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bstract

inc oxide nanoparticles were produced by aqueous precipitation in mild hydrothermal conditions (90 ◦C). Well crystallized regular roundish
articles were obtained, with a very narrow size distribution. The influence of soft templates (organic species) to control size and size distribution
n the final product was investigated. No effect was observed with polyvinylpyrrolidone (PVP Mw 8000 and 40,000), (d−)fructose and hydrox-
propylmethylcellulose (HPMC). A significant decrease of the particle size towards 100 nm, while conserving a very narrow size distribution was

Metadata, citation and similar papers at core.
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bserved for poly(acrylic acid) (PAA Mw 2000), Dispex A40 (commercial PAA from CIBA Mw ∼10,000), and sodium dodecylsulfate (SDS). The
nfluence of the pH was also investigated with PAA. By increasing the pH from slightly acidic to basic conditions, the morphology was spectacularly

odified from roundish nanoparticles to micronic branched flower-like particles, with an elongated primary crystal morphology.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Zinc oxide is a material that exhibits semiconducting,
iezoelectric, and pyroelectric properties. Major industrial
pplications include electronic devices such as gas sensors or
aristors.1 Optical properties are also widely exploited, as a dye
zinc white), or UV-light emitter. More recently, Al-doped ZnO
as attracted scientists’ interest for applications as a transparent
nd conducting coating for solar cells. Thus by tuning the for-
ulation (dopant addition), it is possible to enlarge the field of

ts application.
The development of zinc oxide in new attractive markets

mposes severe constraints where a high-value material at a
ompetitive price is a key factor. Most applications need ceram-
cs with a high density achieved through a good control of the

aterial at all processing stages from synthesis, forming and

intering.

Numerous routes are available for ZnO synthesis for exam-
le, physical routes, such as vapour phase methods2,3 and

∗ Corresponding author. Tel.: +41 21 693 51 09; fax: +41 21 693 30 89.
E-mail address: anne.aimable@epfl.ch (A. Aimable).

r
o
f
m
a
a

955-2219/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2009.06.010
pray pyrolysis.4 Recently submicron ZnO crystals have been
btained with an ultrasonic spray pyrolysis method5: The
ain drawback is the high temperatures applied, from 200 to

00 ◦C, which makes this process costly. Wet chemistry, includ-
ng precipitation,6–9 hydrothermal2,10–12 and solvothermal13

ynthesis, microemulsions,14 and sol–gel processes15,16 have
ucceeded in the controlled synthesis of numerous shapes, sizes
nd morphologies, at low temperature. Among these routes,
he low cost and simplicity of aqueous precipitation make this
pproach the most attractive, for possible commercial develop-
ent. Once the conditions of the synthesis have been determined

n simple batch reactors, the production of such powders can be
ransferred to innovative reactors such as the segmented flow
ubular reactor (SFTR),17 a continuous process which allows an
asy up-scaling from the laboratory experiments to the produc-
ion scale without loss of product quality.

A better control of the precipitate can often be achieved with
espect to its size, shape, and chemical composition, with the use
f polymeric additives.18,19 By changing the charge at the sur-

ace of the particles, or by adsorbing onto specific crystal planes,
odification of the crystal growth can be induced.20 Polymer-

ssisted ZnO synthesis has succeeded in tuning particle size
nd morphology, leading to various shapes such as hexagonal

https://core.ac.uk/display/147968163?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:anne.aimable@epfl.ch
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.010
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Table 1
Experimental conditions for ZnO powders synthesized in a mini-batch reactor.

Sample [Zn2+] reaction solution [mol L−1] [HO−] reaction solution [mol L−1] Additive 0.05 wt.% in [HO−] reaction solution pH

ZnO[0.11] 0.10 0.11 – 5.6
ZnO[SDS] 0.10 0.11 SDS 5.6
ZnO[fru] 0.10 0.11 Fructose 5.6
ZnO[HPMC] 0.10 0.11 HPMC 5.6
ZnO[PVP8000] 0.10 0.11 PVP 8000 5.6
ZnO[PVP40,000] 0.10 0.11 PVP 40,000 5.6
ZnO[Disp] 0.10 0.11 Dispex A40 5.6
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nO[PAA] 0.10 0.11
nO[PAA-0.22] 0.10 0.22
nO[PAA-1.5] 0.10 1.50

lates,21 flower-like particles,7,22 or nanorods.6,8,23,24 As far as
e know only a few papers2,9,10 present the synthesis of regu-

ar nanoparticles, although they should be the best candidate for
orming dense nanostructured ceramics.

Our objective is the synthesis of ZnO nanoparticles
<100 nm), with a homogeneous morphology and a narrow par-
icle size distribution. The synthesis has been conducted in a
mall volume batch reactor (40 mL), designed to allow a fast
nd efficient mixing of the aqueous reaction solutions. The influ-
nce of additives on the final product was investigated, as well
s the influence of pH related to structural and thermodynamic
onsiderations.

. Materials and methods

ZnO was produced by mixing zinc nitrate and sodium hydrox-
de aqueous solutions (Eq. (1))

n2+
(aq) + 2HO−

(aq) → ZnO(s) + H2O (1)

The Zn2+ reactant solution was prepared by dissolving
n(NO3)2·6H2O in ultra pure water. The NaOH solution was
repared by diluting a titrated solution NaOH 1 M or solid
aOH depending on the concentration needed. Both solutions
ere filtered at 0.2 �m before use. The various additives studied
ere introduced by dissolving 0.05 wt.% in the NaOH reaction

olution. Poly(acrylic acid) (PAA) with two different molec-
lar weights was chosen as an anionic polyelectrolyte: PAA
w = 2000, and Dispex A40 (commercial PAA from CIBA
w ∼10,000). Polyvinylpyrrolidone (PVP) with two molecular
eights (Mw = 8000 and Mw = 40,000) was chosen as non-

onic polymer. Sodium dodecylsulfate (SDS) was tested as
nionic surfactant. (d−)fructose and hydroxypropylmethylcel-
ulose (HPMC) were chosen among the carbohydrates category
f non-ionic polymers. The pH of the reaction was changed by
ddition of NaOH. Precipitation reactions were carried out in a
0 mL fed-batch reactor, hereafter called “mini-batch reactor”.
ood mixing between the two reactants was achieved by using a
mixer. The injection of the reactant took 4 s, and was achieved

y an automatic injection with 20 mL syringes (Hamilton). The

ffective mixing time was evaluated to be 50–100 ms.19 The
eactor was heated at 90 ◦C by an external circulation of hot
ater (95 ◦C). After mixing the reaction mixture was aged dur-

ng 30 min. Then the reactor was placed in a bath of cold water

(
(
r
o

PAA 2000 5.6
PAA 2000 11.2
PAA 2000 12.5

or cooling. The reaction mixture was then washed with ultra
ure water, before being filtered and dried for 24 h at room tem-
erature under a low vacuum. The experimental conditions are
ummarized in Table 1.

The phase identification of the precipitates was made with
owder X-ray diffraction (XRD, Philips X’Pert diffractometer,
u K� radiation). XRD peak broadening was used to determine

he size of the primary crystallite using the Scherrer equation
Eq. (2)). The instrumental broadening was determined using
lumina with a large crystal size (>1 �m)

XRD = K λX

βXpcos(θ)
(2)

here K is equal to 0.9, λX is the X-ray wavelength, βXp is
he integral breadth of the material, calculated using �Xp =

(�2 − �2
alumina), and β the integral breadth is the ratio of the

rea and the height of the diffraction peak.
The powder morphologies were analyzed by scanning elec-

ron microscopy (SEM, Philips XL 30 FEG microscope). The
EM samples were prepared by dispersing the powder in
thanol. One drop of the suspension was then deposited on an
luminum support and dried in air. Brunauer–Emmett–Teller
BET) specific surface areas SBET (m2 g−1) were estimated from

2 adsorption isotherms (Micromeritics Gemini 2375). The size
f the primary particles, dBET (nm), were calculated by assum-
ng spherical monodisperse particles (Eq. (3)), with ρ the density
f the material (ρ = 5.6 g cm−3)

BET = 6000

SBETρ
(3)

Before BET measurements the samples were dried at 200 ◦C
n flowing nitrogen for 1 h.

The particle size distribution was collected using a centrifugal
ethod (CPS, Disc Centrifuge Model DC 24,000). For this mea-

urement, powders were suspended in a solution of PAA 0.1%

pH ∼10, concentration 0.01 wt.%). Thermogravimetric curves
TGA, Mettler TGA/DSC/TMA analyzer) were collected from
oom temperature to 800 ◦C under flowing air at a heating rate
f 10 ◦C/min.
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Table 2
Results of SBET, dBET and dXRD of ZnO powders obtained in different conditions, and on samples ZnO[SDS], ZnO[Disp] and ZnO[PAA] after a heat treatment of 10 min
at 500 ◦C.

Sample SBET [m2 g−1] dBET [nm] dXRD along
[1 0 0] [nm]

dXRD along
[0 0 2] [nm]

After a heat treatment of 10 min at 500 ◦C

SBET [m2 g−1] dBET [nm] dXRD along
[1 0 0] [nm]

dXRD along
[0 0 2] [nm]

ZnO[0.11] 9.5 112 27 37
ZnO[SDS] 35.5 30 27 29 26.6 40 28 28
ZnO[fru] 7.7 140 28 39
ZnO[HPMC] 9.8 109 27 39
ZnO[PVP8000] 6.4 166 27 35
ZnO[PVP40,000] 7.1 151 28 37
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nificant increase of the total weight loss (Table 3). The weight
nO[Disp] 40.3 27 25 29
nO[PAA] 75.0 14 24 31
nO[PAA-1.5] 2.9 365 41 41

. Results

.1. X-ray diffraction (XRD)

XRD patterns of all the samples were all similar to the XRD
attern of ZnO[0.11] obtained at low pH without an additive and
resented Fig. 1. In all cases a crystalline material was produced,
hich matched the ZnO pattern of wurtzite (ICDD 075-0576).
rystallite sizes were calculated using the [1 0 0] reflection and
ere in the same range, between 24 and 28 nm (Table 2). An

xception was ZnO[PAA-1.5], obtained in basic conditions which
howed a value of 41 nm. The crystallite size deduced from the
roadening of the [0 0 2] reflection were higher than those cal-
ulated from the [1 0 0] reflection for all the samples, with a
atio varying from 1.0 to 1.4. This indicates a small elongation
f the crystallites in the direction of the c-axis, often seen in
ther studies, and attributed to the hexagonal structure of the
urtzite.9

.2. Specific surface area (BET)

The SBET and the corresponding calculated primary particle

ize (dBET) are presented in Table 2. The material obtained at
ow pH without an additive (ZnO[0.11]) presented an SBET of
.5 m2 g−1, corresponding to a dBET of 112 nm. The additives
ad different effects on the SBET. Fructose, PVP 8000 and PVP

ig. 1. XRD pattern of ZnO[0.11] synthesized at pH = 5.6 without an additive.
imilar patterns were recorded for all samples, with and without additives.

l
t
r

F
a

12.4 86 28 28
14.7 73 28 30

0,000 led to a smaller SBET, whereas HPMC induced almost
o change. The addition of PAA 2000, Dispex A40 and SDS led
o a significant increase of SBET, to 75.0, 40.3, and 35.5 m2 g−1,
espectively. A heat treatment of 10 min at 500 ◦C was used
o burn out the adsorbed polymer. This treatment induced a
mall increase of the crystallite size of ZnO measured along
1 0 0] (by 1–4 nm). The sample obtained in basic conditions
ZnO[PAA-1.5]) had a low SBET of 2.9 m2 g−1, corresponding to
dBET of 365 nm.

.3. Thermogravimetric analysis (TGA)

The TG curve for sample ZnO[0.11] synthesized at pH = 5.6
ithout an additive is presented in Fig. 2. The first weight loss

between 30 and 200 ◦C) was attributed to the removal of phys-
cally adsorbed water. The second weight loss (between 200
nd 600 ◦C) was attributed to the decomposition of chemically
ound hydroxyl groups. The total weight loss was small with
value of 2.9%. In the case of samples synthesized with addi-

ives, the removal of the organic compounds that were adsorbed
t the surface occurs in between 200 and 600 ◦C and gave a sig-
osses measured at 500 and 800 ◦C are very similar indicating
hat after 10 min at 500 ◦C, all the adsorbed polymer should be
emoved.

ig. 2. TG curve obtained for sample ZnO[0.11] synthesized at pH = 5.6 without
n additive (heating rate 10 ◦C min−1 in flowing air 30 mL min−1).
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Table 3
Weight loss measured at 500 and 800 ◦C from TG curves of ZnO powders.

Sample Weight loss at 500 ◦C [%] Weight loss at 800 ◦C [%]

ZnO[0.11] 2.7 2.9
ZnO[SDS] 6.4 6.5
ZnO[fru] 4.6 4.8
ZnO[HPMC] 4.6 4.7
ZnO[pvp8000] 3.0 3.4
ZnO[PVP40,000] 3.1 3.5
ZnO[Disp] 6.2 6.3
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precipitation of regular submicronic roundish particles of pure
and well crystallised ZnO (ZnO[0.11]). The size of the primary
nO[PAA] 14.4 14.5
nO[PAA-1.5] 0.7 1.1

Only a small increase of the total weight loss was observed
ith Fructose, HPMC, PVP 8000, and PVP 40,000, indicating
ery little adsorption. A higher weight loss was observed with
DS and Dispex A40, around 6.3–6.5 wt.%, corresponding to
round 3 wt.% of adsorbed polymer. The highest affinity was
bserved for the low molecular weight PAA with 11.7 wt.% of
dsorbed polymer. Finally the material synthesized in basic con-
itions (ZnO[PAA-1.5]) showed a lower weight loss compared to
nO[0.11], despite the presence of PAA in the reaction mixture,
onsistent with the low SBET.

.4. Microscopy (SEM)

The morphologies of the synthesized powders can be
bserved in the SEM micrographs presented in Fig. 3. ZnO[0.11]
ynthesized at pH = 5.6 without an additive was composed of
oundish particles of 200–300 nm, made of aggregated primary
articles of smaller sizes (Fig. 3(a)). This powder presented a
ood homogeneity in size and morphology. Similar powder char-
cteristics were obtained with the additives Fructose, HPMC,
VP 8000 and PVP 40,000 (Fig. 3(c)–(f)). The particle size
as reduced by the addition of SDS (Fig. 3(b)), Dispex A40

Fig. 3(g)) and PAA 2000 (Fig. 3(h)). They led to small and
omogeneous roundish particles around 100 nm.

Morphologies obtained with PAA 2000 in basic conditions
ere very different (Fig. 3(i) and (j)). These particles presented
ower-like morphologies with an aspect ratio increasing as the
mount of NaOH increased, from 2 in ZnO[PAA-0.22], to 5 in
nO[PAA-1.5], with the nominal NaOH concentration increas-

ng from 0.22 to 1.5 M, respectively. The growth was oriented
long the c-axis, leading to nanorods with a hexagonal structure
Fig. 3(j)). This is the “typical” morphology for ZnO precipitates
n basic conditions.9,23,25

.5. Particle size distribution (CPS)

Particle size distributions (PSD) for all powders are presented
n Fig. 4. The three characteristic sizes (dv10, dv50, dv90) of the
SD are given in Table 4. The span of the PSD is calculated

rom Eq. (4), and gives an indication of the width of the PSD:

pan = dv90 − dv10

dv50
(4)

p

Ceramic Society 30 (2010) 591–598

A dv50 of 287 nm (agglomeration factor (Fagg = 2.6)) was
easured for ZnO[0.11] obtained at low pH without an additive.
he addition of Fructose, HPMC, PVP 8000 and PVP 40,000

ed to a small increase in dv50, but remained below 500 nm. SDS,
ispex A40 and PAA 2000 addition led to a significant decrease
f dv50, to 89, 135 and 105 nm, respectively. These powders also
resented a lower agglomeration factor (Table 4). Increasing the
H led to a significant increase of dv50 to 800 nm, but the mor-
hology was so far from the spherical optical model used in the
etection method, that this figure is only qualitative. A striking
esult is that whatever the conditions the span was very small
below 1), which indicates the materials were very homogeneous
n size in all cases. Also the agglomeration factor was very small
<3) for all the samples. A wide range of sizes, around one order
f magnitude, is covered by these 10 powders.

. Discussion

.1. Thermodynamic considerations

The main species in solution for the reaction (Eq. (1)) were
alculated using the thermodynamic software StreamAnalyser
rom Oli Systems.b This predictive thermodynamic model is
idely used in the chemical and engineering industries, in oil

nd gas, as well as in research institutes. Oli model is based upon
ublished experimental data. A large thermodynamic databank
s available, covering most of the periodic table of elements.

e consider [Zn2+] = 0.10 M with increasing concentrations of
aOH at 90 ◦C. The results of the calculation are presented in
ig. 5(a), showing the main species as a function of the pH of

he reaction medium in Fig. 5(b).
Below NaOH = 0.10 M, Zn2+ is the main dissolved species, in

quilibrium with ZnO as the precipitated phase. For a concentra-
ion of NaOH = 0.11 M, the model predicts the pH of the reaction

ixture to be 5.3 (Fig. 5(b)), which is close to the experimen-
al value of 5.6 at this concentration (Table 1). The main solid
hase is ZnO in these conditions. By increasing the amount of
aOH, Zn(OH)4

2− becomes the main dissolved species in equi-
ibrium with ZnO. For NaOH concentrations of 0.22 and 1.5 M,
he model predicts a pH of 10.6 and 12.3, respectively, which are
lose to the measured values of 11.2 and 12.5 for ZnO[PAA-0.22]
nd ZnO[PAA-1.5]. The discrepancies can be attributed to a pos-
ible error in solution composition from the starting products.
inally with a concentration of NaOH > 2.3 M and a pH > 12.5,

he model no longer predicts the precipitation of ZnO but a
redominance of Zn(OH)4

2−.

.2. Characteristics of the powder obtained at pH 5.6
ithout additive

The synthesis conducted at pH 5.6 led to the instantaneous
articles calculated with the BET method (112 nm) was higher

b http://www.olisystems.com/.

http://www.olisystems.com/
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Fig. 3. SEM micrographs of ZnO powders from different synthesis conditions (magnification 10,000×): (a) pH = 5.6 without additive, (b–h) pH = 5.6 with 0.05 wt.%
of different additives, (i) pH = 11.2 with 0.05 wt.% PAA 2000, and (j) pH = 12.5 with 0.05 wt.% PAA 2000.
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Table 4
Particle size distribution of ZnO powders. For ZnO[PAA], ZnO[Disp] and ZnO[SDS], dBET is calculated using the SBET measured after a heat-treatment of 10 min at
500 ◦C for the calculation of Fagg.

Sample dv10 [nm] dv50 [nm] dv90 [nm] Span, (dv90 − dv10)/dv50 Fagg, dv50/dBET

ZnO[0.11] 162 287 365 0.71 2.6
ZnO[SDS] 60 89 134 0.83 2.2
ZnO[fru] 232 357 476 0.68 2.6
ZnO[HPMC] 147 300 431 0.95 2.8
ZnO[pvp8000] 259 401 520 0.65 2.4
ZnO[PVP40,000] 258 431 580 0.75 2.9
ZnO[Disp] 82 135 195 0.84 1.6
ZnO 68 105 148 0.76 1.4
Z 855 0.76
Z 1100 0.68 2.2
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nO[PAA-0.22] 364 646
nO[PAA-1.5] 560 800

han the crystallite size calculated from the Scherrer equation
long [1 0 0] (27 nm), which indicates particles are polycrys-
alline. The dv50 was 287 nm, the Fagg 2.6, with a narrow span
f 0.71. This material already presents very good features which
hould lead to a ceramic of high quality after sintering.

Most work in the literature has been made in basic conditions,
eading to a preferential growth along the c-axis to form 1D

orphologies (nanorods, star-like or flower-like shapes).9,23,25

he growth mechanism of such structures has been explained
y an electrostatically driven growth mechanism. At basic pH
he Zn(OH)4

2− complexes are the dominant species in solution
see Fig. 5, and Eqs. (5) and (6)), and are assumed to adsorb
referentially on the (0 0 0 1) positive surface of ZnO, leading
o a preferential growth in this direction

n2+ + 4HO− → Zn(OH)4
2− (5)

n(OH)4
2− → ZnO + 2HO− + H2O (6)

In our study the formation of regular roundish particles can
e attributed to the lower pH conditions (pH = 5.6). Zn2+ is
hen the main dissolved species (Fig. 5). There is no longer
n electrostatic driving force for preferential growth.
The good homogeneity in size and shape was attributed to
good control of the precipitation route. The very fast mixing
f the reactants (50–100 ms19) allows a high nucleation rate,
eading to the formation of particles in the nanometre range. The

4

h

ig. 5. (a) Thermodynamic data showing the evolution of the concentration of Zn aque
ith [Zn2+] = 0.10 M. (b) Theoretical evolution of the pH in the same conditions, wit
ig. 4. Particle size distributions of ZnO powders measured by centrifugal sed-
mentation (CPS).

njection device used (Y mixer) allows a homogeneous mixing,
nd consequently a homogeneous crystal growth, leading to a
arrow size distribution.
.3. Effect of additives at pH 5.6

The effect of different additives on the precipitated zinc oxide
as been studied at low pH (pH = 5.6). Fructose, HPMC, PVP

ous species in the reaction mixture at 90 ◦C depending on NaOH concentration
h dominant species.
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000 and PVP 40,000 had no significant effect on morphology
r crystallite size. Weight loss measured by TGA showed that
nly a small amount of these polymers are adsorbed at the sur-
ace of the material (<9 mg/g of powder). They led to a small
ncrease in the dv50 up to 300–400 nm. For all these materials,
he narrow PSD was conserved (span < 1), and the Fagg remained
ow between 2.2 and 2.8. Fructose and HPMC belong to the car-
ohydrates, and are widely used to stabilize drug suspensions
y adsorption via hydrogen bonding.26,27 Polyvinylpyrrolidone
as chosen as a non-ionic polyelectrolyte. It is used as a stabi-

izer to prevent agglomeration in coating latex or silica colloids
ith metal,28 and can also stabilise ceramic, metallic and drug

uspensions by forming hydrogen bonds.26,29,30 The precipita-
ion of zinc oxide was not affected by such polymers, because
here is little interaction with ZnO surface.

In contrast, SDS, Dispex A40 and PAA 2000 led to a decrease
f the dv50 which was also qualitatively observed in SEM
icrographs. They also presented a lower Fagg around 1.5 and

onserved a very narrow PSD (span around 0.8) whereas the
BETs increased significantly. It has been recently shown by
FM analysis that carboxylic groups (COO−) have a prefer-

nce for adhesion on zinc-terminated ZnO faces, such as the
0 0 0 1) surface.31 At the pH of the reaction (pH = 5.6), PAA is
artly dissociated (∼35%).32 The carboxylic groups may prefer-
ntially adsorb on the (0 0 0 1) face to inhibit the crystal growth
n the direction of the c-axis, which is the natural preferential
rowth direction. This explains that the crystal growth, as well
s the agglomeration, is limited in the presence of PAA 2000
nd Dispex A40. The difference between these two polymers is
he molecular weight (Mw = 2000 for PAA 2000, Mw = 10,000
or Dispex A40). It seems that PAA of smaller size has a
reater effect on the crystal growth inhibition. This has also
een observed for the crystal growth of gypsum where Mw 2000
eems to be an optimum molecular weight.33 This may be due
o a more efficient adsorption and higher surface coverage of the
nO particles.

SDS is an anionic surfactant with sulfate head groups (SO4
−),

uch groups could act in the same way as carboxylic groups.
he small length of its molecular chain compared to PAA 2000
nd Dispex A40 could allow it to adsorb quicker and in higher
mounts, leading to smaller particle sizes as shown by dv50, and
BET after heat treatment.

The ZnO powders produced using the anionic additives show
igh quality and should prove to be excellent powders for pro-
essing and sintering of zinc oxide ceramics. The next step to
ulfil this promise is to produce larger quantities of powders
∼100 g) using the SFTR technology which allows scale up of
uch batch methods without loss of powder quality.34

.4. Effect of PAA in basic conditions

As PAA 2000 had a significant influence on the ZnO nanopar-
icles precipitation, two more syntheses were made in basic

onditions (pH = 11.2 and 12.5), by adding higher amounts of
aOH. In these conditions PAA is fully dissociated, thus we

xpected a higher growth limitation by a higher adsorption rate
t the surface of the particles. Nevertheless the results showed
Ceramic Society 30 (2010) 591–598 597

hat in basic conditions the particles presented a completely dif-
erent morphology: a “flower-like” morphology with particle
izes in the micrometre range (Fig. 3(i) and (j)). The crystallite
ize of the material synthesized at pH 12.5 was higher than for
he other syntheses, but remained in the nanometre range (41 nm
long [1 0 0] and [0 0 2]). The SBET was smaller (2.9 m2 g−1)
nd corresponding dBET and dv50 were not reliable, as the mor-
hologies were too far from the spherical assumptions made in
hese two models.35 The weight loss measured by TGA was low
1.1%) indicating that little or no polymer was adsorbed at the
urface.

In these basic conditions Zn(OH)4
2− is the major dissolved

pecie (see Fig. 5, and Eq. (5) and (6)). Considering the pre-
ious observations, a preferential adsorption of Zn(OH)4

2− on
he (0 0 0 1) positive surface of the crystal occurs, leading to a
referential crystal growth along the c axis to form the “flower”
hape, and not to the expected inhibition through PAA adsorption
n the same surface. This can probably be attributed to kinetic
ffect where the PAA is too “slow” compared to the molecu-
ar Zn(OH)4

2− species. With a lower initial concentration of
aOH, the crystal growth was lower, leading to a lower aspect

atio in ZnO[PAA-0.22] than in ZnO[PAA-1.5], as observed in SEM
ictures.

. Conclusions

Pure and crystalline zinc oxide was successfully synthesized
sing mild hydrothermal conditions (90 ◦C) with 30 min of age-
ng. The final powder presents nanometric particles with very
arrow size distributions (span < 1). The size and morphology
f the precipitated ZnO can be tuned with the addition of poly-
ers, or by modifying the pH. The anionic additives PAA 2000,
ispex A40 and SDS reduce the final particle size and degree
f agglomeration by an assumed preferential adsorption on the
0 0 0 1) positive surface, leading to non-agglomerated nanopar-
icles (around 100 nm) with a narrow size distribution. These
eatures make these materials very interesting for further appli-
ations in electronic devices, and should allow a high density
fter sintering. By conducting the synthesis in basic conditions
he morphology was modified towards a flower-like shape, with
n aspect ratio of the primary particles increasing with the pH.
his characteristic could be exploited to form nanorods in a fast
nd easy way at high production rates.
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