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Zinc oxide (ZnO) has a wurtzite structure, a charac-
teristic of semi-conductors, and is used in electronic
ceramic devices [1, 2] and photo catalysts [3, 4]. Nano-
scale particles possess different physical and chemi-
cal properties compared to bulk materials. Better sin-
terability, higher catalytic activity, and other unique
properties may be expected because of their nano-sized
crystallite, large surface area and different surface prop-
erties (such as surface defect), etc. At present, two meth-
ods are generally being used to obtain nanosized ZnO
powder: vapor method and sol-gel method, which re-
quire high processing and chemicals costs, respectively
[5], Therefore, the synthesis method of nano-sized ZnO
powders can still be improved.

Recently, several researchers proposed the solution
combustion method to synthesize simple and mixed
metal oxides [6—11]. Using this method, the heat-
ing and evaporation of metal nitrate solution with
an organic compound (such as glycine, urea, or cit-
ric acid etc.) results in self-firing and generates in-
tense heat by exothermic reaction. This intense heat
is used to synthesize the ceramic powders. This novel
approach has the advantages of inexpensive raw ma-
terials, a relatively simple preparation process, and
a fine resulting powder with high homogeneity. Al-
though there is little literature reporting that nano-
sized ZnO have been synthesized by this method [4, 5,
12, 13], there is also hardly any information avail-
able on the effects of reactant composition in the na-
ture of combustion reaction phenomena on the proper-
ties of as-synthesized ZnO powders. In this work, the
study of correlation among reactant composition, reac-
tion phenomena, and product characteristics are under-
taken.

Glycine (NH,CH,COOH) was selected as the fuel
since it is inexpensive and its combustion heat
(—3.24 Kcal/g) is more negative when compared with
urea (—2.98 Kcal/g) or citric acid (—2.76 Kcal/g). On
the other hand, zinc nitrate [Zn(NO3),-6H,O] is utilized
in the present work because of its dual role of being the
zinc source and the oxidant. The combustion reaction
can be expressed (but over-simplified) as follows:

Zn(NO3);-6H,0) + ¥ NH,CH,COOH,

+(2.25% — 2.5)00(g) —> ZnO(e) + (1 + 0.5¢)Nagg)
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4+ 21ﬁC02(g) + (6 + Z-SW)HZO(g)
((7.5 4+ 2.75¢) moles gases produced) (D)

where ¥ is defined as the molar ratio of glycine-to-zinc
nitrate. Note that ¢ = 1.11 corresponds to the situation
of an ‘equivalent stoichiometric ratio,” which implies
that the oxygen content of zinc nitrate can be com-
pletely reacted to oxidize/consume glycine exactly. As
a result, ZnO product and gases of CO;, H,O and N,
can be formed directly from the reaction between fuel
and oxidizer without the necessity of getting oxygen
from outside.

In this work, the ZnO was synthesized by an amount
of 25 grams per batch according to the flow chart
shown in Fig. 1. Analytic grade zinc nitrate and glycine
were directly mixed at a desired molar ratio with-
out adding water. (In our opinion, it is appropriate
to omit the procedure of dissolving the reactants in
water to form a solution.) From our experiment, it
was found that zinc nitrate possesses hygroscopic-
ity. The reactant mixture easily absorbed moisture
from the air to become a transparent slurry mixture,
which was heated on a hot-plate and thoroughly de-
hydrated. The dried mixture (hereafter termed as pre-
cursor) possesses the characteristic of combustion, and
can be ignited to start combustion reaction by us-
ing a mini gas burner at room temperature. On do-
ing so, combustion of the precursor with the evolu-
tion of a large volume of gases occurs, producing a
loose product. It was found that the nature of the com-
bustion and the characteristics of the as-synthesized
product depend on the i value (see below for
details).

Thermogravimetric (TG) and differential thermal
analysis (DTA) of the precursor were carried out at
a heating rate of 10°C/min in static air (TA Instru-
ments, SDT 2960, USA). The maximum combustion
temperature (7;) reached was measured by using a
S-type (Pt/Pt-10%Rh) thermocouple. Phase formation
of the product was identified by using X-ray diffraction
(XRD) (SIEMENS D5000, Germany) with Cu K, radi-
ation. The morphological features of the product were
imaged by transmission electronic microscope (TEM)
(Hitachi H-7100, Japan). Powder surface area was mea-
sured using the single point BET nitrogen adsorption
method (Micromeritics, ASAP 2010, USA). Perkin-
Elmer CHN elemental analyzer (Model: 2400(II),
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Figure 1 Flow chart for synthesis of ZnO using this proposed combus-
tion method.

USA) was employed to measure the content of residual
carbon.

The simultaneous TG-DTA curves of the stoichio-
metric precursor (i.e., ¥ = 1.11) and its ingredients are
shown in Fig. 2. Judging from the results of TG anal-
ysis, Zn(NO3)2-6H;0 can be decomposed completely
into ZnO below 330 °C (Fig. 2a). However, the residue
(i.e., ZnO) is amorphous in nature as identified by XRD
shown in Fig. 3. For pure glycine, the results of TG-
DTA (Fig. 2b) show that the exothermic reaction takes
place between 266—640 °C accompanied with weight
loss from 47 to 100%, corresponding to the complete
oxidation of carbonaceous matter. As shown in Fig. 2c,
the decomposition of the precursor occurs suddenly in
a single step. The strongly exothermic behavior of de-
composition can be clearly seen at about 210 °C. The
maximum weight loss occurs in a very narrow tem-
perature range, which corresponds to the decomposi-
tion step. The observed weight loss associated with this
exothermic reaction is approximately 56%. By compar-
ing the TG-DTA curves of the precursor and its ingredi-
ents, it is suggested that the acceleration of the reaction
rate (i.e., the slope of weight loss-temperature curve is
very steep) and the lowering of the decomposition tem-
perature may be attributed to the presence of nitrate ion
in the precursor since the NOs-ions provide an in situ
oxidizing environment for the oxidation of the organic
component. The combination of the lowering of the
reaction temperature and the increase in reaction rate
result in a combustion reaction of the glycine-nitrate
precursor.

In order to understand the variation in adiabatic
flame temperature (7,4) with the molar ratio of
glycine-to-zinc nitrate (1), the T,4 could be calculated
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Figure 2 Typical TG-DTA curves of the (a) Zn(NO3),-6H>O, (b)
glycine (NH,CH2COOH), and (c) stoichiometric precursor.

theoretically for various molar ratios. Thermodynamic
data [14, 15] of various reactants and products, which
are available from the literature are listed in Table I.
The enthalpy of reaction can be expressed as:

AH=(YonaHP) - —(Yon-AHY)
Z . f products Z " f reactants
2

where n is the number of the mole. Using the ther-
modynamic data for various reactants and products
listed in Table I, the enthalpy of reaction for Equa-
tion 1 as a function of the ¥ value can be determined as
follows:

AH® =120.904 4+ ¥(—252.882) (25°C,Kcal) (3)
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Figure 3 XRD pattern of the product obtained by using Zn(NO3),-6H,O
calcined at 330°C.

The following equation can be used to theoretically
approximate the adiabatic flame temperature for a com-
bustion reaction:

Tad

Q=—-AH°= /298 (Zn . cp)PrOduCtSdT (G))

where Q is the heat absorbed by products under adia-
batic condition, and ¢, is the heat capacity of the prod-
ucts at constant pressure. Substituting the thermody-
namic data from Table I and Equation 3 into Equation 4,
the adiabatic flame temperature (7,4) for the combus-
tion reaction between glycine and zinc nitrate with var-
ious i values can be calculated. The variation of the
T,q versus the ¥ value is shown in Fig. 4. As expected,
it increases substantially with the amount of fuel used
during combustion.

The plot of the maximum combustion temperature
(T,) as a function of the ¥ value together with the char-
acteristic combustion regimes are shown in Fig. 4. The
measured values of T, are typically lower than the cal-
culated values of T,q due to heat loss. The 7. increases
with increasing i value to a maximum of ~1250°C
(at ¢ = 1.5) and then decreases with further increase
in the molar ratio.

TABLE I Relevant thermodynamic data

Compound?® AHP (Kcal/mol) Cp (Kcal/mol - K)
Zn(NO3)2-6HyO(c) —550.92 0.0722
NH,CH,COOH, —~79.71 0.019 + 0.00131T"
ZnOy —83.24 0.00962

Oy 0 14.73

Noe) 0 5.92 +0.00367T®
COx) —94.051 6.50 -+ 0.0010T®
H,O(g —57.796 10.34 + 0.00274T®

3(c) = Crystalline, (g) = Gas.
5T = Absolute temperature.
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Figure 4 Adiabatic flame temperature (7,¢4) and maximum combustion
temperature (7;) achieved for different combustion mode as a function
of the molar ratio of glycine-to-zinc nitrate ().

As noted above, depending on 1, the reaction can
proceed in three different modes:

1. Smoldering Combustion Synthesis (SCS), ¢ <
1.05, with maximum combustion temperature, 7, <
650°C;

2. Volume Combustion Synthesis (VCS), 1.05 <
¥ < 1.90, 1000°C < T, < 1250°C;

3. Self-propagating High-temperature =~ Synthesis
(SHS), 1.90 < ¢ < 3.00, 850°C < T, < 1000°C.

SCS mode is characterized by a relatively slow, es-
sentially flameless, reaction. Since the fuel content is
small, the heat evolved is not enough and thus the tem-
perature is lower. This leads to slower reaction rates
as manifested in the smoldering combustion behav-
ior. Moreover, it was experimentally observed that be-
low the v value of 0.75, combustion reaction ceases
to occur. In this regime, the ¥ value of 0.90 repre-
sents a fuel-lean ratio. Extremely fast reaction charac-
terizes the VCS mode. In this case, it is important that
the reaction occurs simultaneously in the reaction vol-
ume, since the fuel-to-oxidant ratio is within a proper
range (1.05 < ¥ < 1.90), while the oxygen content
contained in the precursor is the main source of oxygen
required for combustion reaction. Once oxygen, which
comes from NO3, is generated, it immediately reacts
with glycine and oxidizes/consumes most of the fuel,
and thus results in the phenomenon of VCS reaction. Fi-
nally, the characteristic feature of the SHS mode is that

TABLE II Effects of molar ratio of glycine-to-zinc nitrate (1) on nature of combustion and characteristics of as-synthesized products

Amount of gases Crystallite Specific surface Carbon
v Reaction mode T (©) T. (®) produced® (mole) sized (nm) area (mz/g) content (wWt%)
0.90 (fuel-lean) SCS 855 435 9.98 47.2 20.8 4.26
1.11 (stoichiometric) VCS 1135 1020 10.55 60.3 17.6 0.85
2.25 (fuel-rich) SHS 2220 950 13.69 35.6 31.5 091

2Calculated theoretically by thermodynamic data and Equation 4.
YMeasure by using Pt-Pt/10%Rh thermocouple.

¢Obtained from Equation 1.

dEstimated by Scherer formula (X-ray line broadening).
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reaction initiates locally and propagates as a combus-
tion wave in a self-sustained manner through the reac-
tion volume. When there is excess fuel, the combustion
reaction needs oxygen supplied externally. Oxygen en-
ters through diffusion into the reaction zone by kinetic
factors which limit the reaction rate and, eventually,
the SHS reaction mode. In this regime, the y» value
of 2.25 was selected as a representative of fuel-rich
ratio.

Fig. 5 shows the XRD patterns of the as-synthesized
powders prepared at three different molar ratios of
glycine-to-zinc nitrate (i.e., ¥ = 0.90, 1.11 and 2.25).
As can be seen in Fig. 5a, the relatively low signal/noise
ratio and some unknown diffraction peaks indicate that
the as-synthesized powder prepared using ¢ = 0.90
(fuel-lean, SCS mode) consists of insufficiently devel-
oped crystalline ZnO and impurities because the inad-
equate fuel could not react completely with the zinc ni-
trate to release enough heat to form the well-developed
phase of ZnO. However, when ¥ = 1.11 (stoichiomet-
ric, VCS mode) or ¢ = 2.25 (fuel-rich, SHS mode)
was used, the product seemed to contain single-phased
ZnO because only the characteristic peaks of ZnO were
observed (Fig. 5b and c).

Table II shows the characteristics of the as-
synthesized powder prepared at three different fuel-to-
oxidant molar ratios (¢ = 0.90, 1.11 and 2.25). The
grain size of the as-synthesized product was estimated
according to the Scherer formula [16]. It was found that
all the products obtained in this work are nanocrystal-
lites with the sizes ranging between 34 and 75 nm. Also,
their surface areas are large (~18-32 m?/g), and the
as-synthesized powder obtained through the fuel-rich

*x 7ZnO
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Figure 5 XRD patterns of the as-synthesized product with different mo-

lar ratio of glycine-to-zinc nitrate: (a) ¥ = 0.90 (fuel-lean), (b) ¥ = 1.11
(stoichiometric), and (c) ¢ = 2.25 (fuel-rich).
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precursor has the largest specific surface area as com-
pared with that of stoichiometric and fuel-lean precur-
sors. The carbon contents of the as-synthesized prod-
uct with ¢ = 0.90 is relatively high as compared with
that using ¢ = 1.11 and 2.25. This result, coupled with
its XRD spectrum being detected to include impurity

() } _

e -

Figure 6 TEM photographs of the ZnO powder obtained through: (a)
the stoichiometric, and (b) the fuel-rich precursors (taken at the same
magnification of x410,000).



(Fig. 5a), which is attributed to the heat released during
combustion, is relatively low for the fuel-lean precursor.
Hence, the local temperature reaction zone remains low
(~435°C, see Fig. 4), causing the combustion reaction
to be incomplete.

High combustion temperature can adversely affect
powder characteristics such as an increase in the crys-
tallite size and premature local partial sintering among
the active primary particles produced during reaction,
thereby reducing the specific surface area. The differ-
ences in particle size and the combustion temperature
with the use of different i values may also depend on
the mole number of gaseous products. As more gases
are liberated, the agglomerates disintegrate and addi-
tional heat is carried from the system thereby hinder-
ing particle growth, which may produce powder with
a high specific surface area. As seen from Equation 1,
the total mole number of gaseous products increases
with the increasing of ¥ value. Possibly, there could be
competition between the effect of the combustion tem-
perature and the number of moles of the evolved gases
in influencing the specific surface area of the powder
product. Our results tend to indicate that the latter plays
a more dominant role since the specific surface area is
larger for the ZnO powder obtained through the fuel-
rich precursor as compared to that of the stoichiometric
and fuel-lean precursors.

The TEM photographs were taken after the VCS
and SHS products (¢ = 1.11 and 2.25) had been fully
ground and were treated with oscillation procedures.
Fig. 6a and b show the typical TEM photographs of
nearly hexagonal nanocrystalline ZnO particles with
which to confirm the lower particle size distribution in
the case of fuel-rich ratio in comparison with the stoi-
chiometric ratio. Furthermore, the crystallite sizes mea-
sured by TEM for the ZnO particles obtained through
the stoichiometric and fuel-rich precursors respectively,
are ~50 and ~30 nm, which are about the same sizes
as estimated by using XRD method.

Explorations of the sintering behavior, microstruc-
ture, and electronic properties of the doped-ZnO pre-
pared by this method are underway and we will soon
disclose where we stand.
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