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Abstract ZnO and different atomic percentages of

Cu-doped ZnO nanocrystallites have been prepared by

aqueous thermolysis method using Glycine as a fuel and

encapsulating agent. Mechanism and formation of inter-

mediate products have been given for the first time. All the

findings given are for samples annealed at 800 �C. XRD of

nanocrystalline ZnO and Cu–ZnO has been indexed to

hexagonal wurtzite structure. Influence of temperature on

thermal properties of gel precursor and Cu-doped ZnO

nanoparticles have been investigated using thermogravi-

metric and differential thermal analysis. Accordingly,

samples have been annealed at different temperatures.

Infrared studies revealed formation of Cu–ZnO nanoparti-

cles and removal of organic matter at higher temperature.

Keywords Aqueous thermolysis � Trans-zinc glycinate

complex � Thermal analysis

Introduction

Quantum dots of II–VI semiconductors are direct-bandgap

materials and allow manipulation of properties by con-

trolling the stoichiometry. ZnO is n-type semiconductor

having wide and direct band gap of 3.37 eV with a large

exciton binding energy of 60 meV, hence displays excel-

lent piezoelectric and optical properties. It has been widely

used as a low voltage phosphor [1], gas sensor [2], pho-

tocatalyst [3], and as varistors [4]. It is also used in paints

and ceramics due to low coefficient of thermal expansion.

It is used in cosmetic products, because of antifungal

activity [5].

Various methods are available for synthesis of ZnO

nanoparticles like sol–gel method [6], electrochemical [7],

spray pyrolysis [8], thermal decomposition [9], wet chemical

synthesis and combustion method [10–12], low pressure

sputtering [13], oxalate route [14], etc. Among all these

methods, aqueous thermolysis method is simpler and inex-

pensive. This is a quick and energy-efficient way to prepare

valuable materials. Simple and mixed nano-oxides can be

easily prepared by this method. In thermolysis, organic

compound or polymer is used as a fuel [such as glycine, urea,

citric acid, PVA, PVP] which is stoichiometrically added

with metal nitrates, glycine (NH2CH2COOH) [15] is selec-

ted as a fuel since it is inexpensive, readily available, and its

heat of combustion (-3.24 kcal/g) is more negative than

urea and citric acid. Here, glycine also acts as capping agent

to restrict the growth of ZnO and Cu-doped ZnO nanocrys-

tals. In this reaction, metal nitrates play dual role, they act as

metal source and as an oxidizer to promote the decomposi-

tion of metals and fuel (glycine). The method involves

exothermic redox reaction of oxidizer (metal nitrates) and

fuel, transition metal forms complex with the fuel during

aging which slowly on heating evaporates water content and

various gases forming nanosized oxides with carbonaceous

matter of the fired fuel.

In our earlier papers, we have reported spherical- and

cuboid-shaped ZnO nanoparticles and studied the role of

polymer interactions during aqueous polymer thermolysis
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[16]. Nanocubes of a-Fe2O3 were also prepared using

polyvinyl alcohol of different molecular weights [17].

Doping has been widely used method to improve the

various properties such as electrical, optical, and mechan-

ical of semiconductor compounds, facilitating the con-

struction of many electronic and optoelectronic devices.

Cu-doped ZnO, is a p–n heterocontact system, CuO is a

p-type semiconductor having narrow band gap between

1.21 and 1.5 eV. Cu shows properties as luminescent

activator and as compensator for n-type semiconductors,

ZnO is known to improve dispersion of copper and its

reducibility. Cu functions as a catalyst in ZnO nanoparticle

growth if incorporated as a dopant during synthesis, Cu–

ZnO enhances antirust property [18]. Cu behaves as an

acceptor in ZnO with its energy level locating at 0.17 eV

below the bottom of the conduction band, making itself a

good candidate for creating p-type ZnO [19]. Synthesis of

Cu–ZnO has been reported earlier by solvated metal ion

dispersion (SMAD) [20], plasma-assisted molecular beam

epitaxy (PA-MBE) [21], Cu–ZnO nanosheets; synthesized

recently using solution route [22], Cu–ZnO films have been

prepared by sol–gel-derived dip-coating process [23], and

magnetron sputtering [24], Cu–ZnO rods have been

reported by hydrothermal method [25], nanonails and

nanoneedles are also synthesized in one-end sealed slender

quartz tube [26]. Highly sophisticated machinery and

experimental setup has been used for synthesis of nano-

structures. Herein, we report synthesis of Cu–ZnO by

simple, easy, and inexpensive aqueous thermolysis method,

using biocompatible amino acid.

Experimental procedure

Synthesis of undoped ZnO and Cu–ZnO

Synthesis of undoped ZnO and Cu-doped ZnO is as fol-

lows. Zinc nitrate hexahydrate [Zn (NO3)2�6H2O] Merck,

Cupric nitrate trihydrate (Indian made CHD) [Cu

(NO3)2�3H2O] AR grade, were used as Zn and Cu sour-

ces, respectively, and glycine (Thomas baker) as a fuel.

Stoichiometric amounts of metal nitrates were mixed with

glycine and 10% w/v of distilled water was added. In our

opinion, it is appropriate to add 10% w/v distilled water.

This precursor solution was aged for 2 h at room tem-

perature and then slowly heated with manual stirring to

form homogeneous polynuclear coordination precursor.

An organic gel was formed, followed by decomposition of

nitrates with evolution of brown fumes of nitrogen diox-

ide, which on further heating formed sticky paste, and

then slowly turned into dry black fluffy powder. The

results which are shown are only for samples annealed at

800 �C.

Sample characterizations

X-ray powder diffraction (XRD) patterns for as prepared

and calcined powders were recorded using Philips PW

1840 powder X-ray diffractometer with Cu Ka radiation at

room temperature. Transmission electron micrographs

(TEM) were obtained on Philips CM 200. For this purpose,

the powder was dispersed ultrasonically using ethanol. A

drop of solution was placed on a carbon-coated copper grid

and dried before analysis. To understand the functionality

and composition of as prepared and annealed samples,

infrared spectra were taken using FTIR 8400 spectropho-

tometer. Sampling was done with KBr pellet. The thermal

decomposition pattern of the precursor and as prepared

powder was studied by simultaneous differential thermal

analysis (DTA) and thermogravimetric (TG) analysis on a

STAR SW9.0. The TG–DTA analysis for all the samples

was done from RT to 900 �C in dry air. The heating rate

was maintained at 10 �C min-1.

Results and discussion

Reaction mechanism

The nature and structure of glycine and its affinity toward

solvent seem to be responsible for the formation of ZnO

and its morphology. The interaction of amino acids and

peptides with metal ions in solution has been extensively

studied [27, 28]. Recently, we have studied structural phase

behavior and vibrational spectroscopic studies of biofunc-

tionalized CdS nanoparticles [29]. The mechanism behind

combustion synthesis is initial formation of complex with

glycine during aging (as shown in Scheme 1) where gly-

cine acts as a bidentate ligand. Two molecules of glycine

will bind with metal cation through carboxylate and amine

group. With slow heating, water molecule will react with

the complex, breaking Zn–N bond and C–C bond by

nucleophilic attack forming zinc carbonate and methyl

amine (NH2–CH3). These products on further heating will

form ZnO (since decomposition temperature of zinc car-

bonate is *133 �C) followed by decomposition of methyl

amine as COx and NOx as shown in the schematic repre-

sentation. There is also probability of formation of trans-

copper glycinate complex depending on the concentration

of copper as a dopant.

According to earlier research by Hwang et al. [15], it

was found that nature of combustion characteristics of as

prepared powders depend on glycine/nitrate ratio (G/N

ratio). For fuel lean precursors, due to inadequate fuel

concentration heat release is not enough to form well-

developed phase of ZnO but in case of higher G:N mole

ratio (4:1) oxygen contained in precursor is adequate and is
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the main source of oxygen required for combustion reac-

tion. In fuel-rich ratio, total mole of gaseous products

increases leading to disintegration of agglomerates, thereby

hindering particle growth. It was observed that specific

surface area for fuel-rich powder was larger as compared to

fuel lean powder leading to lower particle size. Stoichi-

ometry of the redox mixture is calculated based on total

reducing and oxidizing valences of oxidizer (metal nitrates)

and fuel (glycine) in the reaction and G/N ratio is main-

tained to 4 for all the undoped ZnO and various atomic

percentages of Cu-doped ZnO powders. The synthesized

products are hereafter designated as sample A—undoped

ZnO, B–E are 0.1, 0.5, 1, and 5% Cu-doped ZnO,

respectively.

According to earlier reports [15, 30], combustion was

carried out without addition of water, only physical mixing

of metal salts and fuel used to be done, but this method has

certain limitations like inadequate water content, physical

mixing of powders may lead to inhomogeneity, and high

heat evolution by precursors and fuel, leading to larger

grain size. Therefore, addition of 10% w/v water is nec-

essary for homogeneous mixing and uniform smaller par-

ticle size.

X-ray diffraction analysis

The as prepared samples obtained by aqueous thermolysis

method were characterized by XRD and are X-ray amor-

phous in nature. The X-ray diffractograms of 0.1%

Cu-doped ZnO, as prepared and annealed at 400 and

800 �C are shown in Fig. 1. X-ray diffractograms of sam-

ples annealed at 400 and 800 �C show well-grown planes

and accordingly crystallite size also increases with tem-

perature following the diffusion mechanism. The average

crystallite size was calculated from FWHM using Scherer

formula for (100), (101), and (110) planes. Cluster sizes of

samples annealed at 400 �C are 21(±1), 12(±1), 18(±1),

26(±1), 20(±1) nm for samples A–E, respectively.

Accordingly, sample B shows minimum size at 400 �C.

Sample E shows comparable sizes to sample A. While

samples annealed at 800 �C are around 30–40 nm of size.

The crystallite size was again confirmed from TEM image

(shown in Fig. 2) of sample A annealed at 800 �C showing

average particle size of 35 nm. All d-values of undoped

and doped ZnO show hexagonal phase and wurtzite sym-

metry (JCPDS card no. 5-664). The broadening of peaks

and slight difference in 2h values for Cu-doped ZnO

demonstrates the existence of minor strain in the crystal

due to introduction of metal ion [31]. This strain in the

crystal indicates incorporation of Cu2? in the ZnO lattice

via diffusion where it substitutes Zn2? ions as ionic radius

of Cu2? (0.073 nm) is comparable than that of Zn2?

(0.074 nm). Samples are not showing any change in dif-

fraction pattern at low doping (samples B and C) but at

higher doping (samples D and E) extra reflections at 34.5�
and 38.5� are observed (XRD patterns are not shown here).

These results indicate that Cu has been doped into the ZnO

lattice at lower doping and above 1% of copper doping

CuO begins to form as an impurity.

FTIR analysis

FTIR spectra of undoped and Cu-doped ZnO samples and

after annealing at 400 and 800 �C are obtained in the range

of 350–4000 cm-1. Figure S1 (given in the supporting

material) shows FTIR spectrum of glycine. The percentage

transmittance observed for glycine is comparable to those
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reported earlier for pure zwitterionic glycine [32]. As

shown in Fig. S1, a very broad band in the

2430–3420 cm-1 region indicates O–H stretching over-

laps, it is also indicative of intermolecular hydrogen

bonding between glycine molecules. NH2 stretching fre-

quency around 3260–3340 cm-1 and CH2 symmetric and

asymmetric stretching frequencies around 2899 and

2970 cm-1, respectively, are observed in the broad

absorption region along with wagging mode at 1332 cm-1

and scissoring mode at 1442 cm-1 for –CH2. Absorption

around 1606 cm-1 is NH2 bending mode which is indica-

tive of primary amine. Sharp bands at 1112 and 1132 cm-1

indicates NH3
? rocking mode. A sharp band at 1033 cm-1

shows C–C–N stretching mode [31, 33], while bands at 505

and 698 cm-1 show COO- rocking and wagging modes,

respectively. Absence of (C=O) stretching region at

1700–1800 cm-1 indicates that glycine is in zwitterionic

state and reactive species is COO- rather than (–COOH)

acidic group [32].

The FTIR spectra taken for as prepared samples as well as

after annealing at 400 and 800 �C are presented in Fig. 3 for

sample A (FTIR spectra for samples B–E are given in sup-

porting material as Fig. S2). All IR spectra of as prepared

powders (A–E) show a broad band in the region

3300–3600 cm-1 which indicates N–H asymmetric stretch-

ing, this band can also be attributed to O–H stretching of

physisorbed H2O or from surface Zn–OH groups. Small bands

at 2823 and 2910 cm-1 indicate CH2 symmetric and asym-

metric stretching frequencies of unreacted glycine. A small

band at 823 cm-1 is assigned to C–H out of plane mode. Small

bands around 870–980 cm-1 are observed after calcination

which are assigned to hydrogen bonded O–H out of plane

bending [34]. These bands almost vanish after annealing.

Strong bands in the region 1200–1700 cm-1 with small

shoulders are seen in all as prepared samples A–E and

assigned to carbonate species formed by coordination of CO2

molecules onto coordinatively unsaturated ZnO surface,

which is again confirmed by the proposed mechanism

(Scheme 1). Similar type of formation of carbonates was

observed in the preparation of other metal oxides by ther-

molysis using glycine [35, 36]. There is a band around

2204 cm-1 which is assigned to aliphatic cyanide group

formed during complexation reaction with metal nitrates [32].

Glycine has two potential binding sites, amine and carboxyl-

ate group. The Zn–O stretching mode appears as a broad band

around 440 cm-1 [16] shoulder band around 662 cm-1;

indicative of Cu–O stretching vibration. Cu–O stretching

frequency around 481 cm-1 confirms the formation of Cu–O

bond. The XRD peaks obtained at 34.5� and 38.7� for CuO are

evidenced by FTIR frequencies at 662 and 481 cm-1.
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The solutions containing glycine are known to form

metal glycino complexes, e.g., Zn(NH2CH2COO)2 and

Cu(NH2CH2COO)2 where Cu2? and Zn2? ions react with

two glycine molecules to give a chelate structure [33]. In

such species, the glycine is present in its anionic glycinate

form. Here, copper and zinc atoms are bound to one oxy-

gen atom and the nitrogen atom of each glycinate species

in the chelate structure.

With heating during synthesis, NH3 evolution is con-

firmed by the disappearance of FTIR bands 3170 (tNH2),

1516 (dsim NH3
?), 1112 (qrNH3), 1033 (tasCCN), and 893

(tsimCCN) cm-1 in the as prepared products. Formation of

condensation products of glycine might be responsible for

this decomposition step, which also supports the decom-

position steps in thermal study of precursor gels.

Thermal analysis

Influences of temperature on thermal properties are thor-

oughly studied by comparing TG–DTA curves of gel pre-

cursors and as prepared materials of the same sample and

thereby we can monitor loss of carbonaceous matter and

other gaseous products with temperature [37]. It is also

necessary to understand the thermal decomposition of the

gel before combustion and compare it to the decomposition

of the pure glycine. Similar studies have been done by us

on ZnO nanoparticles using PVA as an encapsulating agent

and as a fuel [16]. The simultaneous TG–DTA curves of

stoichiometrically added precursor gels of samples A–E

(before combustion) and as prepared powders (after com-

bustion) are shown in the Fig. 4a–d. TG–DTA curves for

pure zinc nitrate hexahydrate [Zn (NO3)2�6H2O], and pure

glycine are given elsewhere [15], accordingly two-step

mass loss was observed in pure glycine and zinc nitrate.

Pure zinc nitrate decomposes completely below 330 �C.

When pure glycine alone was subjected to DTA, one strong

endothermic and two exothermic peaks were observed in

the range 266–640 �C.

First strong endothermic peak in the range 206–290 �C

indicates simultaneous melting and evolution of H2O

and NH3 molecules. It is known that amino acids do not

exhibit clean melting; they decompose into lower mass

compounds.

Second exothermic peak in the range 290–410 �C

indicates removal of water molecule formed as condensa-

tion product and NOx. Third exothermic peak in the range

450–650 �C indicates removal of CO2 molecules.

TG–DTA graphs (Fig. 4a, b) of gel precursors of sam-

ples A–C show two-step mass losses. First decomposition

step associated with strong endothermic effects in the range

room temperature to 110 �C corresponding to evaporation

and volatilization of residual-free water. The second mass
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loss observed in the region 325–485 �C for undoped ZnO

(sample A), 120–620 �C for 0.1 and 0.5% Cu-doped ZnO

(samples B and C) associated to endothermic peak corre-

sponding to evolution of NO3
-, along with oxidation of

glycine by nitrate anions NO3
- (resulting CO2, N2(g), NO2,

and H2O). Broadness of endothermic peak for 0.1 and 0.5%

Cu-doped ZnO might be due to complexation reaction of

Zn, Cu, and glycine as a ligand.

TG–DTA curves (Fig. 4a, b) of gel precursors of sam-

ples D and E show three-step mass loss. First mass loss is

associated with intense endothermic peak in the region

(room temperature to 110 �C), corresponds to evaporation

and volatilization of residual-free water. Second mass loss

corresponds to a broad endotherm which might be due to

formation of aqua–hydroxo complex. While the third mass

loss is gradual with small endothermic peaks in DTA

graph, as structural rearrangements of lattice.

Samples A and C (Fig. 4c, d) as prepared powders show

gradual mass loss, while sample B shows two-step mass

losses in TG graph but DTA shows two distinct endo-

thermic peaks. The peak from room temperature to 620 �C

corresponds to evolution of water molecules and simulta-

neous evolution of NO3
-, while second endotherm from

660 to 800 �C corresponds to desorption of carbonaceous

matter.

TG–DTA curves (Fig. 4c, d) for as prepared samples D and

E, which shows six-step decomposition in the temperature

range of 30–850 �C. The total observed mass loss is 80%. The

first two decomposition steps (room temperature to 130 �C

and 135–260 �C) associated with endothermic effects corre-

spond to evolution of residual water molecules. Further

decomposition steps that are associated with small but narrow

endothermic peaks correspond to intermediate formation

of aqua–hydroxo complex of molecular formula [ZnCu

(H2O)x(OH)y]O4-y. Similar phenomena have been explained

by Carp et al. [35] in the thermal behavior of coordination

complexes of copper ferrite with glycine. Formation of such

aqua–hydroxo species may be explained as: during last

decomposition steps highly reactive solid residue forms,

which reacts with water generated during redox reaction of

glycine with NO3
-, this is also indicated by continuous weight

loss in TG graph, also supported by FTIR spectra. The en-

dothermicity of this process may be related to some structural

rearrangements of the lattice and shows stable formation of

Cu–ZnO after 850 �C. Similar work on decomposition of

transition metal complexes to mixed and doped oxides were

monitored by TG–DTA analysis by Mojumdar et al. [38–54].

Conclusions

We report successful synthesis of ZnO and various percent-

ages (0.1–5%) of Cu–ZnO by aqueous thermolysis method

using glycine as a fuel and capping agent. This study dem-

onstrates the versatility of aqueous thermolysis method to

yield monophasic Cu-doped ZnO. Doped and undoped ZnO

have shown hexagonal phase and wurtzite symmetry. FTIR

and thermal studies have confirmed intermediate formation of

aqua–hydroxo complex which on further heating form Cu–

ZnO. The endothermicity in TG–DTA graph is related to

structural rearrangements of the lattice. ZnO nanoparticles

have more novel quality than their bulk materials. Further

studies on ZnO nanoparticles and thereby its influence on

photocatalytic and humidity sensing performance of the

material is underway in our laboratory.
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