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The effect of the addition of ethanol and 2-propanol to the dispersing phase of
TiO, and RuO, sols mixture on the morphology and, consequently, on the electrochemi-
cal properties of the sol-gel obtained activated titanium anodes was investigated. The
properties of the obtained anodes were compared to those obtained by the thermal de-
composition of appropriate chloride salts. The morphology of the anode coatings was
examined by scanning tunneling microscopy. The electrochemical behaviour was in-
vestigated by cyclic voltammetry and by polarization measurements. An accelerated
stability test was used for the examination of the stability of the anodes under simulta-
neous oxygen and chlorine evolution reaction. A dependence of the anode stability on
the type of added alcohol is indicated.
Keywords: activated titanium anodes, RuO, sol, TiO, sol, sol-gel procedure, accelerated
stability test.

INTRODUCTION

Noble metal oxides, dominantly RuO, and IrO», applied onto titanium sup-
ports were initially developed for industrial use as anodes in chlor-alkali electroly-
sis and as oxygen-generating anodes in electrolytic plating.!-2 Today they are
known as good electrocatalyts for a number of electrochemical processes.3© The
preparation of such anodes involves the thermal decomposition of chloride precur-
sors, previously dissolved in an appropriate solvent.!:7-8 The obtained electrode
coatings are known to be porous, with a large real surface area that can be enlarged
by the addition of TiO,, SnO, and TayOs, which primary act as stabilizing compo-
nents.2 The latest trends are focused on the investigation of the basic electrode prop-
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erties (both morphological and electrochemical) affected either by implantation of
numerous different oxides®!3 or by different techniques of oxide preparation,
among which the sol-gel procedure seems to be very promising.14-16 The basic
goal is to achieve the largest possible real surface are and to discriminate the effects
of geometric factor on the electrocatalytic activity from those of surface electronic
states, which can be correlated with the surface acid-base properties of the elec-
trode.!7-18 This discrimination can be realized by point of zero charge (pzc) mea-
surements, taking the pH value of the solution in which the oxide surface is electri-
cally neutral as the pzc,17-18 or by blocking the characteristic active sites with some
organic molecules, which results in a decrease of the charge on the surface.!!

As was shown in our previous work, ¢ the forced hydrolysis of extremely acid
solutions of RuCl3 and TiClj is a good method for the preparation of oxide sols. The
obtained RuO; and TiO; sols, appropriately applied onto Ti support and calcinated,
form an electrocatalytic coating with similar basic electrochemical properties to
those prepared by thermal decomposition, but the sol-gel anodes last longer under
the rigorous conditions of an accelerated stability test (AST)7-8 than those thermally
prepared.

The aim of this work was to study the effect of the dispersing medium compo-
sition on the size, shape and distribution of the oxide particles and, consequently, on
the coating properties. Namely, modification of the sol composition changes the
surface tension of the sol mixture, which causes different shape of the sol drops on
the surface. This should affect the morphology of the coatings. The sol composition
was modified by the addition of ethanol and 2-propanol to the dispersing medium.
However, the addition of alcohols also affects the sol stability. Hence, not only was
the effect of alcohol in the dispersion medium on the morphology and electrochemi-
cal properties of anodes determined but also its effect on the stability of the sol mix-
ture. The properties of anodes prepared by deposition of such modified sol mixtures
were compared with those of anodes prepared without the modification as well as
with those anodes obtained by thermal decomposition.

EXPERIMENTAL

The TiO, and RuO, sols were prepared following the procedure of forced hydrolysis.!© Tita-
nium trichloride (Merck, 10 % TiCl; in 15 % aqueous HCI ) and ruthenium trichloride (Ventron,
GmbH) were used as the starting chemicals. The obtained oxide sols were then concentrated by evapo-
ration to obtain the optimal amount of the dispersed (solid) phase. The two oxide sols were then mixed
to obtain 40 % Ru : 60 % Ti as the coating composition. The mixture was divided into three parts; to one
of them ethanol and to another 2-propanol was added up to an alcohol : dispersion ratio of 50 : 50.

It was observed that ethanol, as well as 2-propanol, influences the flocculation of the solid
phase. The dispersed phase became visible after several days from the moment of the addition of ei-
ther alcohol, although the effect in the case of 2-propanol addition was more pronounced. Such a
slow rate of destabilization (aggregation) allowed the obtained mixtures to be used fot the prepara-
tion of coatings. In this work, the mixtures prepared with the alcohols were applied 12 h after mixing.
However, it is to be expected that the oxide particles from the mixtures with the alcohols would be
larger than those from the sol mixture prepared without the addition of the alcohols.
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Titanium plates, 1.5 x 1.5 cm in size, were used as the substrate, formerly prepared for the de-
position as described elsewhere.3:1% The deposition of the sol mixtures was achieved by multilayer
painting.:16 Each layer was calcined at 450 °C for 10 min and a final annealing was performed at 450
°C for 30 min. The amount of the coating was 2+ 0.4 mg cm2 (RuO,+TiO,) on each anode. The deno-
tations for the anodes are:

thl — anodes obtained by thermal decomposition;’-8

wir — anodes obtained by the application of the sol mixture without alcohol addition;!®
ipl — anodes obtained by the application of the sol mixture containing 2-propanol;
etl — anodes obtained by the application of the sol mixture containing ethanol.

The working electrode (surface area: 1 cm?) was mounted in a Teflon holder. A Pt plate served as the
counter electrode and a saturated calomel electrode (SCE) as the reference. All potentials refer to the SCE.

The anodes were examined by scanning tunneling microscopy (STM) (Nanoscope 111, DI,
USA) at scan sizes 880x 880 nm? and 50 x 50 nm?; the surface appearance was checked using both
scan sizes at three different places. Cyclic voltammetry and polarization measurements were per-
formed with a potentiostat/galvanostat (PAR model 273A) in 5 M NaCl, pH 2, at room temperature.
The sweep rate was varied in the range 3 — 500 mV s°!. The accelerated stability test was done galva-
nostatically (j =2 A cm™2) in 0.5 M NaCl, pH 2, at 33 °C.

RESULTS AND DISCUSSION

The surface appearances of the anodes are illustrated by the STM images in
Fig. 1, recorded at one of the three different locations at a scan size of 880 nm x880 nm.
These images give qualitative information about the distribution of the coating ma-
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Fig. 1. STM images of the thl, etl, ipl and wtr anodes: z=5 nm div'.
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terial over a rather large area as compared to the oxide particle size, which is in the
order of nanometers.!® The most uniform distribution of the coating material was
visible on the wtr anode, while the t4/ anode had the worst distribution. These sur-
face differences are seen more clearly from the bar graph given in Fig. 2, which rep-
resents the average values of the three surface area differences (SAD) between the
real and geometric surface areas, obtained in STM analysis. At the applied scan size
of 880 nm x 880 nm, the difference between the real and geometric surface areas is
about five times larger for the ¢4/ anode than for all the anodes obtained by the
sol-gel procedure. Such a pronounced difference is probably due to the more uni-
form micro-distribution of the material in the sol-gel coatings than in the thermal
one, which is caused by the better packing of the suitablys-haped sol—gel particles.
From Fig. 2 it seems that the addition of alcohols into the sol mixture has only a
small influence on the micro-distribution of the coating material.

Fig. 2. The average relative difference
between the real and geometric sur-
face area (SAD) for the scanned anode
thi efl ipl wr surfaces shown in Fig. 1.

The STM images shown in Fig. 3 were taken at a scan size 50 nm x 50 nm,
which is informative enough for the oxide particle size and shape. The ubiquitous
nano-rough spots seen on the sol-gel obtained anodes were not observed on the
thermal one. This observation suggests that the sol—gel obtained coatings consist of
smaller grains than those thermally prepared, and consequently, they should have a
larger real surface area at the nano-level. Also, the sharpest spots present on the
coating surface prepared with 2-propanol addition suggest a pronounced influence
of 2-propanol on the shape of the grains, which results in the ip/ anode having the
largest real surface areas when compared to other anodes. Fig. 4 represents the dif-
ference between the real and geometric surface area of the surfaces when scanned at
50 nm x 50 nm. The SAD value for the 4/ anode is the smallest, meaning the small-
est real surface area or largest particles. The largest SAD value is observed for the
ipl anode, which differs only to a small degree from that for the wtr anode, from
which it can be concluded that there is no significant difference in particle size be-
tween these two types of coating. The small difference between the SAD values for
the wer and ipl anode is caused by the mixed influence of 2-propanol which
destabilizes the sol and simultaneously changes the particle shape. The influence of
ethanol on the particle shape could not be proved from Fig. 4 (nor from Fig. 3).
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Fig. 3. STM images of the #h/, etl, ipl and wtr anodes: z= 2.5 nm div!.

The cyclic voltammograms for the obtained anodes are shown in Fig. 5. They
are all of similar shape, although the current values are quite different. The appear-
ance of a broad reversible peak at about 0.5 V, attributed to the Ru3*/Ru redox cou-
ple,”-20 can be clearly seen. A several time larger anodic charge is seen for the wir
anode than for the ip/ and et/ anodes. This could be the proof? that the finest oxide
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Fig. 4. The average relative difference between the real and geometric surface area (SAD) for the
scanned anode surfaces shown in Fig. 3.
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Fig. 5. Voltammetric curves for the thl, etl, ipl and wtr anodes. Electrolyte: 5 M NaCl, pH 2; sweep
rate: 50 mV sﬁl; room temperature.

particles are formed in the preparation procedure for the wtr anode, which was not
so obvious from the STM data. To explain this, one can speculate with the fact that
the anodic charge is related to the number of electrochemically active sites, which
are only Ru species,?! bearing in mind that the inactive TiO, component also con-
tributes to the interpretation of the STM data. The STM data are related to the sur-
face appearance but do not differentiate between the oxide components of the coat-
ing, although it could be expected that the added alcohols would have different ef-
fects on the RuO, and TiO, sols. Nevertheless, the general observation from Fig. 4
and Fig. 5 is that smaller grains are formed in the sol-gel procedure of coating prep-
aration than in the thermal one.

As it was shown by Trasatti and coworkers, 1021 the voltammetric charge of
the RuO; coating ¢, C cm2, is a measure of the number of active sites onto which
protons are reversibly exchanged with the solution:

RuO(OH)y + SH + 8¢~ & RuOy_5(0H)yt5; 0<8>2 (1)

According to this approach, the dependence of the apparent anodic charge
density, calculated by integration of the anodic part of the voltammetric curve, on
sweeprate v, Vs, can be interpreted by two phenomenological relations which are
not directly related in an analytical sense:

q =qout + k112 2
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and
1/g = 1/gtot + k’v1/2 (3)

assuming that:

qtot = qgout + gin 4)

where gy is the charge density related to all active sites, including “hidden”, less
accessible ones (grain boundaries, pores and cracks), g;, is related to the “hidden”
sites and ¢, is related to the outer sites which are directly exposed to the electro-
lyte while kand k" are constants. Less accessible regions of the coating become pro-
gressively excluded as the rate of reaction (1), or sweep rate is enhanced, so from
Egs. (2) and (3) one obtains:

g —> qout Whenv — o (5a)
and
g —> qtot when v — 0 (5b)
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40 T ¥ T T T T 50 T T T T
" . e hl e
& jpl ) X el e
x el « Or & . T
or e a7 T - n wi 7
// § el
o (] / —'U 30 | P - 4
<E) 20 - a / b h‘.E "4/ °
<
(-E) - 20 "/ }”’X/ /*/" T
E P s x»u«x)‘/xfk* A
5 . 4 = . A
10 St T o otk ]
W%H**”’"fx -~ san =8 88 88 o
0 1 1 1 1 1 1 0 1 1 1 1

00 0.1 02 03 0.4 0.5 06 o K] 10 15 20
12

(v/mV s'])‘l/2 (v/imVs')

Fig. 6. a) g vs. v'12 and b) q'1 Vs. v]/z, plots for the #4l, etl, ip/ and wtr anodes. The voltammetric
charges were obtained by integration of the anodic part of voltammetric curve scanned in 5 M
NaCl, pH 2, between 0 and 850 mV.

The characteristic plots ¢ vs. v-1/2 and 1/g vs. v1/2 are shown in Fig. 6. The
voltammetric charge is obtained by integration of the anodic part of the volta-
mmetric curve within the potential range 0 — 850 mV. The numeric values of the
characteristic charges obtained by extrapolation of the linear functions from Fig. 6
are given in Table I. The values for gy lead to the same conclusion about the differ-
ence in grain size as was reached from STM analysis and Fig. 5 —the highest value is
obtained for the wtr anode and the smallest for the 4/ anode.

The values for goy¢ can be related to the STM data from Fig. 4. Higher values
for goyt are observed for sol—gel obtained anodes than for the thermally obtained
one, which agrees with the STM observation, although these values for the sol-gel
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obtained anodes do not change as observed in the bar graph from Fig. 4. This behav-
iour could be caused by different states of the TiO, matrix, which is affected by the
presence of ethanol and 2-propanol in the sol mixture, as has already been dis-
cussed.

TABLE I. Characteristic charge densities obtained from the plots in Fig. 6.

Electrode Goyt/ mC cm2 Gior / mC cm? ¢ / mC cm2
wir 11.76 30.38 18.62
thi 2.86 6.43 3.57
etl 4.39 11.74 7.35
ipl 3.37 18.33 14.96

The ¢j, values are a measure of the inner surface area — bulk cracks and pores
between grains. The large gj, values suggest either the presence of pores beween
large grains or the presence of narrow bulk cracks in the coatings consisting of small
grains. Since the wtr anode consisted of the smallest grains, the obtained highest gj,
value means the existance of bulk cracks. Also, it can be concluded that the bulk
cracks are narrow, as the g, value is greater than the g value. The larger g, values
as compared to gqyt of the th/ and et/ anodes also confirms the presence of narrow
bulk cracks. However, the grains are larger than in the case of the w#r anode, since
their ¢j, values are considerably smaller. The existance of pores between grains of
the wtr, thl and etl anodes cannot be confirmed by values of gj, and goy¢. Actually, if
pores exist between grains, the gj, and gqyt values should not be comparable.

The surprisingly large ¢, value for the ip/ anode, which is several times larger
than the oy value, is an indication for the existance of pores between the grains.
The particles of the ip/ anode are large and have a less regular shape, which leaves
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Fig. 7. The normalized Tafel plots for the et/, wtr, thl and ip/ anodes. Electrolyte: 5 M NaCl,
pH 2; room temperature.
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wide spaces between the grains. Also, the presence of narrow bulk cracks of compa-
rable dimensions as in the cases of the wtr, thl and et/ anodes is to be expected.

The normalized Tafel plots are shown in Fig. 7. To discriminate the influence
of the geometric factor on the current densities values, the apparent values were di-
vided by gyor.2-1° The Tafel slopes are in the range of 30-40 mV, which are typical
values of Tafel slopes for the chlorine evolution reaction on the RuO; — TiO; type of
anodes.22 The similarity in the activity of the wtr and Al anodes is in agreement
with the observation from a previous work.16 At this moment, it is difficult to make
any further comments about the observed differences in activity between the anodes
obtained with and without alcohol addition, but it could be said that this is probably
due to added alcohol causing the active sites to be in different states. It is known that
alcohols cause hydrogen insertion into RuO; resulting in a change in the oxide
state.23 Also, similar activity effects were observed in the case of RuO; coatings ob-
tained from mixtures with rare earth oxides.!1-13

The AST data, shown in Fig. 8, indicate that the wtr anode is the most stable
under conditons of simultaneous oxygen and chlorine evolution, which take place
during AST.7-8 The et/ and thl anodes have similar lifetimes, but the ip/ anode is
rather unstable.
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Fig. 8. The time depencence of the relative change of the electrode potential as a result of the accel-
erated corrosion test. Electrolyte: 0.5 M NaCl, pH 2; temperature 33 °C; j =2 A cm.
. AE = Et— E. E; — electrode potential at time ¢, E~¢ — electrode potential at = 0.

According to the literature,”-3 there are two main causes for the loss of
electrocatalytic activity or anode disordering. One is the selective dissolution of the
electrochemically active Ru species and the other is the simultaneous formation of
an insulating TiO» layer at the coating/Ti interface during long-term electrolysis.
Which of the two dominates depends on the morphology of the coating. The smaller
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grains and, consequently, the greater real surface areas of the sol-gel anodes affect
the dissolution rate of the active Ru species, so that the real current density of Ru
dissolution is smaller in the case of the sol—gel anodes than in the case of the thermal
one. Also, the electrolysis current appears to be better distributed due to the narrow
particle size distribution, which is provided by the sol—-gel procedure of oxide syn-
thesis.24 Although high porosity significantly contributes to the surface area en-
largement, at the same time it enables penetration of the electrolyte into the coating
where, due to diffusion limitation of the chlorine evolution reaction, the oxygen
evolution reaction dominates. The evolved oxygen diffuses towards the sub-
state/coating interface causing the growth of an insulating TiO; interlayer.” The op-
timal value of the porosity provides a high real surface area, but with slow electro-
lyte penetration. This is achieved with the wtr anode. In the case of the ip/ anode, the
porosity is so high that electrolyte penetration is practically unhindered. As a result
of'this, the ohmic drop, caused by increased TiO; at the interface, becomes signifi-
cant immediately after the beginning of AST on this type of anode. An increase of
the electrode potential and loss of activity is the consequence.

The comparable rates of both processes responsible for the loss of activity
were established on the ¢4/ and et/ anodes, since they have smaller real surface areas
than the wer anode. The dissolution of Ru from these anodes is accelerated as com-
pared to the wtr anode, but the porosities should have similar values. As a conse-
quence, the thl and et/ anodes have practically the same lifetimes, which are consid-
erably shorter than for the wtr anode.

Considering the experimental results and comments, a kind of mechanism for
the loss of electrocatalytic activity can be suggested for each anode. A qualitative
overview is given in Table I1. The check mark is used to indicate the significance of
the appropriate process. The number of check marks indicates the rate of the process
in the proposed mechanism. Also, the number of check marks per anode inidicates
its relative stability, as was observed in Fig. 8.

TABLE II. The proposed dominating processes in the mechanism for the loss of the anode electro-
catalytic activity

Electrochemical dissolution of ~ Growth of an insulating TiO,
Electrode

the active Ru species layer at the interface
wir v to be neglected
thl vV v
etl Vv v
ipl vV Vv vv

These results of the accelerated stability test also indicate the dependence of
the anode stability on the type of alcohol added to the dispersing phase of the oxide
sols. According to Fig. 8, and to some more recent results which involved investiga-
tion of the influence of methanol addition,25 it appears that an increase of the num-
ber of C atoms in the alcohol molecule decreases the anode stability. The lifetime of
the anode obtained with methanol addition lay between that of the et/ anode and wir
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anode. The influence of the number of C atoms could be connected to the different
influence of the alcohol molecule on the aggregation of the oxide solid phase in the
colloidal dispersion. As a cosequence, the oxide sols, into which different alcohols
were added, have a solid phase consisting of oxide particles of different sizes. This
interpretation requires more detailed investigation and these experiments are pres-
ently in progress.

CONCLUSIONS

The addition of the alcohols, ethanol or 2-propanol, into the dispersing phase
of TiO5 and RuO sols causes a different growth of the oxide particles. In the case of
2-propanol addition, the oxide particles grow faster. At the same time, the applica-
tion of such colloidal dispersions onto a Ti substrate improves the wetting of the sur-
face and, consequently, allows for a more uniform distribution of the coating mate-
rial. The sol—gel coatings, without and with the addition of ethanol or 2-propanol
into the sol dispersing phase, consisted of smaller grains than that prepared by ther-
mal decomposition. The sol—gel coatings have larger real surface areas. The pres-
ence of the pores between the grains were detected only in the coatings obtained
with 2-propanol addition, which causes the shortest lifetime of this anode. The pro-
cedure of the coating preparation (thermal or sol-gel) does not influence the
electrocatalytic activity of the anode for chlorine evolution, while the addition of al-
cohols in the case of the sol—gel coating preparation does. The stability of the an-
odes obtained by addition of alcohols seems to depend on a number of C atoms in
the alcohol molecule.
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n3BOMO

YTULAJ] ITIPUCYCTBA AJIKOXOJIA Y JUCIHIEP3HOJ CPEIVMHN OKCUJHNX COJIOBA
HA OCOBMHE RuO2-TiO2/Ti AHOJA JOBHUJEHHNX COJI-TEJI ITIOCTYIIKOM

B.MMAHUR,' A. ITEKAHCKU,? C. MUJIOBUR,’ P. ATAHACOCKU® u B. HUKOJIUR!

1Texl-w/wluko-mema/lypumu pakyaitein, Ynusepsuitiei y Feozpady, Kapnezujesa 4, ii. iip. 3503, 11120 Beozpao
(e-tiowitia: bane(@elab.tmf.bg.ac.yu), 2UXTM - Lenitiap 3a eaexitipoxemujy, hezowesa 12, . tip. 815, beozpao u
3I/IH(r1,471114_4yu_¢ 3a HyKaeapre Hayke "Bunua', @i. p. 522, 11001 Beozpao

Y papy je UCIUTHBAH YTHUIIA] lofjaBamka €TaHOJIa OJHOCHO U30-IIPONIaHoJIa Y AUCIEP3HY
cpepuny cMeute conopa TiO2 u RuO2 Ha MOP(OJIOrjy U eIeKTPOXEMUjCKE OCOOUHE aKTH-
BUPaHUX TUTAHCKUX aHOMA AOOUjeHUX coj-Trej mocTynkoM. OcoOuHe OBako JOOMjEeHUX
aHofia cy nopebene kako Mehyco6HO Tako 1 ca ocoduHaMa aHofa JOOUjeHUX TEPMUUYKUM MO-
CTYNIKOM U3 XJIOpU/ia pyTeHHjyMa 1 TUTaHa. Mopdoiioruja aHOIHUX ITpeBaKa NCIUTHBAHA je
CKEHHMpajyhoM TYHEJICKOM MHMKPOCKOIMjOM, a €JIeKTPOXEMMjCKO IOHAIIAKE LMUKINYHOM
BOJITAMETPUjOM U INONAPU3ALUOHUM MepemnMa. CTaOUNHOCT aHOfa y IapajieJlHUM pea-
KlldjaMa H3[lBajalka KUCEOHMKA U XJIOpa UCIUTHBAHA je YOp3aHUM TECTOM CTAaOMIHOCTH.
YoueHno je ga Mopdoinoruja, enreKTpoKaTaJIuTHYKa aTUBHOCT U CTAOMIIHOCT JOOMjEHUX
aHOJla 3UBUCHU Off BPCTE JOAATOr aJIKOXO0a.

(ITpumibeno 2. mapra 2000)
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