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Mild Synthetic Routes to High-Surface Zinc Oxide Nanopowders
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ZnO nanostructured powders have been prepared at low
temperature and atmospheric pressure by thermal decompo-
sition of solid precursors. Two alternative methods have been
explored by using: (i) commercial zinc acetate dihydrate and
(ii) a solid mixture obtained after the evaporation of a solu-
tion of zinc acetate in aqueous ammonia at 90 °C. Powder
X-ray diffraction characterization shows that in both cases
crystalline ZnO was obtained after precursor treatment at
90 °C over 150 h. According to attenuated total reflection
Fourier transform infrared analysis, powders obtained by
both routes retain a small percentage of adsorbed acetate.
Elemental analysis proves that almost 98 wt.-% of acetate

Introduction

Zinc oxide (ZnO) is a technologically valuable semicon-
ductor that has attracted considerable attention because of
its excellent catalytic, electrical, and optical properties.[1,2]

Therefore, ZnO-based materials find numerous technologi-
cal applications in solar cells, transparent conducting films,
ultraviolet-protection films, chemical sensors, and light-
emitting or laser diodes, among others.[3–10]

ZnO properties are notably dependent on the synthesis
method employed. Hence, much effort has been dedicated
to synthesize ZnO with controlled morphology and crystal-
lite size at the micro- and nanoscale levels, because of the
strong influence of these parameters on material properties.
In addition, ZnO with a porous architecture is advan-
tageous for some applications that require a high surface-
to-volume ratio.[9,10] A great variety of synthetic methods
have been essayed for the preparation of nanostructured
ZnO powders. These include sol–gel, microemulsion, hydro-
thermal, spray pyrolysis, and thermal decomposition of Zn
precursors, to name the most frequently used tech-
niques.[11–22] However, most of these methods required a
controlled synthesis environment, or involved the use of ex-
pensive equipment and/or high-temperature or high-pres-
sure conditions. In this context, there is a growing interest
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was removed during the low-temperature treatment. Low-
temperature nitrogen adsorption-desorption characterization
shows the existence of two types of pores: intra-aggregate
mesopores and interaggregate macropores. The specific sur-
face area reached a value of 35 m2 g–1 for materials obtained
following the direct route (i) and increased to 60 m2 g–1 for
powders obtained by the ammonia route (ii). TEM characteri-
zation confirms the presence of a hierarchical pore structure
as a result of the formation of sub-micrometric porous aggre-
gates (50–200 nm) composed of nanocrystals smaller than
20 nm.

in developing low-temperature methods for the manufac-
ture of advanced materials such as nanostructured semi-
conductors. As a consequence, the direct growth of porous
ZnO materials that avoids the use of templates and
multistep procedures is especially relevant.

Several zinc compounds, including zinc nitrate, zinc ox-
alate, zinc acetylacetonate, zinc hydroxycarbonate, and zinc
acetate, have been used to produce crystalline ZnO by sim-
ple thermal decomposition of solid precursors.[23–27] The
described thermal processes usually work at temperatures
above 300 °C,[11,24,25,28,29] although milder conditions
(180 °C) could be used starting from a zinc peroxide precur-
sor.[30,31] In some thermal decomposition processes, organic
additives were added to control the size and morphology of
the formed ZnO.[32]

In this work, a low-temperature thermal decomposition
of zinc acetate based precursors is proposed. This process
allows the preparation of a mesoporous material with a rel-
atively high specific surface area, which is desirable for ad-
vanced ZnO applications. The method is particularly at-
tractive for its minimal equipment requirement, low cost of
chemicals, and prospective industrial-scale production.

Results and Discussion

The precursor used in the direct route, was commercial
zinc acetate dihydrate (ZAD). The measured weight loss for
this precursor after prolonged (150 h) thermal treatment at
90 °C in a forced-air-circulation oven suggested complete
transformation of ZAD to ZnO [sample labelled as
ZnO(dr)]. Moreover, XRD analysis of the ZnO(dr) sample
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(Figure 1) confirms the formation of crystalline ZnO after
150 h, all the peaks can be assigned to the hexagonal ZnO
structure [JCPDS no. 79–2205]. The only intermediate de-
tected by XRD during the transformation of ZAD into
ZnO is anhydrous zinc acetate (JCPDS no. 01–0089, Fig-
ure 1). The applied low-temperature treatment precluded a
mechanism for ZnO formation on the basis of the oxidation
of the acetate. Alternatively, the characteristic smell of ace-
tic acid detected during the process suggests a simple hy-
drolysis reaction. Thus, water vapor reacted with zinc ace-
tate to yield acetic acid that evaporated and ZnO remained
as a solid residue.[33] In addition, experiments under dry
nitrogen confirm that only weight loss corresponding to the
dehydration step was detected. Hence, a two-step reaction
mechanism is proposed: ZAD loses its water of crystalli-
zation in the first step [Equation (1)] and anhydrous zinc
acetate reacts with atmospheric water to yield zinc oxide
and acetic acid [Equation (2)].

Zn(CH3COO)2·2H2O � Zn(CH3COO)2 + 2H2O (1)

Zn(CH3COO)2 + H2O � ZnO + 2CH3COOH (2)

Figure 1. Powder XRD pattern of the samples obtained following
the direct route at 21 h (intermediate) and 150 h [ZnO(dr)]. The
pattern at 21 h shows several peaks assigned to anhydrous zinc ace-
tate (�, JCPDS no. 01–0089) in addition to the representative
peaks of ZnO (�, JCPDS no. 79–2205).

In the studied second route for the formation of ZnO,
the precursor was produced by adding aqueous ammonia
to ZAD. The pursued strategy was to convert at least a part
of the acetate to ammonium acetate, a compound that
starts to sublime at 53 °C.[34] However, XRD characteriza-
tion reveals that the intermediate is a complex mixture of
several compounds (Figure 2). In the initial stages (t �
24 h) of the 90 °C treatment, part of the precursor loses its
water of crystallization, as observed in the direct route,
since anhydrous Zn(CH3COO)2 was detected in the mixture
(peaks corresponding to this compound are marked with �

in the pattern recorded at 3 h in Figure 2). Later, after 24 h
of treatment, the mixture evolved and anhydrous zinc ace-
tate was no longer detected. After 48 h, broad peaks that
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can be assigned to ZnO appeared (�, pattern at 48 h, Fig-
ure 2), which indicates that zinc oxide started to grow, to-
gether with a crystalline phase that has an intense peak at
9.35°. A phase with a strong peak in the same position was
observed by Biswick et al. during thermal degradation of a
zinc hydroxy acetate {Zn5(OH)8(CH3CO2)2·4H2O},[35] and
was tentatively assigned to “Zn3(OH)4(CH3COO)2”. This
compound slowly decomposed, since it was still present as
a minor component in the sample after 112 h, which is basi-
cally ZnO (Figure 2). After 150 h of thermal treatment,
only ZnO was detected [sample labelled as ZnO(ar)].

Figure 2. Powder XRD analysis of the samples obtained following
the ammonia route after 3, 24, 48, 80, 112, and 150 h [ZnO(ar)].
Marked peaks correspond to anhydrous zinc acetate (�, JCPDS
no. 01–0089).

Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) characterization of ZnO(dr) and
ZnO(ar) (Figure 3) shows that materials prepared by both
routes retain some amount of acetate adsorbed onto their
surface. The peaks at 1425 and 1575 cm–1 are assigned to
carboxylate symmetric and antisymmetric stretches, respec-
tively, of the acetate molecule. Moreover, the position of
these peaks indicate that acetate is attached to the ZnO sur-
face as a monodentate ligand.[36,37] The stretching vibration
mode of the CH3 group can also be detected at 2930 cm–1.
Furthermore, the incorporation of acetate was quantified
by elemental analysis (1.50 and 3.50 wt.-% for the direct
and ammonia routes, respectively). Hence, ca. 98–99 wt.-%
of initial acetate was removed at the end of the processes.
Acetate removal during the synthesis procedure is higher
for the direct route than when ammonia was employed.

The weight loss of the samples, determined by TG analy-
sis (Figure 4), confirms that the amount of acetate and
water in the prepared powders is in the order of 3–4 wt.-%.
The gradual removal of acetate was observed in the 300–
500 °C range. This fact differs from previously obtained re-
sults on thermal decomposition of ZAD, in which no
weight loss was detected beyond 300–380 °C.[11,29,32,33,38,39]

Consequently, it could be concluded that the remaining ace-
tate after ZnO synthesis is strongly coordinated to the pow-
der surface, since it requires higher temperatures to be elim-
inated.
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Figure 3. ATR-FTIR characterization of samples ZnO(dr) and
ZnO(ar). Marked peaks at 1425, 1575, and 2930 cm–1 correspond
to vibrations of residual acetate.

Figure 4. Thermogravimetric analysis of the of samples ZnO(dr)
and ZnO(ar).

Low-temperature nitrogen adsorption–desorption analy-
sis shows that materials obtained by both routes have sim-
ilar textural characteristics (Figure 5a). Recorded isotherms
are of type II and present two hysteresis loops, which indi-
cates a bimodal porosity. At relative pressures between 0.4
and 0.8, the hysteresis loop is of type H2, which suggests
the presence of intra-aggregate pores with an ink-bottle
morphology, whereas between 0.8 and 1.0, it is of type H3,
which could be associated with the formation of interaggre-
gate macropores.[40–42] The pore size distribution (Fig-
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ure 5b), calculated from the adsorption branch,[43] denotes
the presence of mesopores in the 25–100 Å range, which is
related to the H2 hysteresis loop. The presence of ammonia
in the precursor induces a reduction in the pore diameter
(about 25%) (Figure 5b). For the ZnO(dr) sample, the esti-
mated specific surface area (Sa) is 37 m2 g–1, which increases
to 60 m2 g–1 for the ZnO(ar) sample. The high Sa value for
the ZnO(ar) powder is related to the reduction in the pore
diameter, as well as to the increased amount of residual
acetate, which acts as a capping agent and minimizes pow-
der agglomeration. The estimated Sa values are relatively
large, in comparison with those reported for ZnO powders
prepared following other high-temperature processes. For
example, the thermal decomposition of zinc acetate at
400 °C leads to the formation of ZnO powders with an Sa

value of 6 m2 g–1, and this value decreases by increasing the
treatment temperature.[26] Unfortunately, in numerous stud-
ies related to the synthesis of ZnO by thermal decomposi-
tion, the specific surface area of the prepared samples has
not been determined. In addition, most industrial-scale pro-
duction methods of ZnO nanopowders are performed by
oxidation of Zn vapors, which gives Sa values of ca. 18–
25 m2 g–1.[44]

Figure 5. Low-temperature nitrogen adsorption–desorption char-
acterization of samples ZnO(dr) and ZnO(ar): (a) isotherms and
(b) pore size distribution estimated by using the adsorption branch
of the isotherm.
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The ZnO materials prepared by both studied routes show

a high absorption capacity of UV-A radiation and complete
transparency in the visible region, according to UV/Vis dif-
fuse reflectance spectroscopy (UV/Vis DRS) analysis (Fig-
ure 6). A band gap value of 3.2 eV was estimated for both
prepared ZnO powders after 150 h. This value indicates that
the crystallite size is bigger than the quantization limit
(7 nm).[45]

Figure 6. UV/Vis diffuse reflectance absorption spectra of the (a)
ZnO(dr) and (b) ZnO(ar) materials. Inset: a plot of the transformed
Kubelka–Munk function vs. the energy of absorbed light.

SAED analysis of ZnO(dr) and ZnO(ar) shows a ring
pattern with discrete bright spots and interplanar distances
associated with the most intense rings (2.78, 2.57, and
2.45 Å), which confirms that ZnO is the only crystalline
phase (data not shown). TEM characterization shows that

Figure 7. TEM micrographs of samples: (a, c, e) ZnO(dr) and (b,
d, f) ZnO(ar). HRTEM micrographs included (insets of e and f).
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both materials, ZnO(dr) (Figure 7a, c, e) and ZnO(ar) (Fig-
ure 7b, d, f), contain nanocrystals smaller than 20 nm that
aggregate to form secondary particles of ca. 50–200 nm,
which indicates the porous nature of the material. This spe-
cific arrangement is likely to be responsible for the hierar-
chical bimodal pore structure, which includes intra-aggre-
gate mesopores and interaggregate macropores. HRTEM
(insets of Figure 7e, f) confirms the crystalline nature of the
nanoparticles. In addition, for both routes, the aggregates
are quite transparent in the low-magnification micrographs,
which indicates that the electron beam could cross the
whole aggregate. This fact suggests that the aggregates have
a roughly flat shape. In the ZnO(ar) micrographs (Fig-
ure 6b, d, f), the aggregates have a more defined geometry,
and the primary particles are slightly smaller and have a
more regular size than those obtained by the direct route.
This could be related to the different intermediates detected
in both routes, as well as to the higher acetate content for
the ZnO(ar) sample, which limits crystal growth to a higher
extent.

Conclusions

Nanocrystalline wurtzite ZnO was obtained by thermal
decomposition of two different precursors at 90 °C for
150 h: (i) a commercial zinc acetate dihydrate and (ii) a so-
lid mixture obtained after evaporation of a solution of zinc
acetate in aqueous ammonia. Elemental analysis reveals
that almost 98 wt.-% of the initial acetate was removed dur-
ing the applied low-temperature decomposition treatment.
TEM characterization and N2 sorption analysis indicate
that nanocrystals smaller than 20 nm grow and assemble
(probably at the same time) to form aggregates of 50–
200 nm with a bimodal porosity; they include ink-bottle in-
tra-aggregate mesopores and slitlike interaggregate macro-
pores. The residual acetate is strongly attached to the pow-
der surface, and thus minimizes the agglomeration, which
leads to high specific surface area values for the obtained
ZnO materials. The ammonia route leads to materials with
higher surface areas. The main advantage of the reported
methods is their simplicity; no special equipment or chemi-
cal reagents are required and the use of organic solvents is
excluded. The proposed method completely avoids con-
tamination with alkaline metals, which is common in sev-
eral methods for the synthesis of ZnO. Moreover, the used
acetate is not oxidized and, thus, can be recovered.

Experimental Section
Reagents: Both zinc acetate dihydrate {Zn(CH3COO)2·2H2O} and
aqueous ammonia were of reagent grade (Aldrich) and used with-
out further purification. Ultrapure doubly distilled and deionized
water (Milli-Q system, conductivity lower than 0.05 µS/cm) were
employed.

Synthesis

Direct Route: ZAD (1.22 g, 5.57 mmol) was spread on a Petri dish
(12 cm in diameter) and heated at 90 °C in a conventional oven
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with forced ventilation. The evolution of the sample was followed
gravimetric and by X-ray diffraction characterization. After 150 h
of treatment, it was observed that the sample weight remained
stable and the powder XRD pattern only contained ZnO peaks.
The sample at 150 h was labelled as ZnO(dr).

Ammonia Route: ZAD (1.22 g, 5.57 mmol) was dissolved in concen-
trated aqueous ammonia (10 mL, 71 mmol). In this step, precipi-
tation of zinc hydroxide and its further dissolution were both ob-
served. The solution was then transferred to a Petri dish and evapo-
rated at 90 °C in a hot plate. After solvent evaporation, the Petri
dish containing the residue was introduced into an oven maintained
at 90 °C with forced ventilation. The evolution of the samples was
monitored as in the former route. Thermal treatment was main-
tained for 150 h to obtain ZnO. The sample was labelled as
ZnO(ar).

Characterization: Gravimetric analysis was carried out with a Sar-
torius BP 110 S precision balance. XRD spectra of powder samples
were registered on a Rigaku Rotaflex RU-200B diffractometer by
using Cu-Kα1 radiation (λ = 1.5406 Å). Electron diffraction pat-
terns and TEM and HRTEM images were recorded with a JEOL
2011 microscope operating at 200 kV. The acquired images were
analyzed with a Gatan Digital Micrograph (software version
3.10.0). ATR-FTIR spectra were recorded with a Bruker apparatus
(Tensor model, equipped with a MKII Golden Gate). TGA was
performed with a TGA7 instrument from Perkin–Elmer. Textural
characteristics of the obtained and commercial ZnO nanopowder
were studied by low-temperature N2 adsorption–desorption analy-
sis (ASAP 2000 Micromeritics). Prior to measurements, the sam-
ples were dried under reduced pressure (�1 mPa) at 393 K for 18 h.
The specific surface area was determined by the BET method.[46]

The mean pore diameter was estimated by using the BJH
method.[47] A Perkin–Elmer Lambda 19 UV/Vis/NIR spectropho-
tometer, furnished with a 60-mm integrating sphere, was used for
UV/Vis diffuse reflectance spectroscopy measurements on solid
samples, with BaSO4 as the reference. Spectra were recorded in the
diffuse reflectance mode and transformed to a magnitude pro-
portional to the extinction coefficient through the Kubelka–Munk
function. Elemental analysis was performed by using a 3011 CHNS
analyzer (EuroVector).
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