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Layer-by-layer (LbL) films from W@, TiO,, and chitosan have been produced, in which the ability of
complexation of chitosan with transition metal oxides was exploited. The electrochemical and chromogenic
properties of LbL films of (chitosan/WEW/TiO, and (chitosan/Wegchitosan/TiQ), have been examined
and compared to those of (chitosan/¥/OMore specifically, we employed the quadratic logistic equation
(QLE) to estimate the number of electrochemically active sik§safd the molar absorption coefficient
(¢) of WO;3 in LbL films, by fitting the absorbance changesA) resulting from the electron transfer
from W(V) to W(VI) sites. The number of electrochemical active sites for 4-bilayer LbL films of chitosan/
WOs; before and after deposition of TiQvas ca. 15.5< 10°° mol cm 2 and 10.7x 10°° mol cn 2,

respectively. The incorporation of TiOn the LbL

films led to a larger absorption coefficient and

electrochromic efficiency. The differences in the molar absorption coefficient were attributed to an electron-
transfer rate associated with ionic-trapping effects, which were observed by electrochemical impedance
spectroscopy. These results are discussed on the basis of dissipation and feedback effects.

Introduction

A great deal of attention has been given to YWims,
which may be used in several applications. For example,
WO; films have been used in sensors to detect alcohol,
acetone, and GSgas moleculés and in photochromic
devices, owing to the reversibility of the photochromic
process upon exposure to oxyge@wing to its photoelec-
trochemical characteristics, nanoporous ¥¢én deliver high
photocurrents, particularly in the oxidation of methanol and
formic acid?® Electrodes formed from platinum, ruthenium,
and WGQ have shown enhanced electrocatalytic activity in
comparison to the PtRu alloy# A thin layer of Pt deposited
on a WQ film is a gaschromic material with coloring and

from white to blue may be induced when W@ reduced,
and these changes vary with the number of ions, (H™,
K*, etc.) inserted into the oxide matrix. Because these
processes are reversible, \W@ay be used in displays and
smart windows.® The number of ions inserted may be
controlled electrochemically through the following process:
WO, + xM™ + xe” — M WO, (1)

Charge compensation requires that a cationic species be
inserted (removed) when an electron is injected (removed)
into (from) the conduction band.

The properties of W@can be improved by the addition

bleaching processes under molecular hydrogen and oxygeﬁ)f TiO,, as demonstrated in a number of cases. For example,

atmospheres, respectivélyWO; is particularly relevant for
electrochromic devices because of the changes in absoetption
in the visible region-caused by the intervalence electron
transfer from W(V) to W(VI) state8Indeed, color changes
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process? Electrochromic materials based on \W/@oped workers?”:28 In the latter work, the authors described the
with TiO, may have increased reversibility of the insertion/ fabrication of superlattice thin films comprising WO
deinsertion process, charge capacity, optical density, andalternately assembled with either 4pis-5-pyridium-pen-
lifetime 14-16 tyloxybiphenyl (4,4BPPOBp) or 4,4bis(aminomethyl)-
There are several techniques for the deposition ofs;wO biphenyl (4,4BAMBp) dihydrochloride. The films displayed
and TiG on glass. Amorphous Wand TiG; films can be a well-ordered structure in theaxis and had photochromic
prepared by vacuum evaporation, sputtering, anodic oxida-Properties.
tion, sol-gel synthesis, electron-beam, magnetron, and rf-  In this work, TiQ, is immobilized in LbL films made with
sputtering® Our interest lies in the production of layer-by- chitosan/WQ. The choice of chitosan was based on its ability
layer (LbL) films from WGQ; and TiQ,, to exploit the control to form complexes with oxides in solutiof%3°thus serving
of molecular architecture. Using the LbL method, judiciously as a good template material for the uniform growth of
chosen architectures of transition metal oxides and spacemultilayers. Chitosan is the deacetylated form of chitin, a
polymer layers can lead to structures with the desired polysaccharide that can be extracted from the shells of crabs
electrochemical and electrochromogenic properties. Recentand the exoskeletons of shrimp and other arthrogbdibis
works have indicated that LbL films are promising for the polymer is stable in the potential range commonly used, and
fabrication of electrochromic devices due to the film itis colorless due to the small amount of material deposited
uniformity and the possibility of controlling the thickness with the LbL method. This means that chitosan does not
and the nanoarchitectut&:?® Several works have been hamper the electrochromic properties of the transition metal
reported on LbL films of TiQ particles. For instance, LbL  oxide. Besides, complexes formed with chitosan can ensure
films from TiO, and poly(allylamine hydrochloride) (PAH), a high proton conductivity? The effect of the addition of
polyethylenimine, and polyaniline have been used in elec- TiO, on the electrochromogenic properties is also studied.
tronic systemd! LbL films of 11-aminoundecanoic acid The quadratic logistic equation (QLE) is used to describe
capped TiQand PAH exhibited a rectifying behavior, typical the absorbance chang&A), absorption coefficiente], and
of a Schottky diode, when sandwiched between indium-tin- electrochromic efficiency#) as a function of the charge
oxide (ITO) and Au electrode’.TiO, nanoparticles were  injected3*-%7 Finally, electronic trapping is discussed on the
immobilized in a LbL film of PAH and poly(acrylic acid)  basis of electrochemical impedance spectroscopy results and
(PAA), with their photocatalytic properties for the oxidation is associated with dissipation and feedback effects.
of iodide and the decomposition of methyl orange being

preserved® This LbL film was also obtained by the Experimental Details
sequential deposition of PAH/PAA/THIPAA and tested as ) )
a gas sensor for ammonia and relative humi#fitgolar cells WO; xerogel was synthesized following a s@el method

fabricated with polyion/Ti@LbL films exhibited efficiency ~ described in the literaturé:* Briefly, a sodium tungstate
comparable to that observed for materials obtained by (N&WO,) solution 0.25 mol.L* was added to a proton-
conventional deposition metho@SA nanoporous LbL film  €xchange resin, leading to a yellowish liquid of tungstic acid
of TiO, and phytic acid deposited on ITO was used to control (H2WOx). This solution became turbid in ca h at 25°C

the electrochemical properties of a hemoglobin-modified (PH = 1.5). The colloidal dispersion of TiOvas prepared
electrode by the hydrolysis of tetra-butyl titanate from DuPont

(Tyzor). A mixture of 30 mL of the organic titanate and 30
mL of 2-propanol was slowly added (15 min) to 300 mL of
deionized water under vigorous stirring. To this mixture was
added 2 mL of a 70% nitric acid (while stirring). The
resulting solution was stirred f@® h atroom temperature.

In contrast to the frequent use of Tinly a few papers
have described the incorporation of Wi LbL films, and
reference should be made to the work of Chen and co-
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suspension (pH= 2). The effective diameter of the colloidal
TiO, particles was 17.3 nm, as determined by dynamic light

scattering (DLS) in a Brookhaven Instruments Corp. ma- 100 10
chine. The solution was cooled, displaying no change in its sol

; 8
transparency, and remained stable for at least 6 months.
Commercial chitosan from shrimp, with 1200 cPs viscosity or 6
(1 wt % solution in 2% v/v acetic acid solution) and S0l

deacetylation degree of 85%, was purchased from Galena
Quimica Ltda, Brazil.

Layer-by-layer (LbL) films were assembled onto ITO- -150}
coated glass purchased from Flexitec (Curitiba, Brazil), with
a sheet resistance 20 Q and a geometrical area of 1 ém
The layers of the LbL chitosan/W@ilm were obtained via
ionic attraction of oppositely charged materials, by the o S0
alternated immersion for 3 min of the ITO substrate into the
polycationic (chitosan 1.6 g1* and pH= 2) and then into
the anionic (WQ@ 0.25 mol L' and pH= 1.5) dispersions.
This sequence was repeated four times. After deposition of
each layer, the substrates were rinsed for 30 s in HCI solution
(pH = 2) and dried under a nitrogen flow. The as-deposited
(chitosan/WQ), films were characterized electrochemically -100}
prior to the deposition of the Tidayer, which was carried R IS
out by the immersion of the (chitosan/W@films into a
colloidal dispersion of Ti@for 1 min, followed by rinsing
in HCI solution (pH= 2) and drying under a nitrogen flow.
This procedure resulted in the formation of (chitosanAWO
TiO, films. Another set of samples was prepared in the
following sequence: chitosan/W@hitosan/TiQ, with a
deposition time of 3 min in each step. This sequence was
also repeated four times. After deposition of each composite
layer, the substrates were rinsed and dried under the same
conditions described above. This electrode is referred to as
(chitosan/WQ@/chitosan/TiQ),. Previous experiments showed 2000 o 0 L
a linear growth of the chitosan/WOnultilayers, in which 03 02 0100 0102 03

the same amount of material was absorbed at each depositior'1: iqure 1. Profile of (=) Currenf;‘;:;;cin d £O—) absorbance changes
step (resu“S shown eIsewh@beThe thickness of the films AA, at 590 nm for 4-bilayer LbL films of,(a) (chitosan/W@, (b) (chitosan/ ‘

was measured with a Talystep profilometer. WO3)4/TiO2, and (c) (chitosan/Wekchitosan/TiQ)s (v = 50 mVsd).
Electrochemical experiments were carried out with an

j/pA cm
()
AA/107

_ one may expect that the thickness of each individual layer,
Autolab PGSTAT30 potentiostat/galvanostat. The counter namely chitosan, W§ and TiG, would be the same, but a

electrode used was a platinum sheet with an area of £0 cm straightforward comparison of the electrochromic properties
The reference electrode was a saturated calomel electrode, i\, the other systems is not possible. The data from the

(SCE), and the electrolyte solution was HCI (pH 2).  (chitosan/W@ichitosan/TiQ), films will nevertheless be
Chromogenic analysis was made simultaneously with the jisessed here to better understand the influence of the TiO

electrochemical experiments using a miCroprocessor-con-pa icjes on the electrochemical properties of chitosardWo
trolled solid-state light source (WPI, Inc.). Plastic fiber optic layers.

cables up to 1 mm in diameter were used to deliver red light "o regyits for the layer-by-layer architectures introduced
(660 nm) from the instrument to a PDAL photodiode i, hig work, namely, (chitosan/M4/TiO, and (chitosan/
amplifier (WPI, Inc.). WOgy/chitosan/TiQ),, will be discussed in connection with
those obtained in an earlier work for the chitosanAVO
system® Figure 1 shows the cyclic voltammograms for ITO

The thickness of the (chitosan/W@and (chitosan/We)/ electrodes covered with 4-bilayer LbL films of the systems
TiO, LbL films was 60 and 70 nm, respectively, with an above, which depict the proton insertion process during the
uncertainty of 5%. Because of the non-homogeneity of the negative potential scan and the proton deinsertion process
(chitosan/W@/chitosan/TiQ). film, its thickness could not ~ during the positive potential scan at a rate of 50 mvas

be determined precisely. Because the experimental conditiondn® amount of W@in the LbL films increases as a function
employed for film fabrication were the same for all films, of the number of bilayer¥,the current density also increases

when the number of bilayers increases from 1 to 4. The cyclic

(39) Huguenin, F.; Gonzalez, E. R.; Oliveira, O.NPhys. Chem. B005 VOltammOQramS in Figure 1_ are gimilar, except for the
109 12837. magnitude of the current density, which shows that the extent

Results and Discussion
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of proton insertion/deinsertion is smaller in the (chitosan/
WOQO53)4/TiO; film than in the other LbL films. This reduced nt
insertion/deinsertion is attributed to the blocking effect of
TiO; particles on the LbL film surface. A similar effect would
be expected for the (chitosan/\Whitosan/TiQ), film. R
However, the amount of material deposited in the latter film =
is larger in comparison to that for the (chitosan/WW{XiO, ﬁ
film, as will be discussed below; thus, the observed current
density is larger. In situ absorbance changig)(at 590
nm were measured simultaneously with the voltammograms.
The absorbance changes are due to the electron transfer from ) ) ) )
W(V) to W(VI) sites, according to the electronic intervalence 0.0 0.1 0.2 0.3 0.4
transfer modet. These systems are reversible, as demon- -2

. . q/ mC cm
strated by the negligible value aiA after the voltammetric Figure 2. Plot of the theoreticaH-) and experimentahA data at 590 nm
cycles, which also indicates that chitosan does not hinder asga function of charge for-(@-), (chitosgnANQ)m (=0O~), (chitosan/
the migration/diffusion of protons that compensate the charge wo,),/TiO,; and (-0-), (chitosan/W@chitosan/TiQ)a.
injected.

Important information about the LbL systems can be
obtained from the correlation of the absorbance change with
the charge injected. In a previous work, we have shown that
the quadratic logistic equation (QLE), expressed in eq 2, can
be used for this purposé,

%‘ = s><1 - ’—C) ?)

wherex is the population of the electroactive species at the
time t, dx/dt is the rate with which the population changes,
andL ands are positive constants. At low valuesxfdxdt

~ Sx, sosrepresents the normalized maximum rate of change
andL is related to the system ability to sustain the population
growth. For the system being studied here, the QLE describes
the temporal evolution of the number of electroNg(,)—w) i
participating in the transfer from W(V) to W(VI) in the LbL

£
T

-1

w
T

2

6

€/10 cm mol

154
T

—
T

60

50

o

films, analogous to what was reported for \W@®the absence § 30t
of TiO,.2° The difference form of the QLE 37 can be written ~
in this case as & 20}

aA=rq(1- ) @3) 1or

K
0

In this equationK andr are constants, similar to andsin 0.0 0.5 L0
eqg 2. Moreover, the charge injecteg) (s the population q/mC em-2

and AA takes the ple_lce quﬁ(.jt.. In fact, the magnitude of Figure 3. Plot of (a) the theoretical molar absorption coefficient and (b)
absorbance for WQin the visible range depends on the the theoretical electrochromic efficiency at 590 nm as a function of charge
charge (electron) transfer rate between W(V) and W(VI) sites for (—@-), (chitosan/WQ)s; (—O—), (chitosan/WQ@4/TiOz; and (-0-),

and on the amount of charge injected. The conskaiis (chitosan/W@chitosan/TiQ)s.

associated with the system capability to sustain the growth

of (Nw)—wwn,) and represents the maximum valuepf  dissipative forces due to interactions among the protons and
Thus, the number of electroactive oxide sites can be between the protons and the network. As the dissipative
estimated by monitoring\A as a function of the charge forces oppose charge transpory/t) and increase with the
injected €)).3” For small values off, AA ~ rq which shows  amount of charge carriers]) dissipation contributes to the
thatr is related to the electrochromic efficiency, as will be feedback effect ofAA (proportional to dy/dt) as a function
shown below. The method employed here, i.e., fitting the of g. According to the site-saturation mod&l,another
experimental data with the quadratic logistic equation (QLE), contribution to the feedback effect arises from the decrease
avoids the influence of the reduction of water. The term (1 in the number of sites available for the electronic intervalence
— g/K) represents the effects from dissipation and feedback, transfer. This decrease occurs because an increase in the
both contributing to the decreasedA asq becomes large.  injected charge reduces the intervalence transfer W¢V)

As the number of electrons injected into the film increases, W(VI) flux.

so does the number of protons, in accordance with eq 1. This
increase of charge injected leads to the appearance o0f40) Denesuk, M.; Uhimann, D. R. Electrochem. Sod.996 143, L186.
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Figure 4. Nyquist diagrams obtained by applying a dc potential of (a) 0.3 V, (b) 0.1V, (c) 0.0 \5Qd) V, and (e)-0.3 V for (—@—), (chitosan/WQ);
(—0O-), (chitosan/WQ)4/TiOz; and (0O-), (chitosan/W@/chitosan/TiQ),4. (f) Phase angle as a function of log frequency fo®), (chitosan/WQ);
(=0-), (chitosan/W@)4/TiO,; and (—O-), (chitosan/W@chitosan/TiQ)4 LbL films.

Figure 2 shows\A curves as a function of the charge for to the access of protons, thus decreasing the number of
the various systems investigated and includes the theoreticaklectroactive sites.
fittings with the QLE. TheK andr values resulting from Assuming that the molar absorption coefficien} and
the fittings are 1.5 mCcnt and 40 crAC* for (chitosan/  the electrochromic efficiencyyj can be related 4y
WO3)4, 1.0 mCcm? and 68 criC! for (chitosan/WQ)4/
TiOz, and 2.0 mCcr? and 25 ciC? for (chitosan/WQ@ dAA) ¢

chitosan/TiQ),, respectively. From these values, the number n dg ZF (4)
of electroactive W(V) sites was estimated as being ca. 15.5
x 1079 mol cm?, 10.7 x 1072 mol cmi 2, and 20.7x 10°° where z is the charge of this species afdis Faraday’s

mol cni 2 for (chitosan/W@),, (chitosan/W@Q)4/TiO,, and constant. The QLE can be used to determinand n by
(chitosan/W@chitosan/TiQ)4, respectively. It is now pos-  substitutingAA from eq 3. Thus,

sible to understand the lower current density in the CV of

Figure 1 for (chitosan/Wg),/TiO,. When TiQ particles are .= zFr(l _ @) )
deposited on the film surface, some W¢€ites are blocked K
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Figure 5. Complex plane representation of the capacitance obtained by applying a dc potential of (a) 0.3 V, (b) 0.1V, (c) 0-00V} {d)and (e)-0.3

V for (—@—), (chitosan/W@Q)4; (—O—), (chitosan/WQ)4/TiO; and (—O-), (c

and

—1-A
n=r1-2 (6)

Figure 3 shows the molar absorption coefficient and the
electrochromic efficiency for the LbL films, obtained from
egs 5 and 6 for a charge between zero and a value at whic
AA is expected to be independent@{=K/2). The values
of € andy for (chitosan/W@/chitosan/TiQ), are smaller than
those for the other LbL films studied here due to the
irregularity of the film, which can be observed by visual
inspection. Nevertheless,andyn decrease faster witf for

(41) Maranha, S. L. A.; Torresi, R. MElectrochim. Actal998 43, 257.

hitosan/W@chitosan/TiQ)a.

(chitosan/WQ)4/TiO, because of the greater dissipation and
feedback effects. The difference in the molar absorption
coefficient and electrochromic efficiency for the LbL films
will be discussed below, together with the impedance data.
In previous workg?*3impedance spectroscopy was used
to distinguish between interfacial and bulk processes, as this
htechnique allows one to examine mechanisms with different
relaxation times. Figure 4 shows the Nyquist diagrams and
the Bode plot of the phase angle, while Figure 5 shows the
complex plane representation of the capacitance, in which
the (chitosan/Wg),, (chitosan/WQ)4/TiO,, and (chitosan/
WOs/chitosan/TiQ), LbL films were subjected to dc poten-

(42) Bueno, P. R.; Leite, E. R. Phys. Chem. B003 107, 8868.
(43) Bisquert, JElectrochim. Acta2002 47, 2435.
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tials of 0.3, 0.1, 0.0;-0.1, and—0.3 V, with 5 mV of ac protons to the trapping sites. However, the presence of TiO
amplitude superimposed. The results in Figure 4a show particles also decreases the access of protons to othgr WO
semicircles associated with resistive and capacitive processesites, as indicated by the finite diffusion capacitance for
in parallel. These coupled processes are related to the(chitosan/WQ)4/TiO, at —0.3 V (Figure 5e). The larger
interface and can be represented by the charge-transfecapacitance at0.3 V for (chitosan/W@chitosan/TiQ), is
resistance K) and the double-layer capacitanc€qyj. probably due to a larger amount of Whan in the other
However, bulk processes appear at low frequencidsHz) films. This will be analyzed in future work.

for more negative potentials and are due to proton diffusion  The smaller trapping effect of (chitosan/\WWTiO; is at

and trapping-as already discussed in the literature for WO least partially responsible for the higher valuerah eq 3.

and intercalation electrodé?3 As in the previous work? Since ionic trapping may decrease the electronic intervalence
the LbL films are assumed to comprise regions separatedtransfer W(V)— W(VI), the molar absorption coefficient

by energy barriers of different heights, and therefore, protons and the electrochromic efficiency are decreased. The interac-
take longer to overcome some of the barriers (trapping) thantions between the ion and the network (trapping) are
others (diffusion). Finite diffusion processes are observed responsible for dissipation, which is associated with feedback
more clearly at-0.3 V in Figure 4e, where the straight lines effects, as expressed by the QLE.

almost parallel to the imaginary axis at low frequencies
represent finite diffusion. A semi-infinite diffusion process
could not be observed because the samples are very thin (ca. The complexation capability of chitosan with transition
60—70 nm). These bulk processes can be observed at lowmetal oxides allowed the growth of LbL films of W@nd
frequencies in Figure 4f, which shows the phase angle as aTiO,, leading to visually uniform layer-by-layer films.
function of frequency at 0.0 V for the LbL films. Interfacial ~Furthermore, the electrochemical properties associated with
and bulk processes are observed atl Hz andf < 1 Hz, WO; were preserved because the presence of chitosan did
respectively. The distinction between trapping and interfacial not hamper the proton migration/diffusion into the LbL film.
processes is better visualized in the complex plane repre-The deposition of a single TiQOayer deposited on top of
sentation of the capacitance, as shown in Figure 5. The widththe WQ; layer in the (chitosan/W,/TiO, resulted in more

of the semicircle gives the capacitance value. The first homogeneous films, which was advantageous for the elec-
semicircle—at high frequenciesis related to theR.Cy trochromic properties. As in previous works° using QLE
relaxation, and the second semicircle is associated with themakes it possible to determine the number of electroactive
RC; couple (trap resistance and capacitance), which is moresites, providing an estimate of the amount of W@ the
visible at 0.0 V. This trapping process occurs in parallel with LbL films. Moreover, it was possible to use the QLE to
the proton-diffusion process, for which the semicircles are estimate the absorption coefficient and electrochromic ef-

Conclusions

shown in Figure 5e (at0.3 V). ficiency of the LbL films as a function of the charge injected.
From these results, we conclude that the double-layer The interactions between the charge and the lattice are
capacitance Q) for (chitosan/W@Q); (~30 uCcn?) is responsible for the dissipation and feedback effects and could
slightly smaller than that of (chitosan/WQ'TiO, (~40 also be analyzed. The LbL film formed from chitosan/yWwO
uCcm?) at 0.3 V. Interestingly, at 0.3 V, the value 6 showed a higher molar absorption coefficient and electro-

for (chitosan/WQ), is similar to that of (chitosan/W chromic efficiency for small values afwhen TiQ, particles
chitosan/TiQ).. But the double-layer capacitance for (chi- were deposited on the film surface. The addition of JiO
tosan/WQ@/chitosan/TiQ), is slightly larger in comparison  particles hindered the access of protons to the trapping sites,
with (chitosan/W@), at 0.1 V, which may be attributed to  producing a lattice with low-height energy barriers, as
electrons trapped in surface states of Z3@or this same  observed with electrochemical impedance spectroscopy.
potential, the semicircle associated with the bulk process Thus, electrons are more delocalized in the network, allowing
indicates a greater capacitance for (chitosangy/an for a greater W(V)— W(VI) flux for small values ofq, which

the other films. This is due to the proton trapping effect, promotes greater dissipation and feedback effects than in
which can be observed at 0.0 V. Particles of Tg@em to related LbL films without TiQ.

decrease this trapping process. In fact, the (chitosan/WO _ _
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