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Abstract: A method of sotgel for preparing a W/ W03 pH electrode was presented. H* response characteristics,

such as response range, response sensitivity, response time were investigated. The effect of heat-treatment on re-

sponse linear relation was discussed. The influences of interfered ions and solution temperatures were also taken into
consideration. Many kinds of determination technology, such as TG, DSC, IR, SEM, AFM, XPS, XRD were used
to characterize the film. The results show that the film appears in crack driedmud, and the film is composed of
W03, WO3; * H20 or WO3 * 0.33H20; the hydrate water decreases with the increase of the heat-treatment temper-

ature; the W' in the electrode film transfers to W*° in the course of H* response; the H® response course is con-
trolled by the H* diffusion from the solution to the WOs3 crystalline, which is indicated in the EIS spectra; the best

heat-treatment temperature is 200 ‘C, and at this temperature, the electrode has an H* response sensitivity of 52
p p p y

mV/pH.
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1 INTRODUCTION

Acidity is one of the most important parame-
ters in aqueous samples. Although the glass elec
trode is by far the most commonly used pH sensor,
limitations of the glass electrode, such as acid and
alkaline error, high impedance, high temperature
instability and mechanical fragility restrict its fur-
ther application to pH determination in the wider
range!''. Therefore, the research interest has been
directed toward the development of alternatives to
conventional glass electrode.

M any metal oxides not only exhibit a good re-
sponse to H" , but also are inherently stable in ag-
gressive environments at high temperature and
high pressure or in F~ containing solutions. In ad-
dition, the good mechanical strength makes it easy
to miniaturize. Various metal oxides have been
suggested to be used as pH sensing electrodes,
such as MnO2, PbO,, WO3, Co304, TiO2, PtO2,
RuO:, RhO2, 0s0: and Ir0,'7% .

Solgel technology is believed as a convenient
method to control the film composition and the
micro-morphology with inexpensive coating equip-
ment, and it is attempted to take place of the tradi-
tional film formation method in many fields, such
as in the fabrication of protective coatings, YSZ

membrane, reflective optical coating, storage sys-
tems, self~assemble monolayers, and gas sensitivi-
ty thin film'™"
the electrochromic

. WOs3 is commonly investigated as
material, and the solgel
process is accepted as a new method, which at-
tracts much interest in these years. It switches re-
versibly from white to blue upon electrochemical
redox reaction with the injection and extraction of
electrons and cations (mainly H" and Li" ) as fol-
lows: xM* + WOs + xe ~ M.WOs (M: H*,
Li" ), which could take place even in the situation
of absence of any applied voltage''" .

According to many reports, the solgel tech-
nology of WO3 has shown perspects to the prepara-

21 As far as it is known, the

tion of NO. sensor
WOs oxide could be prepared for the H* selective
film with three methods, i. e. chemical oxidiza-
tion, cyclic voltammetry electro-chemical oxidiza-

tion and sputtering' "

In this paper, a method
is attempted to prepare a H selective film based
on solgel technology, which shows the potential
application to pH electrode for its lower cost, com-
pared with the reported pH electrode based on the
expensive material of Ir, Ru, Rh, etc.

The tungsten trioxide could combine with
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water molecules to form crystalline WO; ¢ nH20
(n=2, 1or1/3), or

acids and isopoly-tungstic acids''®'.

amorphous metatungstic

The H' re
sponse characteristic of the W/ WOs3 electrode was
related to the composition and morphology of the
hydrous tungsten oxide, therefore various determi-
nation methods such as TG, DSC, IR, SEM,
AFM, XRD, XPS were used to characterize the
film. As the H' sensitive material, the W/ WO;
film worked through a H* involved reaction. T he
H™ response was not only related to the thermody-
namic equilibrium but also to the dynamics course.
The EIS experiment was carried out to investigate
the control step in the dynamics course of the H”
response.

2 EXPERIMENTAL

2.1 Preparation of WQs sol
The sol was prepared with an ion-exchange
method, which could be found in many refer

[ 16]
ences

, and the process was as follows: a com-
mercial cationrexchange resin ( 001 x 7, Nankai
chemical Co.) was immersed in an acid solution
(10% HCIl) for 1 h to convert it from Na" to H”
type. After being washed with distilled water for
several times, the resin was packed uniformly in a
glass column and washed again with distilled water
repeatedly until the pH of the effluent was close to
7. The iomexchange capacity (content of protons)
of the resin was about 1. 8 x 10"? mol Na" /1 mL
resin, which was obtained from the product manu-
al. The solution of 0. 4 mol/L NaxWO4 was let to
flow down through the glass column at a fixed
rate, and the effluent was collected into a beaker.
Such chelants as H202 and C:HsOH were added to
WOs sol with appropriate content for the purpose
of avoiding the formation of WO3 gel.

2.2 Fabrication of W/ WOs pH electrode

Tungsten oxide film was coated on the surface
of tungsten wire(d0. 5 mm) by dipping the wires
into the tungsten sol, and then a heat treatments
at 100 C, 200 'C, 300 C, 400 C respectively were
carried out in oven. A thick film was formed when
repeating the above process, and the thickness of
the oxide film was controlled by the dipping time.
The composition and molecular structure of the ox-
ide were dependent of the thermal treatment tem-
perature.

To prepare the pH electrode, a small section
at one end of the coated wire was scraped
off, and Cu wire with a length of 10 cm was spot-
welded on the exposed base metal to form an ohmic
contact. This junction as well as Cu wire was
sealed with heat-shrink silicone adhesive or epoxy
resin so that only the tungsten oxide surface was

exposed.

2.3 pH response measurement

Open-circuit potential of the W/ WOs3 electrode
was measured as a function of pH value of the test
solution against a single junction saturated Calomel
reference electrode by using a potentiostat (the in-
put resistance > 10'* Q). Before measurement, W/
WO; electrode was stored in distilled water. All
the potentiometric measurements were performed
in an air-saturated buffer solution at room tempera-
ture. The buffer solution consisted of 0. 01 mol/ L
CH3COOH/HBO3/H3P0Os and 0. 1 mol/ L KCI''"",
The pH of the buffer solution was varied by drop-
wise addition of 0. 1 mol/L. KOH or 0. 1 mol/L
HCL. A previously calibrated glass electrode and a
digital pH meter were used to monitor the solution

pH .

2.4 Microscope analysis

TG and DSC were used to analyze the change
of the sol in the course of heat-treatment, and IR
was also used to observe the change of the group
in tungsten acid. XPS was used to determine the
elements composition and the valence of W. The
crystalline structures of the obtained hydrous tung-
sten oxides were determined by XRD. The mor
phology of the oxide film was observed by SEM
and AFM.

2.5 EIS measurements

EIS was used to investigate the control step in
the dynamics course of the H" response. Imped-
ance measurements were carried out using electro-
chemical workstation ( Zahner, German) and a
managing software (Ime6) . 0. 01 mol/LL
CH;COOH/HBO3/H3P04/0. 1 mol/L. KCI buffer
was adopted as the working solution. At each
fixed potential, frequencies were scanned between
SmHz and 100 kHz. The experimental data were
fitted to an equivalent circuit using Zview soft-
ware.

3 RESULTS AND DISCUSSION

3.1 Response sensitivity and response time

Fig. 1 shows the relationship between open-
circuit potential and pH value for the electrode
heat-treated at 200 C. It is found that the H" line
ar response range is pH 2 7 11, with a response
sensitivity of 52. 6 mV/pH. The heat-treatment
temperature makes some effect to the response
sensitivity, therefore the electrodes prepared at
different thermal treatment temperatures differ in
the response characteristics. It is observed that W/
WO; electrodes prepared at 300 C and 400 C have

an inferior sensitivity to the sample prepared at 200
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‘C in the same pH response range (2~ 11), which
are respectively 39. 1 and 37.4 mV/pH. The above
discovery can be explained by the theory that the
response characteristic is dependent of the film
morphology and composition, and the thermal
treatment temperature makes a considerable effect
on the film characteristic.
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Fig. 1 Response relationship between
operrcircuit potential and pH for
electrodes treated at different temperatures

For the convenient pH determination, the
quick response of the pH electrode was needed. A
computer with a specific software was used to re-
cord the opemcircuit potential response. Here,
tos is defined as the response time, which is 95%
of the time that the electrode spends from trigger
of potential response to arrival of potential steady
state!' . The response time is less than 1 min in
the buffer solution of pH 27~ 11. Figs. 2(a) and 2
(b) show the record of the response of the open-
circuit potential of W/ WOs3 electrode in pH 4.01
and pH 9. 06 buffer solution respectively. The re-
sponse time of the electrode is affected by the pH
and temperature of the solution. Response to low
pH value solution is more quick than to alkaline
solution, and elevated temperature would also
shorten the response time. The observed phenome-
na maybe result from the truth that the dynamic
response of the electrode is related to the H* diffu-
sion.

3.2 Antiinterference and temperature effect

The pH electrode response behavior should be
stable in the solutions containing various ions, so
the ion selectivity of the W/ WOs pH electrode a-
gainst major interfering ions was studied with a
mixed-ion interfered method, as listed in Table 1.
Table 1 lists the results of ion selectivity coeffi-
cients as logKwu. u. The data prove that the W/
WOs electrode is well selective to many ions except
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Fig. 2 Potential response of
W/ WOs; electrode in buffer solution
(a) —pH= 4.01; (b) —pH=9.06

the oxidative NO3 . Addition of 0. 1 mol/L NOs3
has some effect on the H" response relationship.
Fig. 3 shows the electrode response potential in the
buffer containing 0. 1 mol/LL NO3 . It shows re
markable change on the intercept and slope of the
response relationship. It has been reported that the
coated Nafion film will improve the H" selectivity
of the pH electrode and the resistance to interfer-
ence of negative ions'". It is found that the H”
response is very slow here in the case that the elec
trode is coated with one or two layers of Nafion
films.

Table 1 lon selective coefficients of
W/ WOs electrode
Interfered ions  logKwm. u Interfered ions logK v, u
Na' < -10 F- <-6
K* <-10 I <-4
Ca™ <-10 NO3 <-4

The electrode remains good linear response re-
lationship in solutions at different temperatures,
but its response sensitivity changes. The response
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Fig.3 Oxidate NO3 inference to

?—pH response relationship of
W/ WOs electrode

sensitivity is 52. 4 mV/pH, 54.9 mV/pH, 57. 6
mV/pH, 59.5mV/pH respectively, corresponding
to the temperature of 25 C, 35 C, 45 C, 55 C,
which corresponds well with Nernst slope of the
H" involved reaction of the electrode response. As
a temperature effect, the elevated temperature

would also improve the response speed.

3.3  Charactedrization of film composition and
morphology

The TG and DSC curves of the gel are shown
in Fig. 4. Three mass loss stages in TG curve are
observed at 20 = 100 'C, 100 — 250 C, > 250 C.
The remarkable decrease in TG curve between 20
and 250 C results from the loss of water, which is
mainly gas evolution of absorbing water and the
dehydration of hydrate water as well as the con-
densation of W —OH. There is little mass loss
above 250 ‘C. Corresponding to these mass losses,
three endothermic peaks are observed. The first
endothermic peaks (100 C), the second endorther-
mic peak( 120 C), and the last endothermic peaks
(250 C) are respectively attributed to the loss of
absorbed water, the condensation of peroxotung-
stic acid, the loss of hydrate water and the conden-
sation of W —OH. No crystalline transition peaks
are seen in the DSC spectroscopy. From the above
analysis, the conclusion could be drawn that the
change of the gel film in the heat treatment course
below 600 C is the loss of absorbing and hydrate
water, as well as condensation of W —OH, with-
out crystalline transition taking place.

Infrared spectroscopy indicates hydration and
hydroxylation. The IR spectra are shown in Fig. 5.
The presence of the broad band centered around
3400 cm™' ( —OH stretching) and at 1650 cm™'
( —OH bending) band shows the presence of the

Temperature/'C
Fig.4 TG and DSC curves of WO3 gel

hydrate WOs. The higher frequency band ( 650
em™ ') belongs to the W —0 —W stretching vibra-
tion, while 980 em™ ' is ascribed to absorption of
UW —Ou binding. With increasing temperature( 200
C, 300 C), the W —O band appears to be more
intense, while the absorption peaks at 3400, 1650
em™ ' decrease remarkably, which indicates the
large loss of hydrate water. After a course of 400
C heat treatment, the W —OH absorption peak at
1400 cm™ '

almost disappears totally.

i 1 1 1
500 1500 2500 3500 4500
Wave number/cm™!
Fig.5 IR spectra of different

heat-treated WOs3 gels

XRD is able to provide detailed structure in-
formation. The oxide treated at 100 C or 200 C
mainly shows the diffraction of WO3; and WO3
H.0, while the intense diffractive peak of WO3 *
0. 33H.0 is instead of WO; ¢ H20 with the in-
crease of heat-treated temperature up to 300 C or
400 C. This result is correspondent well with the
analysis of TG, DSC, which shows the dehydra-
tion of the gel in the course of heat-treatment.
Fig. 6 shows XRD patterns of the gel heat-treated
at 200 C, which shows that the film is composed
of WO3 and WO;s * H»0.

XPS was used to determine the element com-
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Fig. 6 XRD pattern of WOs3 processed at 200 'C

position and the valence of W. As seen in Fig. 7,
the tungsten oxide film is mainly composed of W,
O, and Na" is exchanged completely with the cat-
ion-exchange resin. The binding energy (B. E.) of
W 4fs2 is 35.7 eV, which corresponds well with
the reported binding energy of W*°, so it could be
drawn that the tungsten in the oxide film exists in
the form of W*°®. The tungsten oxide electrode is
imposed by a — 50 mV negative voltage to acceler-
ate the negative reaction in the film related to H*
response. Fig. 8 shows XPS analysis of the W ele-
ment result of the electrode being imposed by an
negative voltage, which shows the overlap of the
W peaks of different valence. Fitted with the re-
ported data, i.e. W(+ 5) 4fs.= 34.3eV,
W(+ 5) 4fz72= 36.5 eV, W(+ 6) 4fs52= 35.7 €V,
W(+ 6) 4fz2= 37.9 eV, as shown in Fig. 9, the
XPS curve of W element could be attributed to the
contribution of W*> and W*°. Therefore, the reaction
occurring on the electrode is probably W* + e~ W*’.

Ols

0 200 400 600 800 1000 1200

Binding energy/eV

Fig.7 XPS spectrum of electrode surface
of tungsten oxide

Preparation and H* response mechanism of W/ W O3 pH electrode . 859 -
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Fig. 8 XPS spectra for W element in

tungsten oxide surface
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Fig. 9 XPS spectrum for W element in
oxide involving H* response

As seen in Fig. 10 and Fig. 11, the rough WO3
surface appears in dried crack-mud, while the crev-
ice increases real surface area of the film.

Fig. 10 SEM image of WOj; film
heat-treated at 200 C

The film could attach firmly to the metal base
with the formation of chemical bond, i.e. W —0 —
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Fig. 11 AFM image of WOj3 film
heat-treated at 200 C

W, in the heat-treatment course. The crack mor-
phology of the WOs3 film results from the difference
of thermal expansion coefficient between oxide film
and base metal, as well as from the effect of capil-
lary tension formed in gas evaporation'” . This
phenomenon is commonly observed in the solgel
prepared film, such as TiO2, ZrO> film'™ . The

crevice gives a beneficial channel to H" transport.

3.4 Response mechanism

It can be assumed that a number of electrode
reactions could result in the observed Nernst pH
response, such as

W+ xH20" W02+ 20H + 2xe

(x=12, 3, 12)

W+ 4H20 " H2WOu+ 6H' + 6

W02+ H20~ WOs+ 2H' + 2¢

W02+ 2H20 " HaWOu+ 2H' + 2¢ 22

WOs * H20+ xH* + xe”  H.WO; * H20!

NAA/‘\/‘\
Z2A WD -
2D

(5)
But only one reaction would account for the
intercept on the potential axis( ®). Supposing that
reaction (6): WO3 * nH20 + H* + ¢~ HWO;
nH20 is the reaction, which is responsible for the
pH response of the W/ WO; prepared with solgel
method, the potential of this electrode could be
given by the Nernst equation as

@ @_ 2 3“38 Z log GHWO3 * nH,0 (7)
F aW()3 * nH,0 * On*
¢ _ o 2 3()331:10 OHWO, * nH, 0 (8)
- F & WO, * nH, 0
e ¢ 2R, g (9)
& ¢ 0.059pH (T= 25 C) (10)
where @ depends on standard electrode potential

@ and the composition of W03 * nH20 and HW 03
* nH20.

EIS experiment is carried out to investigate

the dynamic process in the course of pH response.
It is known that the H* response is a negative re-
action, and at last a balance will be arrived, as
seen in reaction (6). Here the pH electrode is im-
posed by a negative potential for the need of dy-
namic study of H' response. Fig. 12 shows the
EIS of the electrode imposed by a negative polar
ized potential of — 50 mV, - 100 mV and - 150
mV respectively. The results show the EIS behav-
ior of the fractal system, with a depression of the
semicircle in the higher frequency region. The de
pressed semicircle corresponds to a rough surface

of24

with a fractal dimension ds> , and fractal be

havior has been observed in earlier work on solgel

chronoamperometry'*' .

deposited films using
Warburg diffusion phenomenon is shown in low
frequency section of the EIS. The distorted War-
burg diffusion does not display a 45° line because of
the rough electrode surface’™. The H* involved
electrode reaction could be described to a EIS

equivalent circuit, as seen in Fig. 13.

-15000
1 — -100mV polarized potential
2 — -150mV polarized potential
-10000} 3 — -200mYV polarized potential

YAl

-5 000

i 1
10000 15000 20000

ZIQ

i
5000

Fig. 12 EIS spectra of W/ WOs3 in
pH 2.0 buffer solution

Rl R2 W1
— AN A
CPE1
->>

Fig. 13 EIS equivalent circuit of
W/ WOs electrode

In the course of pH response, it could be con-
cluded that the reaction is controlled by the diffu-
sion of H* from the solution into the tungsten ox-
ide crystal. A degree content of binding water in
the oxide is beneficial to the H* transportation'””",
therefore the electrode treated at 200 C has a bet-
ter response sensitivity in this work.

The H" diffusion parameter D could be calcu-

lated with a formula as follows'*® :

| ZI= RT/(n*F*C*$°D*’)
| Z] o @®? (11)
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