)| 61.81 1.49 (113)
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The average crystal sizes of the InD against 1/T igure § are plotted according to
nanopowders were calculated based on thethe Scott [30] equation given below under the
Scherr er Giguref/showsind variation of condition of  homogeneous  growth  of
XRD crystal size (D) of nanoparticles prepared by nanocrystallites, which approximately describes the
the thermal treatment of nanopowders at differentcrystal growth during annealing: D=Cexp(RT)
temperatures. It can be indied that the crystal where C is a constant, E is the activation energy, R
size of anatase in MR=0.5 increased rapidly fromis the gas constant, é@nT is the absolute
23nm at 600C to 45nm at 800C and crystal size temperature. There exists a good linear
of anatase in MR=1 increased from 18nm at 800 relationship. The E value is calculated from the
to 22nm at 800°C, while crystal size of CuO slope of the straight line as indicatedTiable 3 It
increased rapidly from 46nm to 101nm irR¥O0.5. shows that the calcination temperature and molar
The size of grains decreases with increasing theratio has a more remarkable effect on thewgh of
molar ratio of precursors from 0.5 to 1 correspondsnanocrystallites. It can be indicated that by
to Table 1 This is directly related to the increasing the molar ratio, the activation energy is
crystallization of nanoparticles. Straight lines of become smaller.

® Anatase (a) 451 W Anatase e (b)
10F o cuwo . ® Cuw
40 -
__ 8o} _
H E st
S e0f 8
& @ 30 ®
2 o
= L L] =
z 40 = 25k
14 =
£ o B
20 | . ~ 20t °
[} a
n n
15
0 ! L L L L L L L ! ! L 1 I L 1 [ I ) | J
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Temperature °C Temperature °C
Fig. 7. Effect of thermal treatment temperature on crystallite size of anatase and Cuo for (a) MR=0.5 and (b) MR=1.
4.5
. = Anatase (a) 38} ] B Anatase (b)
. . s Cul I Y=-0.93011X+4.5779 @ CuO
4.0 - Y=-1.7948X+5.9227 —— Linear fit of anatase 36| Linear fit of anatase
Linear fit of CuQ | Linear fit of CuQ
3.5 34 ®
g S 32}
S0} S -
3.0
=-0.6196X+4.0311 L
251 28l Y=-0.16043X+3.13137
) n
]
20 . 1 N 1 N 1 N 1 " 1 1 | 26 " 1 . 1 s 1 " 1 N I A 1
0.5 1.0 1.5 2.0 25 3.0 3.5 0.5 1.0 1.5 2.0 25 3.0 3.5
1031 K 10’r k)

Fig. 8. Plot of LnD as a function of calcination temperature for (a) MR=0.5 and (b) MR=1.
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Table 3. Activation enegy of formation crystalline phases for agglomerated particles and this issue is in good
MR=0.5 and MR=L1. agreement with coating samples.

Molar ratio 0.5 1

Crystallite phase | Anatase| CuO | Anatase| CuO

Activation

5.15 22.96 1.33 7.73
energy kJ/mol

AccV

SEM images of Ti@CuOSiO, oy o Lo S g —
nanopowders and coating are showr-agires 9 ; ;
11. In Figure Sthe coating on glass substrate at 300
°C but different molar ratio of precursors are
shown. InFigure 9awith MR=0.5, that has a lower
content of CuO, the surface smooth but in MR=1,
the surface has fibers with arbitrary orientation. In
Figure 10 asprepared powder sample has regular
surface and fine crystallinitis as observed-igure
10a By increasing the calcination temperature,
particles are formed separately and spherical grains o Pl
are represented. As shown kigure 1] SEM e e Y ¥ (— 1pm
images of powderswith MR=1 but different
calcined temperatures are presented. NanoparticlesFig. 9. SEM images of TI@CuO-SiO;, coating on glass calcined at
have more congestion and density compared with 300°C for (2) MR=0.5 and (b) MR=1,

MR=0.5 in Figure 10 In Figure 113 the as
prepared state has rod structure and with increasing
the calcined temperature, nanopaetcl become
separate sphericahape. It is obvious that larger
particle size is achieved by increasing the
calcinations process and this is in good consistencs
with the Scherrer's equation in the XRD evaluation.
In both molar ratio states, by increasing the
calcinations temperature, the shape of particles
become more granular and form separate particles.

The presence of the participants in two
different molar ratios for powders and films
according toTable 1 were confirmed by EDX
spectra igures 12and 13). As can be seen in r
Table 4 the results indicated the presence of ,JiO |EF SSSEass G
CuO and Si@ in the powder and film samples. —————=
Samples with MR=1 have more CuO content in Fig. 10. SEM images of powder samples for MR=0.5 (apeepared,
composite than samples with MR=0.5. There are (b) 300°C, (c) 60C°C, (d) 800°C.
two separate morphology phases inpespared
(MR=1) sample that is shown iRigure 14 In
Figure 14 the rod region has more CuO content in
composition thanthe region corresporidg to
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17.0kV 10 15000x ¢

Fig. 11. SEM images of powder samples for MR=1 (apeapared and calcined at: (b)3@ (c) 600°C, (d) 800°C.

(a) EDAX ZAF Quantification (Standardless) (b) EDAX ZAF Quantification (Standardless)
Oxides Oxides
Element  Wt% At %
& % Element Wt % At %
SiK s , e
SiK pobs 2 g

Total 100. Cul
Element  Net Inte. Bkgd Inte. Inte. Error PB Total
TfKa 4 : 9 S Element  Net Inte. BkgdInte.  Inte. Error PB

14.59

100 200 300 400 500 600 7.00 800 900 10.00 11.00 1200

100 2.00 3.06 4.00

500 600 700 800 900 10.00 11.00 |2&0‘

Fig .12.EDX results for powder composite: (a) oxide analysis for MR=0.5 and (b) oxide analysis for MR=1.
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EDAX ZAF Quantification (Standardless)
Oxides

Element  Wt% _ At%

3104

Element  Net Inte, Bkgd Inte, Inte. Error

J ‘ CuKb
_ Tika CuKa "

200 4.00 6.00 8.00 10.00 12.00 14.00 16.00 |
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| SiKb

EDAX ZAF Quantification (Standardless)
Oxides

Element  Wt%  At%

Element  Net Inte, Bkgd Inte. Inte. Error PIB
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Al it et

2,00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Fig .13.EDX results for coating samples: (a) oxide analysis for MR=0.5 and (b) oxide analysis for MR=1.

Fig. 14.EDX results for powder sample in-peepared state MR=1: (a) rod region and (b) agglomerate region.
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