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Abstract

Zinc oxide nanoparticles with different sizes and shapes have been synthesized in polyol using a
bottom-up approach. We have studied the scale-up of the process to massively produce high qual-
ity nanoparticles of controlled size and shape. The scale-up strategy required the effective mixing
of reagents using either axial or radial mixing configurations and was experimentally validated by
comparing structural properties of particles obtained in a small and a large size reactor. In addi-
tion, the flow patterns in these reactors have been calculated using three-dimen- sional turbulent
computational fluid dynamics (CFD) simulations. Our results indicate a strong connection be-
tween the flow patterns, as obtained by CFD simulations, and the size and shape of the particles.
Actually, our pilot scale reactor allowed producing sample aliquots of ~50 grams with nanopar-
ticle sizes ranging from 8 nm to 600 nm and aspect ratio varying from 1 (nanospheres) to 20 (na-
norods). After their synthesis, these two nanoparticle classes have been tested as building blocks
in D149-dye-sensitized solar cell (DSSC). The measured power conversion efficiency (PCE) was
4.66% for nanorods shaped particles and 4.21% for nanospheres. These values were significantly
higher than the 3.90% PCE obtained with commercial Degussa VP20 ZnO nanoparticles.
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1. Introduction

There is a crucial need to develop reliable growth techniques capable of yielding high purity semiconducting
nanomaterials with controlled size and morphology in industrial quantities to incorporate them in solar energy
devices. Indeed, solar energy is considered to be the carbon-neutral primary source of energy and the ultimate
solution to reconcile energy and environmental challenges. In this direction, Dye-Sensitized Solar Cells (DSSC)
based on oxide semiconductors and organic dyes have emerged as promising cheap alternative to efficient solar-
energy conversion [1]-[11]. Indeed, DSSC can generate power from extremely weak indoor lights and is less
dependent on the angle of incident lights. Since the pioneering work performed by Gratzel’s group in the 90s,
the most widely employed DSSC photoanodes have been based on nanocrystalline TiO, films sensitized by Ru-
complexe dyes. Zinc Oxide is an interesting alternative to replace TiO, since it exhibits a unique combination of
potentially interesting properties such as high bulk electron mobility and a very rich variety of nanostructures
based on a very wide range of synthesis techniques. Indeed, ZnO exhibits significantly higher electron mobility
(200 cm?V s in comparison with TiO, (0.1 - 4 cm®V *s) [4] [7]. Better electron transport must result in
more efficient electron collection and higher efficiency. In addition, the zinc oxide occurs in a very rich variety
of structures and offers a wide range of specific surface area necessary to adsorb organic dye molecules. ZnO
can be easily grown as nanostructured films and various nanostructures have been described in the literature
[12]-[19]. In addition, the synthesis of highly crystalline ZnO layers at low temperature has been performed by
several techniques compatible with substrates that do not tolerate heat treatments. Therefore, semi-conducting
material could be deposited on flexible substrates based on polymers such as polyethylene permitting lightweight,
flexibility, and low cost.

However, in spite of the huge amount of literature produced in the past few years, the reported efficiencies of
Zn0-based solar cells are still far from their TiO, counterparts. The maximum achieved power conversion effi-
ciencies for TiO, are actually ~13% [20] with very high stability. This performance is reported up to 7.5% for
ZnO [21]. The origin of this striking difference in performance is attributed to the factors affecting light absorp-
tion and electron injection, as well as the transport and recombination rates in the operating device. Mechanisms
of electron injection and dye regeneration across the oxide/dye/electrolyte system have been recently studied by
Idigoras et al. [22].

Up to now, many approaches have been employed to fabricate zinc oxide powders. The chemical methods
such as hydrothermal synthesis [23], sol-gel reaction [24], micro emulsions growth [25], require rigorous mani-
pulations of the reaction conditions and high-temperature of calcination [26] [27] to obtain well-crystallized par-
ticles, which may limit the applications of this material.

In this work, the polyol process has been used to produce zinc oxide nanoparticles. Due to its simplicity and
versatility, the polyol-mediated route is an interesting bottom-up process proposed for the synthesis of different
metal and oxide nanomaterials and has been recently reviewed by Brayner and Fievet [28]. The polyol process
was first developed to produce finely divided metallic powders and was patented in 1985 [29]. Due to their hy-
drogen bonds and relatively high dielectric constant, polyols act as solvents that can dissolve the majority of in-
organic precursors as metallic salts. In addition, due to their chelating properties, polyols can also play a role in
coordinating solvents, complexants, and surfactants that adsorb on the elementary particle surface during growth,
thus preventing their agglomeration. These materials also allow two competitive chemical reactions to occur:
reduction and forced hydrolysis. If water is absent in the medium, reduction is favored, and metal can be ob-
tained starting from dissolved metal salts. The presence of water forces the hydrolysis, which leads to the forma-
tion of hydroxides and oxides [30]. At the laboratory scale, this method already permitted the rigorous control of
the size and shape of such nanomaterials as zinc oxide nanoparticles via adjustment of the reaction stoichiome-
try, i.e., hydrolysis ratio and basicity [31]. Nevertheless, other parameters such as the efficiency of mixing rea-
gents, could also affect the particle size distribution, especially in highly viscous polyol media and fast and irre-
versible precipitation reactions. Indeed, contrary to the mixing of gases which is entirely ensured by molecular
diffusion, even at low Reynolds numbers, rapid mixing is necessary for the liquid phase due to the small diffu-
sion constants in liquids. After mixing of reagents, precipitation is the result of several mechanisms, i.e. nuclea-
tion, growth, and secondary processes such as agglomeration and ripening. Nucleation is the formation of a solid
phase from the liquid. This process occurs when a critical number of molecules join together to form a thermo-
dynamically stable aggregate that grows into larger particles via precursor addition. Nucleation and growth are
competing phenomena because both steps consume precursor molecules, and therefore, particle size is the result
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of this competition. Notably small particles are produced by high nucleation rates, whereas large particles are
produced by low nucleation rates. Hence, because mixing and reaction are connected, the manner in which rea-
gents are mixed can significantly influence the final particle size distribution.

This work presents a scaling-up strategy to produce zinc oxide semi-conducting nanoparticles with controlled
properties by the polyol synthesis process. The reactions were first conducted in a laboratory-scale batch stirred
reactor to produce nanosphere and nanorod particles. Then, the process was scaled-up with the aim of maintain-
ing the production of nanoparticle with similar characteristics. Dye-sensitized solar cells (DSSCs), built with
ZnO nanospheres and nanorods, were then realized. Their power conversion efficiencies were measured and
compared with cells based on a commercial ZnO powder.

2. Experimental
2.1. Nanoparticle Preparation

Zinc oxide particles were prepared by extrapolating two different stoichiometric conditions from the laboratory
scale reactor leading to either a nanosphere (NS) or a nanorod (NR) morphology. These syntheses were per-
formed in the small-scale reactor (experiment Z; for NS and Z, for NR) and in the pilot scale with either an axial
mixing (experiment Z; for NS and Z, for NR) or a radial mixing (experiment Zs for NS and Zg for NR). To vary
the mixing behavior inside the pilot scale reactor, straight paddles were used for the axial configuration, while a
Rushton turbine with six equally spaced blades permitted to generate radial flows. Nanoparticles were obtained
from zinc acetate dihydrate [(Zn(OAc),-2H,0)], sodium hydroxide [NaOH] and diethylene glycol (DEG)
[O(CH,CH,0H),] purchased from Sigma-Aldrich. Distilled water was added to adjust the hydrolysis ratio, and
ethanol and acetone were used for washing and cleaning the nanoparticle products. All chemicals were of ana-
lytical grade and were used without further purification. To control the reaction stoichiometry, we defined the
metal concentration in the polyol solution as z = [Zn®*] mol. L ?, the alkaline ratio as b = nyaon/Nzn2+ and the hy-
drolysis ratio as h = nyo0/Nzn0+, Where Nyaon, NH2o and Nz, are the number of moles of sodium hydroxide, water
(including those of zinc acetate dihydrate) and zinc precursor, respectively. The z, b, h values, as well as the
temperatures used in this study and the observed morphology for small and large scale reactors are summarized
in Table 1.

At the large pilot scale, the synthesis was achieved in a 4.5 L stirred and jacketed glass batch reactor with an
internal diameter of 150 mm, a double jacket and equipped by a paddle or a Rushton turbine stirrer as shown in
Figure 1. In addition, the external reactor surface was insulated from ambient conditions, making the reactor
nearly adiabatic. Compared with the small laboratory-scale system (inset Figure 1), this configuration was de-
signed to improve heat exchange in the reactor, thereby minimizing heat loss because the surface-area-to-volume
ratio decreases with volume. The stirrer paddle was powered by a 50-watt motor (Heidolph RZR 2021) with a
digital display and a speed range of 40 to 2000 rpm. Oil was circulated through the reactor jacket from a Julabo
PrestoLH40 cryo thermostat unit. The internal reactor temperature was measured using a Pt100 thermometer.
This parameter was precisely controlled using a self-optimizing controller (ICC-Intelligent Cascade Control)
operating in a wide working range from 228 K to 523 K to enable rapid heating and cooling as well as tempera-
ture stability.

Table 1. Experimental conditions for ZnO nanoparticle synthesis in small and large scale reactors.

Sample z b h Temperature (K) Morphology Scale
Z; 0.5 4 20 399 Nanosphere Small
Z, 0.5 0 5 434 Nanorod Small
Zs3 0.5 4 20 399 Nanosphere Large with straight paddles
Z4 0.5 0 5 429 Nanorod Large with straight paddles
Zs 0.5 4 20 396 Nanosphere Large with Rushton turbine
Zs 0.5 0 5 427 Nanorod Large with Rushton turbine
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Figure 1. Large versus small (inset) scale reactors
photographies.

2.2. Nanoparticle Characterizations

The as-prepared powders were structurally characterized using an X-ray diffraction (XRD) INEL diffractometer
with Cu-Kal radiation. The nanocrystallite sizes were calculated using Scherrer’s equation. The measurements
of individual nanoparticle size were performed from transmission electron microscopy (TEM) pictures coupled
with the Image J image analysis software. A statistical analysis was performed on at least 100 nanoparticles
from several TEM images. The morphology of the powder was studied by scanning JEOL2011 TEM operating
at 200 keV. Quantitative high resolution (HRTEM) analyses of single zinc oxide nanoparticles were also per-
formed using a JEOL JEM-ARMZ200F electron microscope. This microscope combined a cold field emission
gun and an aberration corrector on the objective lens [32].

2.3. Solar Cell Preparation and Characterization

The dry ZnO nanoparticle powder was mixed with ethanol, ethyl cellulose and terpineol to form a viscous paste.
This paste was deposited onto a Fluorine-doped SnO, (FTO) coated glass substrates by doctor-blading. The
layer was then dried and annealed at 410°C for 30 min. The film layer thickness was optimized according to a
protocol described in detail in [33]. The oxide film was subsequently sensitized for 2 hours in a solution of 0.5
mM D149 dye (Chemicrea) plus 1 mM of octanoic acid (Aldrich). The cells were assembled as described in [33].
The 1-V curves were then recorded by a Keithley 2400 digital sourcemeter, using a 0.01 Vs * voltage sweep rate
under one sun illumination with a solar simulator (Abet Technology Sun 2000) filtered to mimic AM 1.5G con-
ditions. The power density was calibrated at 100 mW-cm2.

3. Results and Discussion

After synthesis, the samples were centrifuged, washed in alcohol and dried at 333 K. The large pilot reactor al-
lowed the production of ~50 grams of sample aliquots. The TEM pictures of the samples Z; to Zg are shown in
Figure 2. From the image analysis, we conclude that the extrapolation of the synthesis conditions from the small
to the large reactor was successful. In addition, by varying the stoichiometric conditions, the expected morphol-
ogy was found. Increasing the alkaline ratio b and the hydrolysis ratio h favors the formation of spherical par-
ticles as shown by samples Z;, Z; and Zs. Whereas decreasing both of these parameters leads to nanorod shaped
particles (samples Z,, Z, and Zg). Indeed, the relative growth rates of the ZnO crystal facets are very sensitive to
the OH-concentration in the reactor. This parameter could be stoichiometrically adjusted by choosing the appro-
priate h and b parameters thereby controlling the final shape and size of the crystal. To further confirm that the
nanoparticles consist of zinc oxide, X-ray diffraction data were collected and displayed in Figure 3. Table 2
summarizes the nanoparticle size characteristics determined from TEM and XRD analyses. The XRD crystallite
sizes, calculated from Scherrer’s equation, are similar to those obtained from TEM analysis, indicating that the
nanoparticles are fairly single crystalline. The lattice constants of zinc oxide hexagonal wurtzite mostly range
from 3.247 to 3.286 A for the a-parameter and from 5.204 to 5.241 A for the c-parameter. The magnified high
resolution TEM views of individual nanorod (Figure 4(a)) and nanosphere (Figure 4(b)) revealed perfect single
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Figure 2. TEM images of the various studied ZnO nanoparticles prepared in po-
lyol medium.
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Figure 3. XRD patterns of the ZnO nanoparticles.

Figure 4. High resolution TEM images of individual ZnO nanoparticles. (a) Na-
norod issued from the pilot reactor (Z4) (The insert is a selected area electron dif-
fraction pattern of the image obtained from Fourier transformation) and (b) ZnO

spheres Z.
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Table 2. Zinc oxide nanoparticle sizes obtained from TEM and XRD analysis.
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crystalline zones and a preferred growth direction along the c axis in the case of the naorods (Figure 4(a)).

The spot electron diffraction pattern of the image obtained from Fourier transform analysis and inserted in
Figure 4(a) demonstrates the single crystalline nature of the ZnO materials. Some stacking faults regularly
spaced along the revolution axis of the nanorod were also observed. The crystallographic c-axis was parallel to
the stacking direction, and the ZnO nanomaterials grew anisotropically along the (100) plane, which was con-
firmed by the XRD pattern. When viewed along the (010) direction, the lattice spaces of 0.26 nm were ascribed
to the (002) planes of the hexagonal close-packed (hcp) ZnO phase. These features are similar to those obtained
with the laboratory-scale reactor experiment (Z,).

From the analysis of the XRD patterns, the typical object dimensions, perpendicular to the (hkl) plane and
noted Dy, have been determined. They are plotted in Figure 5. For the nanospheres, all the crystallographic
parameters decrease in the following order: Dy small reactor with straight pale > Dy large reactor with straight
pale > Dy large reactor with Rushton turbine. For the nanorods, the Dyg, parameter, representing the length of
the nanorod, decreases in the same manner.

The nanorods are shorter for the syntheses with the Rushton turbine. However, for the large reactor, the use of
a Rushton turbine increases the Dygo and D119 parameters suggesting an increase in diameter. Assuming the same
rate of nucleation, this result can be explained by the mass conservation. In order to compare the flow structure
in the three reactors, the spatial distribution of the velocity, the Reynolds number and the rate of turbulent ener-
gy dissipation were simulated using the standard k-¢ turbulence model, implemented in ANSYS Fluent. This
tool uses a finite volume method to calculate the flow and the diffusion in three spatial dimensions. The three
dimensional geometry was created using ANSYS Design Modeler and the mesh was generated using ANSYS
Meshing application. The impeller rotation was modelled using the Multiple Reference Frame (MRF) approach,
where the computational grid comprised two meshes: an inner rotating volume enclosing the impeller and an
outer stationary volume forming the rest of the reactor and separated by an interface. The interface was defined
by the program as an imaginary section to provide the interaction between the rotating and stationary frame. The
fluid velocity profiles v, the Reynolds number (Re) and the rate of turbulent energy dissipation ¢ are given in
Figure 6. From the velocity profiles, we can note the difference in the flow behavior that is axial with the
straight paddle and radial for the Rushton turbine. This flow structure affects the residence time of the species in
the turbulent zone. For the axial flow, the fluid undergoes downward around the axis and upwardly close to the
walls. This causes the development of a circulation loop. For the radial flow, two circulation loops are devel-
oped. A small loop is observed under the paddle and a large one above it. Regarding the Reynolds number, spa-
tial distribution is more homogeneous in the case of the Rushton turbine. From Figure 6, we can notice that the
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Figure 5. Characteristic ZnO nanoparticle dimensions in the three main directions obtained
from XRD and grouped by classes of morphologies.
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Rushton turbine provides the best spatial distribution of the dissipation rate of turbulent energy ¢ also the best
spatial distribution of ¢ and can be recommended for the scaling-up of the synthesis of small ZnO nanoparticles.
On the other hand, the straight paddle can be used for the synthesis of thin and long nanorods.

To illustrate the concept of the integration of these zinc oxide nanoparticles in DSSC, those issued from expe-
riments Z; and Z, were used to prepare porous semiconductor layers with similar dye loadings. The cell I-V
curves measured under one sun calibrated light are plotted in Figure 7(a), and the cell characteristics are sum-
marized in Table 3. The measured power conversion efficiency was 4.66% for the nanorods and 4.21% for the
nanospheres. These values are much higher than 3.90% obtained with Degussa VP20 commercial ZnO nanopar-
ticles (Z) with a mixed shape between nanorods and nanospheres and 20 nm mean size. The best measured
power conversion efficiency was achieved with the nanorods. This is probably due to their high surface structur-
al quality as shown by Figure 4(a) that favors the dye anchoring and to their larger induced packing pores as
schematically presented in Figure 7(b). Larger pores promote the sensitization by the dye, facilitate the penetra-
tion and filling of the porous layer with the cell electrolyte solution and redox species diffusion and are finally
beneficial for the device performances.

4. Conclusions

As a conclusion, polyol process is a bottom-up assembly method that is powerful for creating engineered struc-
tures with atomic precision and few defects. This study demonstrates that it is possible to reproduce at larger
scale the conditions for forced hydrolysis reaction leading either to nanospheres or nanorods. We can note that
the synthesis of all the intermediate sphero-cylindrical systems is also possible by an appropriate choice of the
reaction conditions. For the limit cases of spheres and rods, we performed the scaling-up with sample aliquots of
~50 grams. In academic context, this is useful to elaborate fairly homogenous samples issued from the same
batch.

The high viscosity of the polyol medium decreases mass transport and reaction kinetics. To avoid this nega-
tive effect, mixing systems must be optimized to facilitate the reactions by the appropriate choice of the local

Table 3. J-V curve parameters of photovoltaic cells (AM1.5G 100 mW-cm 2 illumination).

Sample Voc Jsc FF 7 (%)
Z 0.540 10.5 69.8 3.90
Z; 0.554 10.5 72.4 421
Z; 0.547 12.7 66.9 4.66

J(Am-em?)

- == 7 -dark

Z, - dark
-6 [ ===k 7
-9 N . . . ; A nanorods
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)
(@) (b)

Figure 7. (a) I-V curves of DSSCs measured under one sun and in the dark. (b) Random
packing view of spherical and cylindrical systems.
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dissipated energy. Consequently, in addition to the stoichiometric parameters, it is possible to control local syn-
thesis conditions by simply choosing the mixing system. For zinc oxide, Rushton turbine provides shorter nano-
particles, whereas straight paddles enhance shape anisotropy. This result confirms the strong relationship be-
tween the flow patterns and zinc oxide growth habit, supporting the hypothesis that the precipitation of nanopar-
ticles requires high mixing intensity. CFD calculations have facilitated the depiction of the turbulent flow pat-
terns in our reactors and energy dissipation under different impeller geometries, providing a better picture of the
mixing efficiency in the reaction vessel. Finally, to illustrate the use of these nanoparticles of zinc oxide in
DSSC, two classes of high quality nanoparticles with nanosphere and nanorod shapes have been tested. We have
confirmed the significant effect of the nanoparticle morphology on the power conversion efficiency and demon-
strated the importance of controlling the particle shape and properties for such an application. These mass syn-
thesized nanoparticles are promising for further applications in photovoltaics and other fields.
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