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The anodic codeposition of  WO3 and polypyrrole at constant current densities was studied. The 
powdery solid was dispersed in the electrolyte (0.1 M pyrrole, 0.1 M LiC104) under strong convection 
at CE = 0 .01 -30gdm -3. Water or wet acetonitrile were employed as solvents. Various modes of  
convection were developed. The resulting WO3 concentrations in the PPy/WO3 composites were up 
to c c = 53 wt %. Cc was found to increase with increasing convection intensity and with decreasing 
current density. Quantitative evaluation leads to a relationship Cc = K IOgCE/CE,O, where K is a 
constan,t:a~nd c,f~,o is ~ threshold concentration. This equation was derived from a model assuming a 
~ m k i ~  typ~ :adsq~p~ion ~o~,th~,i~pi~g~g~ ~a~ticles ~a~ d~=~h ei~.ficJd ~,¢t~h~rte.ed_;fi~al~ ,J.n_corpor~fio n~ into 

i~ :the,,ppt~py~ol~-,ma.t~ixJ~Ks i~ p~opor,~ionat t o j ~  1 ~7~he ~ew~m~tet ~eompleme~ts!~the~:o~lder~he~ry:~6f 
Gugtielmi~, OrigirtNly degeloped for, systems with~metat  matriees, ,-and: it, 'also holds "~ for ~fhese ,,very 
well known composites. The homogeneous distribution Of WO3 in PPy is,demonstrated; by the linear 
increase of  the WO 3 mass with the thickness of  the composite in combination with SEM techniques. 

1. Introduction 

Cathodic codeposition of metals and finely dispersed 
materials under strong convection is a well estab- 
lished technique for the manufacture of composites 
[1-21]. Initial work reaches back about forty years, 
where the galvanic formation of a Ni/diamond 
dust composite for a tool was claimed in a patent [1]. 
Common features of the new materials are a uniform 
distribution of the particles in the metal matrix and 
the utilization of standard bath compositions. Up to 
now, a considerable amount of experience has 
accumulated in this field. In most cases, nickel as a 
matrix is used. The dispersed materials are oxides 
such as A1203 [2-7] or TiO2 [8, 9]. In addition, non 
oxide hard materials such as SiC [9 11] or Si3N 4 
[12] were successfully incorporated. Graphite powder 
was dispersed in copper [10], and diamond dust in 
nickel [1, 13]. Inorganic systems such as ZnS [14], 
Nb3GeA1 [15], NiA1 [16] or LaNiO3 [17] were dis- 
persed in a metal matrix as a manufacturing step for 
increasing wear resistance, in the manufacture of 
superconducting cables and for electrohydrogenation 
or hydrogen evolution catalysts, respectively. It is 
also possible to codeposit dispersed polymers such as 
phenol resin powders into zinc [18] or coloured 
acrylate dispersions into nickel [19]. The whole field is 
covered in two useful review articles [20, 21]. 

More recently this method has been used for the 
anodic codeposition of synthetic metals such as 
polypyrrole and dispersed solids. Yoneyama and 
coworkers were the first to achieve the anodic for- 
mation of PPy/TiO2 composites in non-stirred 
organic solutions in the absence of a supporting 
electrolyte [22, 23]. The transport of the dispersed 

0021-891X © 1993 Chapman & Hall 

material was due to electrophoresis. The same 
strategy was employed for colloidal Prussian blue [24] 
and for elastomeric latices [25]. However, this interest- 
ing method leads to a relatively low concentration in 
the solid. Electrodeposition of PPy/TiO2-composites 
from heterogeneous, strongly stirred electrolytes, in 
analogy to [1-21], were reported independently by a 
Japanese [26] and a German [27] group. Strong con- 
vection was an essential feature. It was found that 
the rate of codeposition was appreciably higher than 
in Yoneyama's case, and that the levels of pigment 
concentrations exceeded even those commonly found 
with metals [27]. This was attributed to a relatively 
rough surface at the growing polymer layer. It should 
be pointed out, that this is the only way to fabricate 
composite materials with a matrix of unfusable 
and insoluble synthetic metals. The opposite case - 
conventional polymers as the matrix and powdery 
synthetic metals as fillers - has frequently been 
reported in the past, and some characteristic examples 
are compiled in [27]. 

In the following, a detailed investigation into the 
system PPy/WO 3 is reported. WO3 is a heavy pig- 
ment (s = 7.16 g cm -3) with interesting photoelectro- 
chemical properties. The anodic codeposition is 
discussed in this paper, while the characterization of 
the novel material will be treated in a subsequent 
publication [28]. 

2. Experimental details 

The temperature was 20 °C throughout. All electro- 
lytes were deaerated by bubbling with argon. 

Two kinds of base electrodes were employed: (1) 
cylindrical Pt-electrodes, 1 mm diam., A = 0.5cm 2 
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for electrochemical measurements, and (2) sheet 
electrodes, made from 0.1 mm smooth Pt or 1 mm 
polished stainless steel, A = 30cm 2 (2 x 2.5cm x 
6 cm) exposed area, both sides, were used for prepara- 
tive codepositions. 

Pyrrole (Merck, zur Synthese) was freshly distilled 
at 1 bar under nitrogen. Acetonitrile (Merck, zur 
Synthese) was used as received, the water con- 
centration was adjusted to 0.1 M. LiC104 (Merck, 
analytical grade) was used directly. WO3 (Merck, 
reinst) was used as received. The medium particle sizes 
were measured with the help of a SALD-1100 laser 
diffractive particle size analyser (Shimadzu) to be 
10 #m. Further treatment in a ball mill led to agglom- S 
eration. Electrodeposition was performed galvano- 
statically under two different conditions at pyrrole 
concentrations of 0.1 M: 

(I) 0.1M LiC104, 0.1M H20  in MeCN, j =  
0.5 mA cm -2 (Diaz conditions [29]) 

(II) 0.1 M LiC104 in H 2 0 , j  = 2 m A c m  -2 (aqueous 
electrolyte) a 

The electrolyte/dispersoid system was replaced by a 
fresh one after each preparative codeposition. 

The nominal thickness dn of the coating was 10 #m. 
dn was calculated with the assumption of 100% 
current efficiency, a density of 1.5 g cm -3 and a degree 
of insertion of y = 33% [30]. This led to a deposition 
time at 2 m A c m  -2 for dn = 10#m of  exactly 30rain. 

The cylindrical glass cells had a typical capacity of 
250ml. Strong forced convection was produced in 
four ways: 

(I) Rotat ion of the sheet anode around the longer 
line of  symmetry [27]. The rotation speed was 
50r.p.m. A magnetic stirrer rotated in the 
opposite direction at 300r.p.m. This rela- 
tively strong mode is termed 'RE'  in the 
following. 

(II) Pumping of the suspension in a loop, cf. Fig. 1 
in [27]. The flow rate was up to 25 ml s -~ . This 
mode of convection is symbolized as 'PL'.  

(III) Ultrasonic stirring ('US'). The cell was 
located in an aqueous ultrasonic bath (Bran- 
sonic 52). The inner electrolyte level and the 
external water level were identical. 

(IV) According to Fig. 1 an intensive stirrer [31] 
with 10 stainless steel blades was arranged in 
about I cm distance in front of the anode 
('IS'). This mode of convection was the best. 
Only one side of the anode was coated, the 
other side was tightly covered by a PTFE 
holder with natural caoutchouc sealings. 

In modes (I)-(III)  two counter electrodes were 
used, in (IV) only one; these were of  stainless steel. 
The reference electrode was a NaC1 saturated 
calomel electrode, which is + 2 3 6 m V  positive to 
SHE. The potentials against this reference are us(3) 
denoted as UsscE. RE (1) 

After electrodeposition, the electrodes were thor- PL (2) 
IS (4) 

oughly rinsed with the solvent and dried in vacuo. 
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Fig. 1. Cell with an intensive stirrer IS for codeposition of PPy and 
dispersed WO 3 under strong convection mode IS. W: working elec- 
trode, C: counter electrode, (a) details of W (side view): PTFE: 
holder, machined from PTFE, NC: natural caoutchouc, SSS: stain- 
less steel sheet, S: screw. The cover of the glass cell is not shown. 

The WO3 concentration was determined as follows. 
The loaded polypyrrole film was oxidized in 2 ml hot 
concentrated HNO3 (68%) in a small glass beaker to 
destroy the organic material. After evaporation of 
the acid almost to dryness, the residue was fumed 
off with 2ml concentrated H 2 S O  4. The material was 
then dissolved in 5ml 2M NaOH. Thereafter, 10ml 
5M NHeSCN, 10ml 20% HC1 and 10ml 15% 
TIC13 in 20% HC1 were added. After dilution to 
50ml with distilled H20,  the yellow W-V-complex 
H[W(OH)2(SCN)4] was photometrically determined 
at 406 nm [32]. 

3. Results 

3.1. General remarks 

The results on the PPy/WO3-system are presented in 
two groups. The electrodeposition is reported in the 
present paper. The characterization of the novel 
composites is devoted to a separate paper [28]. Table 
1 shows the nomenclature used for the mode of con- 
vection and the electrolytes used. 

Table 1. Symbols for electrolytes and convection modes 

Convection mode Electrolyte I Electrolyte H 
(MeCN, Diaz) (H20) 

+ 

A 

o 
[ ]  
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Fig. 2. Plot of mass m of electrodeposited materials against logarithm of cE. Electrolyte I- (MeCN),j = 0.5 mA cm -2, d n = 10 #m, convection 
mode PL. (0) total mass, (<?,) mass of polypyrrole, (~) m a s s  o f  W O  3. ( ) line for 100% c.e., blank PPy. 

3.2. Potential-time curves 

The anodic deposition experiments were performed 
under galvanostatic conditions. At platinum as a 
substrate, the potent ia l - t ime curves are relatively 
featureless and the potential is constant, as also found 
for pigment free electrolytes [30]. However, in the case 
of  stainless steel, which is the preferred anode material 
on practical grounds, an initial potential peak is 
observed, which may be due to hindered nucleation 
of polypyrrole at the mixed oxide surface. After 
about  10 s, the two curves coincide. 

At more extended times a slow negative potential 
shift is generally observed. The reason for this 
must be an increasing surface roughness. This effect is 
initially further enhanced with increasing pigment 
concentration, cE, in the electrolyte. Interestingly, at 
the highest cE the difference decreases. This effect 
may be caused through an increased surface coverage 
by the oxide particles, which shield part  of  the surface 
of the growing polypyrrole layer. 

3.3. Variation of WO3-concentration in the 
electrolyte cE 

Figure 2 displays the mass of  the composite, mtotal, 
and the analytically determined mass of  WO3, m w o  3 

as a function of log c E. The mass of  polypyrrole 
b i n d e r  m p p y ,  i s :  

m ppy = mtota I - mwo 3 (1) 

Figure 2 shows that mwo 3 rises, after an induction 
period, in proport ion to the logarithm of cE. Almost 
100% current efficiency ( m p p y , t  h = 47mg) is found 
for the composites from electrolyte I, cf. Section 3.6. 

Figure 3 shows a semilogarithmic plot of  the two 
concentrations, cE and Cc, in electrolyte I (MeCN). 
Clearly, c c rises logarithmically with cE, starting 
from a threshold concentration cE,0, which is between 
0.1 and 0.01 g d m  -3. A pronounced influence of  the 
convection mode can be recognized. The slope of 
the lines increases with increasing convection inten- 
sity. Interestingly, it was observed with the ' IS '  cell, 
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Fig. 3. Cc/log cE-plots for anodic formation of PPy/WO 3 codeposits from electrolyte I (MeCN) at four different convection modes accord- 
ing to Table 1.j = 0.5mAcm -2, d, = 10#m. 
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Fig. 4. The same as Fig. 3, but with the aqueous electrolyte II. j = 2 mA cm -2, d n = 10 #m. 

~5~ha~ a~,-~eiy!~gh;vivetcr~s~ty~;~f,x~n~eCd~n:, ted ~to: a 
:.~ee~ea~e in~ Cc~. at z~co~nstant~ ~f.E-~A~-weak,,.ctendg~cy 
~ tow~ds~saturat ion aan. be~see~ a t  the h~ghest '~ 's .  

" Nearly identical.features are found for ' the aqueous 
electrolyte II, cf. Fig. 4. At  constant CE, the Cc values 
in the~case of  I:are~-s~crmewhat higher ~than f o r  the 
system II  (Acc ~ 5%), at least for the steeper lines. 
These results clearly demonstrate  that it is possible 
to control Cc over a wide interval by a selection of 
appropriate  electrolyte concentrations of  the dispers- 
oid (CE). 

3.4. Variation of  thickness dn of the deposit 

As well as the standard thickness, da = 10#m, some 
other composite foils with thicknesses between 3 and 
40 #m were manufactured.  Two examples with the 
aqueous systems II  are shown in Fig. 5. Clearly, the 
two masses, mtota 1 and mwo3, which can be deter- 
mined experimentally, increase in proport ion to dn. 
This is also the case for the polypyrrole mass given 
by Equation 1. mtota 1 is a little high, if the electrolyte 
is not removed completely f rom the pores of  the 

composite.- ~Howeyer~::in; contrast, to~previous~ results 
,,with ;btankc@~t~ypy~rbleT~29]; the: difference, between 

thorou~gl~rinsing ,~vitk;.t, he solyent and_ 30 mir/qeach- 
ing: in+,boiling acetonittile was relatively small,, as 
:shown inTab le  2. Boiling with methanol was omitted 
due to the reactNity oL.W~O3. The WO3 masses(t) were 

de te rmined  analytically. This, after treatment,  was 
normally confined to  me thod  (II). Thus the values 

f o r  mppy a n d  therefore for -y (Tables 3 and 4) are 
somewhat high, cf. Fig. 5. 

3.5. Variation of  current density j 

It is assumed that the incorporation of  the impinging 
particles itself is a rate process. A decrease of  Cc with 
increasing j must be observed, where the current 
density is responsible for the growth of thickness of 
the PPy-matrix. Indeed the highest Cc occurs at the 
lowest current densities. A plot of  Cc against 1/j is 
given in Fig. 6. A hyperbolic function is found over a 
range of  current densities, but with a finite value 
for c c at high c.d.s. This will be discussed further in 
Section 4. 

 200 t 
loo  . 

0 -INT,/=,,~- v - , , . , 

0 10 20 30 40 

Nomina l  th i ckness /#m 

= 2 mA cm , convection mode PL. Fig. 5. Plot of mass m of electrodeposited materials against nominal thickness dn Electrolyte II (H20),j 2 
(0) total mass, (<)) mass of polypyrrole, (O) mass of WO3. 
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Table 2. Effect of electrode treatment after electrodeposition. Stan- 
dard thickness 10#m, A = 30cm 2, c E = lOgdm -3, electrolyte L 
convection RE 

m ppy/mg 

(I) Theoretical value 47 
(II) Thorough rinsing with the solvent 70.4* 15.3 '= 55.1 

(lII) Leaching 30min in boiling MeCN 67.4* - 17.5'= 49.9 

* mtot ; t mwo3 

3.6. Current efficiency "/for PPy-formation 

The polypyrrole m a s s  mppy can be easily determined 
from Equation 1. From this, the current efficiency 3' 
for the electrodeposition of  PPy in the presence of 
finely dispersed WO3 can be calculated according to 

mppy  mppyF(2 ÷ y) 

")' - -  mth  -- ( M + y M A ) Q  (2) 

where M is the molar mass of a PPy monomer unit 
(M = 65), MA is the molar mass of  the anion, y its de- 
gree of insertion and Q is the charge passed. Table 3 
compiles some data, where y was assumed to have 
an average value of  0.33. 

It can be seen that 3' is generally high. It ranges from 
90 to 121%, and is almost unaffected by the presence 
of WO3. The values above 100% may be attributed 
to some retention of electrolyte components in the 
polymer exceeding normal doping. It should be 
pointed out that the boiling of the product in meth- 
anol was omitted. But this is necessary to remove all 
the electrolyte components from the pores. 

An attempt was made to employ the bromide 
catalysed MeCN-electrolyte in order to accelerate the 
rate of  electrodeposition [33, 34]. The electrolyte 
composition was: 

III MeCN, 0.1 M pyrrole, 0.1 M NBu4BF4, 

1 mM NBu4Br, 0.03 M H20 

Table 4 gives some results for this system. It can 
be seen that the current efficiencies are appreciably 
lower, especially under strong convection, which is 
needed for the codeposition of the particles. This is 
due to the negative stirring effect [34]. Interestingly, 
relatively high current efficiencies were found for the 
composites. The highest WO3-concentrations were 
obtained under these conditions. 

3.7. WO3-reduction at the counter electrode 

The codepositions were performed in undivided 
cells. At least for aqueous systems, a reduction of 
WO 3 to pentavalent or tetravalent oxide moieties 
seems to be possible. The corresponding redox poten- 
tials are both - 0 . 2 7  V/SCE. Adhering WOx layers at 
the cathode exhibited a blue-green colour. Voltam- 
metric curves measured in the negative direction in 
the presence of 10gdm -3 WO3 dispersed in moist 
MeCN/LiC104 electrolyte give two cathodic waves 
at - 0 . 1  and -0 .7 5  V, which are not present in the 
blank electrolyte. Continuous electrodepositions in 
undivided cells may become problematic due to the 
accumulation of  partially reduced WO3. Another 
critical point is the acid/base balance in the cell, 
and slight acidification may lead to the chemical for- 
mation of pyrrole oligomers [35]. As mentioned in 
the experimental section, the electrolyte was renewed 
after each preparative run. 

4. Discussion 

It was found that the incorporation of  dispersed 
TiO2 [27] or WO3 in anodically growing polypyrrole 
layers is possible under strong convection. This is 
the only way to manufacture such composite mater- 
ials. The concentration, Cc of the fillers in the compos- 
ite are distinctly influenced by their concentration in 

Table 3. Current efficiencies 7for PPy, calculated after Equations 1 + 2. y = 0.33, Q - 108 C (54 C): dn - 10#m. 

Electrode cE/g dm -3 Convection mtot/mg mwo3/mg m ppy/mg ~/% 
(after Eqn. 1) (after Eqn. 2) 

I 0 US 54.6 0.0 54.6 116 
I 0 RE 56.0 0.0 56.0 119 
I 0 PL 56.8 0.0 56.8 121 

1 0 IS 26.0* 0.0 52.0 110 
1 10 US 58.1 2.8 55.3 117 
I 10 RE 70.4 15.3 55.1 117 
I 10 PL 74.5 19.4 55.1 117 

I I0 IS 34.4* 8.8" 25.6 109 
I I 0 US 49.4 0.0 49.4 105 
II 0 RE 44.7 0.0 44.7 95 
I1 0 PL 46.6 0.0 46.6 99 

II 0 IS 24.9* 0.0 49.8 106 
11 10 US 48.6 2.8 45.8 97 
1I 10 RE 55.2 10.2 45.0 96 
II 10 PL 59.5 16.9 42.6 90 

11 10 1S 29.3* 7.2* 22.1 94 

* Coating of only one side. 
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Table 4. Current e~ciencies.for bromide eatalysed eleetrodeposition qf  PPy, Q = 108 C, dn = 10 #m, m ppy. th = 47 mg (Electrolyte Ili) 

cE/g dm -3 Convection m~ot/mg mwo /mg m ppy/mg ec/wt % "//% 
(RE) (after Eqn. 1) (after Eqn. 2) 

0 weak 40 40 - 85 
0 medium 33 - 33 - 70 
0 strong 29 - 29 62 

2 medium 71 26.4 44.6 37 95 
5 medium 82 28.7 40.2 35 85 

10 medium 95.5 51.0 44.5 53 95 
20 medium 94 49.8 44.2 53 94 

.8 
O 
r~ 

E 
O 
o 

t -  
4-* 
c -  

, m  

t-q 

o 

4"-- 
O 
t -  

O 

C 
Q) 
(3 
t -  

O 

% 
<3 

30 

20 

10 

0 1 2 3 

Reciprocal current dens i ty /cm 2 mA -I  

Fig. 6. Influence of current densi tyj .  A plot of  cc against the inverse of j .  d n = 10#m, c E = 1 0 g W O  3 dm -3. (A)  Electrolyte I (MeCN), 
j = 0.5 m A  cm -2, (A)  Electrolyte II (H20), j = 2 mA cm -2. Convection mode: RE. 

the electrolyte, cE, and the intensity of  convection. 
When compared to the well known codeposits 
metal/filler, c c in terms of wt % is higher by a factor 
of 2-10. This is demonstrated with two examples 
for each group in Fig. 7. Differences are smaller if 
concentrations are expressed in vol%, cf. [27]. 
These effects are partially caused by the differences 
in the density of  the matrix and/or filler. Ni/PPy 
yields a ratio of  5.5, and WO3/TiO2 a ratio of  1.7. 
But another important  feature is the softer and 
rougher surface of the polypyrrole, as pointed out 
in [271. 

Figures 3, 4 and 7 show clearly that a logarithmic 
law holds for the CC/CE relationship. The only theo- 
retical treatment presently available for metal compo- 
sites is that of  Guglielmi [8]. On the basis of  a model, 
where the particles are 'adsorbed '  according to a 
Langmuir  type isotherm, and then are incorporated 
in a second, field enhanced, rate process, the follow- 
ing equation is derived: 

CE = K1 + K2CE (3) 
CC 

where K l and K 2 are constants. The validity of  this 
relationship for PPy/TiO2 composites was already 
shown [27]. 

On the other hand, the present logarithmic law indi- 
cated by the experimental results suggests that 

cc = K log cE (4) 
CE,0 

where K is a constant and CE,0 is a threshold concen- 
tration. Equation 4 can be derived from first 
principles from a mechanism, which is similar to 
that of  Guglielmi. I f  convection is intensive enough, 
a strong interaction, not only between the particles 
and the surface, but also between the particles them- 
selves in the free, as well as adsorbed state, occurs. 
The latter kind of interaction is a negative (repul- 
sive) one. It  increases with CE, and finally the incor- 
porat ion step is strongly retarded. Such behaviour is 
described on a molecular scale by the Frumkin and 
the logarithmic Temkin adsorption isotherms. For  
the present particle system the individual steps are 
identical to the molecular events. Then the concentra- 
tion of adsorbed particles is given by 

Cad = N log CE (5) 
CE,0 

where ~ is a constant. 
The rate of  particle incorporation into the compo- 

site is defined in the same way as in Gugliemi's work 
to be a field enhanced process: 

dmwo3 
dt - ~1 Cad exp (BA~) (6) 
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Fig. 7. Comparative plots cc against log cE for two PPy- and two Ni-composites, convection mode PL. (0)  PPy/WO3, electrolyte lI (H20), 
PL, 10 #m; (~>) PPy/TiO2, electrolyte II (H20), PL, 10 #m, from [27]; (~)  Ni/TiO2, from [8], aqueous bath (20 mA cm ~); and (O) Ni/SiC, 
from [1 I], aqueous bath (100mAem 2). 

eq and B are further constants, and A~ is the Galvani 
voltage, which contains the overvoltage r/as a term of 
a sum, cf. Equation 10. 

The rate ofelectrodeposition ofpolypyrrole is given 
by Faraday's law: 

dmppy 7MeffA 
dt zF  

- - j  (7) 

where 7 is the current efficiency, A the surface area 
and j the current density. Mef f = M + y M  a and 
z = 2 + y are defined according to Equation 2. The 
pigment concentration in the composite (in wt %) is 
given by 

z 

For small loadings, the second term in the denomi- 
nator can be neglected. Substituting Equations 5-7 
into Equation 8 leads to: 

zt~eClFeX p (BAg~) c E 
log - -  (9) 

Cc = 7 MerfjA CE, 0 

At constant current density the prelogarithmic 
term becomes constant, and it is identical with K in 
Equation 4. The convection effect may be governed 
via ~, which increases with increasing kinetic energy 
of the impinging particles. This holds especially for 
soft and rough surfaces, as in the case of polymer 
matrices. 

A negative effect of  convection rate may become 
important at very high intensities due to 'shooting 
away' of particles, which reside at the surface. The 
tendency to saturation of Cc at high CE may be 
explained accordingly, together with the fact that the 
simplification of  Equation 8 becomes invalid. 

The influence of the current density should be a 

hyperbolic one, according to Equation 9. This is 
confirmed, cf. Fig. 6. However, c c does not approach 
zero at highjs, but it reaches a limiting value. This can 
be understood in terms of a partial compensation due 
to an increase of the exponential factor at high current 
densities, which leads to high overvoltages r/: 

2x~ = zx~0 + ~ (10) 

The results in Fig. 5, according to which the masses 
for WO3 and PPy, and thus the total mass, increase 
with the thickness dn prove the homogeneous distribu- 
tion of the pigment in the composite. However, this 
proof  is not at all an unequivocal one. The measured 
increase in surface roughness with increasing dn [36], 
corresponds to general experience with galvanic 
metal deposits. So it could be that all the WO 3 adheres 
at the surface. A small amount would adhere at the 
relatively smooth surface of a thin coating. Large 
amounts would be trapped in the very rough surface 
of a thick coating. Two findings, however, finally 
prove the homogeneous distribution: 

(i) SEM micrographs of a cross section of the 
composite [26]. These reveal clearly a quite 
homogeneous distribution of the pigment. 

(ii) SEM micrographs of the surface of anodically 
grown PPy/TiO2 composits are shown in Fig. 8 
for three cos. The TiO2 particles can be easily 
recognized, and a diameter of 0 .5#m can be 
deduced, in agreement with direct deter- 
mination [27]. The surface density remains 
virtually constant. If the bulk concentration 
were negligible, and all TiO2 material had 
accumulated at the surface due to the increase 
in surface roughness, a much stronger density 
would be seen at higher (average) loadings. 
The good proportionality in Fig. 5 would not 
be verified. 

The medium particle size of 10 #m for WO 3 seems 
to be too large for the composite formation. Figure 
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9 presents the particle size distribution data for WO3 
in water or acetonitrile, after stirring and after ultra 
sonic treatment. Clearly, fractions of particle sizes 
extend down to the region well below 1 #m. From this 
it is concluded that agglomerates are present, which 
can be further dispersed. The SEM technique reveals 
that mainly agglomorates are present at the surface 
of the composite, but with a lower individual particle 
size, cf. [28]. The diameter of ~the primary particle 
seems to be in the order of 0.1 #m. This is not much 
larger than the primary particle size in the case of 
TiO2, cf Fig. 8 and [27], where the dispersability of 
the pigment was improved. It is interesting to note 

Fig. 8. SEM micrographs. Top views of electrodeposited PPy/TiO2 
codeposits of various thicknesses [27]. Electrolyte II (H20), 
base electrode stainless steel (Remanit TM, Thyssen A.G.), 
polished with diamond 1 #m. Convection PL, CE = 30gTiO2 dm ~'. 
(a) d n =  3tzm, (b) d n =  101bm, and (c) d n =  30tzm. 
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Fig. 9. Particle size distribution of WO3 in aqueous 0.l M LiCIO4. (a) 
stirred solution, (b) ultrasonic treatment. 

that the present results demonstrate the possibility 
of selection of the codeposition conditions in favour 
of smaller particle sizes. It is to be expected, that the 
smaller particles are codeposited more easily. Very 
large particles are not incorporated permanently. 

The experimental findings allow a comprehensive 
understanding of the codeposition mechanism. This 
parametric study forms the basis for the production 
of a wide variety of concentrations of WO3 in PPy 
via variation of CE, convection and current density. 
PPy/WO 3 materials and their characterization will 
be reported in a subsequent paper [28]. 
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