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a  b  s  t  r  a  c  t

WO3 colloidal  suspensions  obtained  through  a  simple  sol–gel  procedure  were  subjected  to a controlled
temperature  aging  process  whose  time  evolution  in  terms  of  particle  mass  and  size  distribution  was
followed  by  sedimentation  field  flow  fractionation  (SdFFF)  and  flow  field  flow  fractionation  (FlFFF).  The
experiments  performed  at  a  temperature  of 60 ◦C showed  that  in  a few  hours  the  initially  transparent
sol  of  WO3 particles,  whose  size  was  less  than 25  nm,  undergoes  a progressive  size increase  allowing
nanoparticles  to  reach  a  maximum  equivalent  spherical  size  of  about  130  nm  after  5  h. The  observed
shift  in  particle  size  distribution  maxima  (SdFFF),  the  broadening  of the  curves  (FlFFF)  and  the  SEM–TEM
observations  suggest  a mixed  mechanism  of growth-aggregation  of  initial  nanocrystals  to form  larger
particles.  The  photoelectrochemical  properties  of  thin  WO3 films  obtained  from  the  aged  suspensions
at  regular  intervals,  were  tested  in  a  biased  photoelectrocatalytic  cell with  1 M H2SO4 under  solar  simu-

lated  irradiation.  The  current–voltage  polarization  curves  recorded  in  the  potential  range  0–1.8  V (vs.  SCE)
showed  a diminution  of  the  maximum  photocurrent  from  3.7 mA  cm−2 to  2.8  mA  cm−2 with  aging  times
of  1  h  and  5 h,  respectively.  This  loss of  performance  was  mainly  attributed  to  the  reduction  of the elec-
troactive  surface  area  of the sintered  particles  as  suggested  by the  satisfactory  linear  correlation  between
the integrated  photocurrent  and  the  cyclic  voltammetry  cathodic  wave  area  of  the W(VI)  →  W(V)  process
measured  in  the  dark.
. Introduction

Tungsten trioxide (WO3) is an indirect band gap semiconduc-
or with interesting photoelectrochemical properties such as its
eversible color change upon absorption of light and in response to
n electrically induced change in oxidation state. WO3 has poten-
ial applications for solar energy and electrochromic devices [1–3],
esides being one of the best candidates for gas sensing [4].  WO3

s also a novel purificatory ecomaterial suitable for application in
nergy renewal, energy storage and environmental cleanup. Con-
iderable attention has been recently drawn to WO3 thanks to
ts high efficiency in photocatalytic degradation of organic com-
ounds, including a large fraction of environmental toxins [5].  WO3
lms can be used for the fabrication of smart windows, electronic
isplays, sunroofs, rear and side view mirrors [6].  Nanocrystalline
O3 thin films can be also used as high performance photoanodes
or water photoelectrolysis [7–10].
Numerous electrochemical and chemical techniques were used

or the preparation of WO3 thin films such as WO3 electrodepo-
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sition from aqueous peroxytungstic acid solutions, potentiostatic
anodization of W plates, reactive sputtering, plasma-enhanced
chemical vapor deposition (PECVD), spray pyrolysis, pulsed spray
pyrolysis, vacuum thermal evaporation of WO3 powder, reactive
sputtering of metallic tungsten and deposition through sol–gel pro-
cedure [11–12, and references therein].

Since the first cheap and easy sol–gel synthesis of elec-
trochromic WO3 in 1984 [13], where colloidal tungsten oxide was
obtained via the condensation of tungstic acid in aqueous solu-
tions, most of the methods have been optimized for the synthesis
of nanometer particles, such as the production of microemulsions
that contain surfactant, oil, water and sometimes co-surfactant [1].

Although the quality of the films is generally good, some
WO3 thin films may  be amorphous or polycrystalline depend-
ing on colloid preparation conditions, deposition temperature
and, in particular, post-deposition annealing treatments. Since the
nanocrystalline materials exhibit different physical and chemical
properties compared with conventional coarse-grained structures
[1], in the last ten years, there has been an increasing interest

in their study. Furthermore, since the current–voltage behavior
of the photoanodes is strongly affected by the crystal size, the
nanoparticle aggregation and the thickness of the photoactive
layer, understanding and improvement of the film properties call

dx.doi.org/10.1016/j.chroma.2010.11.061
http://www.sciencedirect.com/science/journal/00219673
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or a better knowledge of their morphological and structural char-
cteristics [14].

Different techniques can be used to obtain WO3 particle size
nformation and these are usually divided into separation and
ulk techniques. The former group includes chromatographic,
lectrophoretic and field flow fractionation (FFF) techniques
hereas advanced microscopy techniques, such as scanning elec-

ron microscopy (SEM), transmission electron microscopy (TEM),
tomic force microscopy (AFM), and light scattering based tech-
iques are found in the latter.

The microscopy techniques have the potential risk of modifying
he aggregate structure during the handling or biasing aggre-
ate orientation on a slide; the environmental scanning electron
icroscopy (ESEM) or wet scanning electron microscopy (WetSEM)

an only overcome some limitations caused by sample preparation
e.g., drying) that could produce sample alteration or imaging arti-
acts. Although the techniques based on the static and dynamic light
cattering principles [15,16] are powerful in situ characterization
ools, able to rapidly provide accurate results they have only been
eveloped for particle populations with a high level of monodis-
ersity and size measurements are dependent on the knowledge
f different physical properties that can be difficult to determine.

The advantages offered by the separation methods, especially
y the FFF techniques [17], are mainly due to their non-disruptive
ature: the colloids are separated according to their size or mass in

 dispersed state (liquid phase) so that the derived particle size dis-
ributions (PSDs) should be more reliable than those obtained from
ulk observations or under high vacuum conditions. Moreover, spe-
ific detectors, such as those based on light scattering, could be
asily coupled on-line [18,19] in order to achieve a more complete
escription of the chemical–physical sample properties.

In this work, WO3 thin films were prepared by coating con-
uctive glass with a colloidal suspension of nano- and micro WO3
articles achieved by a patented synthetic method [20], in which
EG-BAE and Triton X-100 were used as surfactants. This method,
erived from [21], allows to create WO3 nanoparticles of about
0–30 nm,  whose size evolves spontaneously with time when the
olloidal suspension is left to age. In a previous work, WO3 col-
oids, prepared with the same procedure, were employed to make
hin films used as photoanodes [22] without paying attention to the
ime elapsed from the colloid synthesis and the film preparation.

A controlled heating of the WO3 colloidal precursor at constant
emperature (40 and 60 ◦C) was carried out for 3 or 5 h in order
o investigate the aging effects of the WO3 suspension for the first
ime in this study. After fixed intervals, the suspension aliquots
ere withdrawn to make the photoanodes. At the same time, a
ortion of the collected aliquots was properly diluted and analyzed
hrough sedimentation FFF (SdFFF) and flow FFF (FlFFF) in order to
btain suspension particle size information [17,23,24] during the
olloid growth. The SdFFF was chosen because it provides direct and
bsolute information on the effective mass of particles or aggre-
ates whereas the FlFFF was selected because it separates particles
ccording to their diffusion coefficient which can be related to their
ydrodynamic diameter. The size results were supported by SEM
nd TEM observations.

The electrochemical and photoelectrochemical properties of the
hotoanodes were measured through current–voltage (JV) polar-

zation curves and linear sweep cyclic voltammograms (CV).

. Experimental
.1. Reagents

The following chemicals were used, as received, for the
reparation of WO3 colloids and films: sodium tungstate dihy-
gr. A 1218 (2011) 4179– 4187

drate Na2WO4·2H2O (Riedel de Haën), hydrochloric acid 37%
(Sigma–Aldrich), oxalic acid dihydrate (Fluka), polyethyleneglycol
bisphenol A epichlorydrin copolymer 15,000–20,000 Da (PEG-
BAE, Sigma), Triton X-100 (Fluka) and sulphuric acid 95–97%
(Sigma–Aldrich).

Polystyrene standard samples: PS nanosphere with nominal
diameter of 46 nm ± 2.0 nm (Duke Scientific Co., Palo Alto, CA,
USA) and 25 mg  mL−1 Polystyrene Nanosphere (PPs-0.1, G.Kisker
GbR Produkte f.d.Biotechnologie, Steinfurt, Germany) with nomi-
nal diameter of 96 nm;  the commercial suspensions were diluted in
the carrier solution prior to their use to check the FFF instruments.

Ultrapure deionized water (18 M� cm)  obtained from the MilliQ
Water purification system (Milli-Q system, Waters Corp., Milford,
MA,  USA), was used throughout the experiments.

The transparent conductive glass substrate used in the prepara-
tion of photoelectrodes was Fluorine doped Tin Oxide (FTO), TEC 8
8 �/� from Hartford Glass.

IsoporeTM membrane filters (VCTP, size pore 0.1 �m,  Millipore)
were used for the SEM observations.

2.2. Preparation of WO3 colloids

In a typical preparation, 2.5 g of Na2WO4·2H2O were dissolved
in 100 mL  of ultrapure deionized water in a 250 mL  Erlenmeyer
flask. 20 mL  of concentrated HCl were rapidly added, to this solu-
tion, under magnetic stirring, by means of a 25 mL  burette. The
resulting turbid yellow suspension of tungstic acid was  poured
into a 100 mL  centrifuge tube and the collected gel was thoroughly
washed three times with 30 mL  portions of pure water. The wet
gel (typically about 11 g) was then peptized in a solution of 2 g
of oxalic acid dihydrate (Mw  = 126.1 g mol−1) dissolved into 5 mL
deionized water and maintained at 60 ◦C on a hot plate and its final
concentration was about 1.5 M.  The resulting transparent colloidal
suspension was  added with 20% of its weight of PEG-BAE (∼3.6 g)
at room temperature. Nine drops of Triton X-100 from a pasteur
pipette ∼0.18 mL)  were finally added to the viscous suspension
[20].

Controlled aging of the WO3 suspension was  accomplished in
a 10 mL  glass vial suspended in an ethylene glycol bath, heated
continuously for 5 h, under vigorous stirring. The heating bath was
brought to the desired temperature by means of an IKA RCT basic
hot plate and maintained at 40 or 60 ◦C (±1 ◦C) with an IKA ETS-D4
electronic contact thermometer.

2.3. Preparation of WO3 films

WO3 photoelectrodes were prepared by spreading (scotch tape
method) the colloidal precursor with a finely grounded edge glass
slide onto FTO substrates previously cleaned and rinsed with deion-
ized water and ethanol and finally dried at room temperature. A
typical photoelectrode size was  4 cm × 2 cm with a 2.5 cm × 1.4 cm
WO3 coated area and 1.5 cm on top for electric contact.

The resulting films were dried in air at approximately 100 ◦C
before firing at 550 ◦C in air for 30 min. After sintering, the photo-
electrodes were immersed for 1 h in 1 M H2SO4, rinsed with plenty
of deionized water, dried under a warm airflow and then fired again
at 550 ◦C for another 30 min.

2.4. Sedimentation FFF equipment

The sedimentation FFF system Model S-101 particles/colloid
fractionator (Postnova Analytics, Landsberg/Lech, Germany) was

employed and its description is reported in detail in Refs. [25,26].

The carrier solution was Triton X-100 0.1% (v/v); the volumet-
ric flow-rate was set at Q = 2.00 mL  min−1 and measured during
each run. The SdFFF rotations set to perform the fractionations,
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Table  1
SdFFF power program field decay parameters. Decay law: G = G0((t1 − ta)/(t  − ta))p , p = 8.

Program Initial RPM Applied field G (gravities) Relaxation time (min) t1 (min) ta (min) Final RPM Hold RPM
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B 450 34 5 

long with the correspondent generated fields [27], are reported
n Table 1. After injection, the carrier was stopped for 5 min  (relax-
tion period) to allow the sample to equilibrate under the applied
eld. The SdFFF instrument was controlled by the SPIN 1409 pro-
ram, which also acquired the fractrograms; the registered data
ere processed by FFF ANALYSIS software to convert the retention

imes directly in diameters of the equivalent sphere (ds); both pro-
rams were Windows compatible provided by Postnova Analytics
Germany) along with the instrument.

All fractionations were performed at room temperature (26 ◦C
oom conditioned).

.5. Flow FFF system

The model F-1000 symmetric FlFFF channel (Postnova Ana-
ytics, Salt Lake City, UT, USA) was used to perform the colloid
eparations and the system was extensively described in previous
apers [28,29]. The samples were injected through an 50 �L injec-
ion loop mounted on a Rheodyne 7725i sample valve (Rheodyne
LC, Rohnert Park, CA, USA); the regenerated cellulose (RC) mem-
rane had a nominal cut-off of 10 kDa (UC010 T) (Microdyn-Nadir
mbH -Wiesbaden, Germany). The experimental channel thickness

w = 0.0186 cm)  was computed from the analyses carried out on PS
tandards. The carrier solution was Triton X-100 0.1% (v/v). The vol-
metric flow-rates, longitudinal QL and cross Qc respectively, were
pecific for each separation; Table 2 summarizes their values for
he reported experiments.

The outlet tube from the FlFFF channel was connected to the UV
etector Intelligent UV/Vis detector Jasco 875-UV (JASCO Europe
.r.l., Cremella (LC), Italy) with wavelength set at 254 nm.

The QL was stopped for 3 min  (relaxation time) in order to equi-
ibrate the samples with the applied field Qc.

The FlFFF fractograms were converted to particle size distribu-
ions (PSDs) using a software developed in 1990 at the FFF Research
enter (University of Utah, Salt Lake City, UT, USA).

.6. Electrochemical and photoelectrochemical measurements

The electrochemical characterization of WO3 films was  per-
ormed using an a EcoChemie Autolab PGSTAT302N potentiostat.
he irradiation of WO3 photoelectrodes was carried out through
n Abet Technologies LS-150-Xe solar simulator, provided with a
M1.5G filter, whose output was measured through a Newport
918c optical power meter equipped with a 818P-015-18 ther-
opile detector. JV polarization curves and linear sweep cyclic
oltammograms were recorded in 1 M H2SO4 in a three compart-
ent cell, made of Pyrex glass, using a saturated calomel electrode

s a reference and a coiled platinum wire as a counter electrode.
he reference and counter electrodes were both separated from

able 2
olumetric flow-rates applied during the FlFFF analyses.

Time – series at 60◦ QL (mL  min−1) Qc (mL min−1) Qc/QL

0 h 0.505 ± 0.001 0.474 ± 0.003 0.94
1  h 0.469 ± 0.019 0.436 ± 0.029 0.93
2  h 0.498 ± 0.011 0.457 ± 0.014 0.93
3  h 0.505 ± 0.005 0.471 ± 0.035 0.93
4  h 0.486 ± 0.012 0.453 ± 0.012 0.93
5  h 0.500 ± 0.008 0.469 ± 0.006 0.94
10 −80 20 20
10 −80 20 20

the central compartment, accommodating the working photoelec-
trode, by sintered glass frits. The cell was  placed at a distance from
the solar simulator chosen in such a way that the optical power
density on the photoelectrode surface was within the range of
0.2–0.3 W cm−2.

2.7. UV–Vis absorption spectroscopy

UV–Vis absorption and diffuse reflectance spectra of the
deposited films were recorded with a Jasco V570 UV–Vis-NIR
spectrophotometer equipped with a ISN-470 integrating sphere
accessory. The spectral bandwidth was  2 nm for all measurements.

2.8. Other equipments

The vortex-Genie 2 mixer was  purchased from Sigma–Aldrich.
The microson ultrasonic cell disruptor (Model XL2000, Misonix,
Farmingdale, NY) with a 0.48 cm diameter microtip probe was  used
at 50% of the output power (output power 50 W).

The scanning electron microscope (SEM) ZEISS EVO 40 was
used to observe aliquots of the WO3 colloids collected during the
aging procedure by filtering the suspensions on IsoporeTM mem-
branes and the WO3 films, in both cases glued on aluminum
stubs using double-sided sticky tape (TAAB Laboratories Equip-
ment, Ltd., Aldermaston, Berkshire, UK). The accelerating voltage
was 20,000 kV.

The transmission electron microscope (TEM) (Hitachi H-800)
was used to evaluate both size and morphology of the nanopar-
ticles. Usually, a drop of the sample suspension was  deposed on
a copper grid (mesh 150) and let to dry at room temperature
(25 ◦C).

3. Results and discussion

In order to investigate the effects of the WO3 grain size on
the photoelectrochemical performance of the films, the procedure
to prepare the WO3 colloidal suspension [20] was modified, thus
accelerating the spontaneous particle growth which usually occurs
in a few hours at room temperature, by heating the WO3 colloidal
suspension at 40 or 60 ◦C, under controlled conditions (see Section
2). Several series of photoanodes were made by sampling the sus-
pensions after fixed intervals from the vial where the aging process
was conducted and controlled. The aliquots were used “as is” to
make the films and diluted 1:20 with deionized water in order to
obtain their PSD through the FFF analyses. Before being injected
into the SdFFF and FlFFF channels, all the diluted aliquots were
always vigorously stirred for about 1 min  with the vortex.

The FFF separations of the WO3 colloids were carried out in
a 0.1% (v/v) solution of Triton X-100 in order to maintain a con-
tinuity in the chemical composition of the media in which the
WO3 particles were dispersed and since the pH of this solution
(pH = 5.97 ± 0.16 at 26 ◦C) does not allow the dissolution of the
WO3 colloid during the analysis [30]. The weakly acidic pH con-
dition is also likely to allow a negative surface charge of the WO3
colloid, which should minimize the interactions between the FlFFF

membrane and the particles [30].

Some aliquots were analyzed 3 or 4 times to test the repeata-
bility of the FFF results since the mass and size information were
mainly derived from the fractograms; in all cases the results were
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Fig. 1. SdFFF fractograms obtained from the WO3 colloid aliquots sampled every
3 ◦
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Fig. 2. PSDs sequence derived from the fractograms obtained from the WO3 colloid
aliquots sampled every hour from the suspension treated at 60 ◦C. Separation condi-

′ ′ ′
0  min from the suspension treated at 60 C. Separation conditions: applied field = A,
able 1, UV range 0.002; flow rate 2.0 mL  min−1, carrier: Triton X-100 0.1% (v/v). On
he  top, photographs of the photoanodes obtained from the WO3 aliquots.

quivalents so that the figures used in this work usually report only
ne run.

The first set of photoanodes was prepared by using four aliquots
f a WO3 colloidal suspension aged at 40 ◦C and collected after 2, 4
nd 5 h (see Supplementary material §1 for discussion).

From these first experiments, it was deduced that the WO3
uspension thermal treatment at 40 ◦C did not affect the colloidal
rowth, even if some indications about the formation of larger par-
icles was drawn. A higher temperature (60 ◦C) was chosen in order
o accelerate the growing process, and the results are discussed in
he following section.

.1. Aging of the WO3 suspension at 60 ◦C

.1.1. SdFFF size characterization
Fig. 1 reports the SdFFF fractograms of the first series of five

liquots aged at 60 ◦C and sampled every 30 min. The WO3 col-
oidal suspension, initially clear and transparent, became lightly
urbid after 15 min  and this change gradually increased with time;
fter 2 h it turned into a yellowish dense and creamy suspension
see Fig. S3, Supplementary material). The photograph of the films,
hich is on the top of the figure, is reported to show the increasing

pacity of the photoanodes; the last anode was achieved by using
n aliquot collected after 3 h:30 min  of thermal treatment and left
or 24 h at 25 ◦C.

The fractogram related to the first aliquot (t = 0 min) does not
resent any peak but the profile achieved by the aliquot taken after
0 min  presents a small peak at about 15 min  which correspond to
n equivalent spherical particle diameter ds of 30 nm,  automatically
omputed by the Analysis program, if a bulk density of 7.2 g mL−1
s assumed for the WO3 [22,31]. Later on, the fractograms obtained
y the successive aliquots show some peaks, whose position grad-
ally shifts towards higher retention times with a mass increment
ds ∼ 40 nm). It is important to note how these particles are slowly
tions: applied field for the aliquots a –e = A, aliquot “f ” B (Table 1), UV range 0.002;
flow rate 2.0 mL  min−1, carrier: Triton X-100 0.1% (v/v). On the top, photograph of
the  photoanodes correspondent to the six WO3 aliquots.

formed with time; the fractograms of the aliquots “c” and “d” indeed
only differ in the peak area but not for the retention time and later
on the particle mass gradually increases (aliquot “e”). Moreover, it
is worth noting that also in this series, the void time peak is larger
than that one registered for the “blank” solution (not reported in
this figure, see Supplementary material for a comment of it), mean-
ing that the suspension, even if treated at 60 ◦C should still contain
a portion of smaller particles which are not fractionated.

In order to verify the reproducibility of these results, and hold
a broader spectrum of opinions about the mass changes occurring
during a 5 h range other experiments were repeated by keeping the
same heating conditions (60 ◦C). Fig. 2 reports the PSDs, expressed
as ds, derived by the WO3 colloidal suspension, sampled every
60 min and the obtained photoanodes are shown on the top of it.

The signal corresponding to the void peak was omitted to
simplify the graph. The colloidal suspension was  initially trans-
parent (t = 0 min) but after 15 min  became turbid and after 5 h it
was yellow and very dense. A qualitative image of the suspen-
sion increased turbidity over time can be seen in the picture of
the diluted aliquots taken from the suspension during the heat-
ing treatment and reported in Fig. S6, Supplementary material. The
average particle sizes of the equivalent sphere measured by SdFFF
gradually increased from 25 to 130 nm.  Although quantitative mea-
surements were not carried out, it can be easily deduced through an
observation of the area subtended by the peaks that the amount of
large particles formed as a result of the heating treatment increase
with time.
3.1.2. SEM and TEM observations
In order to obtain information about the shape of the WO3

colloidal particles, 50 �L of the diluted aliquots injected in the
SdFFF were further diluted to 3 mL  with deionized water, vigorously
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ig. 3. SEM photographs taken on the WO3 colloid aliquots sampled every hour fro
t  t = 1 h, 72.28 k magnification; (c) aliquot at t = 2 h, 43.88 k magnification; (d) aliqu

ixed, filtered through a 100 nm membrane and observed by SEM,
s shown in Fig. 3. The membrane pore size determines the loss of
articles smaller than 100 nm,  but a substantial amount of them
as still observable in the first aliquot because of the large number

f such particles initially present. Picture (a) shows the colloidal
uspension before the heating treatment. Some particles retained
y the filter are smaller than 50 nm,  although some of them look
s clusters or small agglomerate smaller than 300 nm.  Picture (b)
hows the aliquot after 1 h of heating: the particles smaller than
0 nm are still present and easily recognizable but their tendency
o be distributed in larger clusters is increased compared with the
nitial condition. As time goes by, the amount of retained small
article decreases while the amount of well-defined square plates
hose larger dimensions are about 150–250 nm increases (picture

). These plates are very thin, as it might be deduced by observ-
ng those particles which lie perpendicular to the filter. After 3 h of
ging at 60◦ (d) only aggregates of square plate particles are vis-
ble. Although no particularly significant differences in the single
article size were detected, there was an increased tendency to
orm clusters where the plates overlap with the side of their larger
imensions.

This feature was also confirmed by the aliquots withdrawn after
 and 5 h in which the single crystals seem to reach a limiting size
f 300 nm,  beyond which the aggregation process becomes more
ffective than the particle growth [32]. The increased amount of
arge plates can only be explained by a slow dissolution of the

nitially small particles in favour of the new crystalline particles.

Fig. 4 shows some TEM pictures of the aliquot withdrawn after
 h of heating treatment; a drop of the diluted sample used for the
dFFF analysis was deposited on the copper grid. Picture (a) clearly
 suspension treated at 60 ◦C. (a) Aliquot at t = 0, 64.54 k magnification; (b) aliquot
3 h, 43.88 k magnification.

shows an extended aggregate of square plates and several rounded
particles smaller than 30 nm,  which were not visible in the SEM
picture because they passed through the filters. Pictures (b) and (c)
highlight the typically regular shape of a crystalline material.

The SEM and TEM images show the single WO3 particles as small
square crystals of 150–300 nm diagonal (dp) and a slight thickness
tp, i.e., particles with a high aspect ratio, a.r.,  defined as:

a.r. = dp

tp
(1)

The microscopy observations validate the assumption that the sizes
measured through SdFFF should only be expressed in terms of
equivalent spherical diameter (ds), especially for the analyses per-
formed on the aliquots taken after 1 h of aging.

By assuming spherical and square-base parallelepiped particles
of equal volume (mass) and a constant aspect ratio for all parti-
cles, the ds can be related to the diagonal of the squares dp simply
considering geometrical factors, i.e. such as

ds =
(

3

√
3

� × a.r.

)
dp = const × dp (2)

Aspect ratios of 15–30 for the planar structure were reported in
a recent paper [33]. By assuming that these values also hold true
for these particles, the ds computed by the SdFFF could be related
to the observed dp (see Table 3).
In order to confirm the dp size distribution seen through
SEM/TEM the WO3 aliquots were also analyzed through FlFFF,
which is known to give dimensional information expressed as
hydrodynamic sizes dh, close to the dp values.
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Fig. 4. TEM photographs taken on the WO3 colloid aliquot sampled after 3 h o

.1.3. FlFFF size characterization
Fig. 5a reports the FlFFF particle size distributions of the same six

O3 aliquots described in Fig. 2. The elution profiles of the aliquots
a′” and “f′” are reported on the top of the figure (plot b). The frac-
ograms allow to highlight (i) the shift of a first peak from the void
ime, (ii) the increased intensity of the broad signal between 15 and
0 min  and (iii) the increased signal intensity of the post-analysis
eaks, exiting when the cross-flow is stopped.

The PSDs present a first peak which initially overlapped com-
letely with the void peak, due to particles of hydrodynamic size
maller than 50 nm.  The rectangular zone in light gray, empha-
izes that these data should be interpreted with caution, since
he resolution chosen for these analyses (see Table 2) purposely
eglects both the smallest particles whose information can be eas-

ly found in a variety of literature [21,22],  as well as the largest
nes, since the SEM and TEM observations demonstrated they are
ue to particle aggregates. The most interesting part of the PSDs

s the signal spanning between 75 and 300 nm.  The particles con-
ained in all six aliquots are within this size range, although the

rst two aliquots “a′” and “b′” gave a weaker signal compared to
he other four (“c′”–“f′”). The amount of particles with these sizes
orresponding quite well to those observed through SEM and TEM,

able 3
orrespondence between the sizes dp and dh measured through SEM, TEM and FlFFF
nd  the equivalent spherical size ds achievable through SdFFF.

a.r. dp ≈ dh → 50 nm 100 nm 150 nm 200 nm 300 nm

10 ds (nm) 22 44 66 87 130
15 ds (nm) 19 38 58 76 114
20  ds (nm) 18 35 52 70 104
30 ds (nm) 15 31 46 61 91
ting treatment at 60 ◦C. (a and b) 40 k magnification; (c) 120 k magnification.

seems to be constant after the first hour of heating treatment, as if
the growth process leads to a quasi-steady state, where the small-
est particles disappear to form larger particles which, in turn, do
form aggregates.

Moreover, the fractograms (plot b), prove that the number of
aggregates significantly increases with the aging time (see peaks
when the cross-flow is released).

The apparent contradiction of the FlFFF data with the SdFFF
results presented in this section can be explained by looking at the
data reported in Table 3, which summarizes the correspondence
of the dp values which can be best described by the dh, and the
ds values. The first column reports the most probable a.r. values
[33], from which the ds are computed; a ds 70 nm corresponds to
particles with a dp of 200 and an a.r. of 20.

It can therefore be deduced that the SdFFF is able to highlight
the most likely mass, which may  not correspond to a single size,
especially for this type of sample where small aggregates of small
particles may  have the same mass as that of a single large particle.

3.2. Optical properties

The formation of particles of an increasingly larger mean diame-
ter during the controlled temperature aging process, is responsible
for the progressive increase in turbidity and the yellow color which
were found to occur to the WO3 suspensions. Consequently, the
degree of opacity shown by the films made at regular intervals
from the aging suspensions increases, as proven by the diffuse
reflectance spectra shown in Fig. 6 related to the series of pho-

toelectrodes (see Fig. 2) prepared as described above, at 1 h time
periods. The curves are uniformly spaced along the visible part of
the spectrum where WO3 does not absorb and in this region are
due to light scattering from the particles which constitute the films.
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ig. 5. (a) FlFFF PSDs of the WO3 colloid aliquots sampled every hour from the sus
eparation conditions reported in Table 2; carrier: Triton X-100 0.1% (v/v).

elow 450 nm the band gap excitation of WO3 is responsible for the
trong featureless absorption (dashed line, on the left) reported in
ig. 6 (right scale) for the film obtained after 1 h of aging at 60 ◦C.
he cutoff wavelength of the conductive glass substrate is about
50 nm.

.3. Photoelectrochemical characterization

The photoelectrochemical properties of WO3 films were tested
ecording J–V polarization curves in 1 M H2SO4, under solar sim-

lated irradiation, in the potential range 0–1.8 V vs. SCE (Fig. 7).
he photocurrent observed in these photoelectrolysis experiments
nder a voltage sweep at 20 mV  s−1 and an optical power density of
.24 W cm−2 is due to water splitting in which oxygen is evolved at

ig. 6. Diffuse reflectance spectra (left scale) of WO3 films prepared at 1 h time
ntervals from a colloid precursor aged at 60 ◦C (aliquots a′–e′ of Fig. 2). Absorption
pectrum (right scale) of a transparent WO3 film obtained after 1 h of aging (solid
ray line).
n treated at 60 ◦C. (b) FlFFF fractograms of the aliquots “a′” (t = 0) and “f′” (t = 5 h).

the WO3 surface as a consequence of oxidation of water molecules
carried out by photogenerated holes left in the valence band of
the irradiated semiconductor, while hydrogen is formed at the Pt
electrode owing to the reduction of protons by electrons in the
conduction band transferred to the counter electrode under the
applied voltage bias. The photocurrent onset at 350 mV  vs. SCE was
the same for all curves which refer to a series of photoelectrodes
obtained at 1 h time intervals aging a WO3 suspension at 60 ◦C. The
maximum photocurrent density of 3.7 mA  cm−2 was  reached with
the first sample (1 h at 60 ◦C) and a uniform decrease was  observed
for the subsequent samples along with a progressive linearization

of the curves. This behavior can be rationalized assuming that dur-
ing the aging process larger WO3 particles are successively formed
and once they are deposited on a substrate and sintered at 550 ◦C

Fig. 7. J–V curves in 1 M H2SO4 under solar simulated irradiation (0.24 W cm−2) of a
series of WO3 photoelectrodes prepared at 1 h intervals from a precursor suspension
aged at 60 ◦C (aliquots a′–e′ of Fig. 3). Potential values are referred to SCE electrode.
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ig. 8. (a) Cyclic voltammograms in 1 M H2SO4 of the WVI/WV process recorded in th
ged  at 60 ◦C (aliquots a′–e′ of Fig. 2). (b) Correlation between the CV cathodic wave
ntervals from a precursor suspension aged at 60 ◦C. JVarea = (6.1 ± 0.3)10−3 + (2.01 ±

 coating of interconnected particles of less total surface area is
btained. This could cause a drop in photocurrent not only because

f the reduced surface area but also owing to the fact that pho-
ogenerated holes in bulk WO3 have a mean diffusion length of
50 nm [34] before they recombine. When WO3 particles of a less
avorable surface/volume ratio are present, the probability that the

ig. 9. SEM pictures of a photoanode obtained from a WO3 suspension heated for 3 h at 60
,  (b) 50 k, (c) 85 k, (d) FTO substrate 23.65 k.
 for a series of photoelectrodes prepared at 1 h intervals from a precursor suspension
nd the JV integrated curve area for a series of WO3 photoelectrodes prepared at 1 h

CVarea; R2 = 0.988.

holes reach the surface to react with water molecules is lower thus
contributing to the reduced current density. This hypothesis is sup-

ported by the appearance of the curves in Fig. 7 which resemble
more and more a straight line as the aging of the precursor is car-
ried on, which is indicative of a higher electric resistance due to a
less effective charge transport in the bulk.

◦C. The conductive glass was glued to the aluminum stub. Magnification: (a) 23.65
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In order to further ascertain the surface area dependence of
he photocurrent, the linear sweep cyclic voltammetry of the elec-
rodes, upon which the J–V curves were measured, was  recorded at
he −0.2 to 0.5 V potential range in the dark (Fig. 8a). The voltam-

ograms display a trend which strictly follows that observed for
he corresponding J–V curves showing a diminution of peak cur-
ent as the aging of the film precursor proceeds. The monitored
rocess refers to the W(VI) → W(V) reduction and subsequent oxi-
ation at the semiconductor particle surface, giving a maximum
eak current for both waves which relates to the extension of the
emiconductor liquid junction thus providing an indirect measure
f the electroactive surface area. In Fig. 8b the integrated photocur-
ent density taken from J–V curves, integrated between 0.25 and
.8 V, is plotted against the integrated cathodic peak area from CV
iving a satisfactory linear correlation which further strengthens
ur conjecture.

It needs to be pointed out that a certain degree of variability in
erformance was observed within every batch of prepared pho-
oelectrodes which did not show in all cases the regular trend
eported here. This we  attribute to the fact that after sintering,
he deposited films often display a lack of uniformity as a result
f cracks or missing parts as shown in Fig. 9a where the dark-
st uniform area visible on the right part of the SEM picture at
k magnification is due to the underlying uncoated FTO. Although
hese films appear to be rather uniform at a macroscopic level,
hen they are observed under the electron microscope they show a

ragmented structure consisting of a disjoint micron-sized domain
ade of particles of uniform size evenly distributed. In Fig. 9b and

 different magnifications of one of these domains are presented
elonging to a photoelectrode obtained after 3 h of aging (60 ◦C) of
he precursor.

. Conclusions

The controlled temperature aging of WO3 suspensions, obtained
ia a simple sol–gel procedure, was found to produce nanoparti-
les of an increasing size. SdFFF and FlFFF were applied to obtain in

 relatively short time size information on diluted aliquots of the
olloid taken at regular intervals during the aging process. These
eparation techniques proved to be a convenient tool to assess the
ime evolution of these colloids providing together a satisfactory
xplanation for the particle size distribution in the suspensions.
he obtained results seem to suggest that primary nanocrystals
ormed during the initial stage of WO3 formation tend to change
heir shape spontaneously thus becoming well-defined square par-
icles and to aggregate to form large clusters at a rate determined
y the temperature set during the aging process. This conclusion
as reached by observing that the ds PSD curves initially increase

n intensity and then shifts their maxima to more massive parti-
les with a wider size distribution, while the dh PSD curves show
n almost constant particle amount of dh ranging between 100 and
00 nm and an increasing post-analysis signal with the aging time.

In order to relate the particle size distribution of the suspen-
ions to the photoelectrochemical properties of WO3 in a biased
hotoelectrolytic cell, thin films were prepared on a transpar-
nt conductive substrate and tested. JV polarization curves in 1 M
2SO4 showed a progressive deterioration of photoelectrocatalytic
erformances with the aging of the film precursor. This behavior

as mainly ascribed to the reduced electroactive surface area as

uggested by the good correlation between JV photocurrents and
he CV peak area related to W(VI) → W(V) process in the dark.
he elucidation of the role of charge transport and electron–hole

[

[
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recombination as a function of WO3 particle size in the films is
currently under way.
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