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This paper reports on investigations into the response mechanism of novel polyaniline
composition conductimetric pH sensors and the effects of polymer binder, surfactant and
film thickness on this response. It was revealed through X-ray photoelectron spectroscopy,
focussed ion beam milling and impedance spectroscopy that the response mechanism was
due to the deprotonation of the polymer backbone nitrogen atoms located on the upper-
most surface level of the functional material particles. The equivalent circuits for the sens-
ing layer were modelled using the Cole–Cole model for a range of pH environments. The
optimum sensing layer composition was determined to contain less than 50 wt.% polymer
binder with 5 wt.% surfactant. This composition was determined by examining the effects
of both binder and surfactant on the electrical characteristics and sensor response of the
composite films. The thickness of the sensing layer was found to have no discernable
response on the sensing characteristics of the conductimetric pH sensors.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction 1920’s [8,9], the miniaturisation potential associated with
Conductimetric sensors have frequently appeared in the
literature for a variety of applications, including; gas sen-
sors [1,2], humidity sensors [3,4], and sensors to measure
biologically significant molecules such as urea [5] and
glucose [6,7]. One application in which conductimetric
sensors cannot be commonly found is pH sensing. The
principal reason for the lack of publications describing con-
ductimetric pH sensors is the popularity and reliability of
other approaches, such as the potentiometric sensor and
the more common glass electrode measurement systems.
While glass electrodes have been available since the early
. All rights reserved.
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them is quite limited due to the complicated and expensive
construction required and the fragile nature of the materi-
als involved. For a truly miniaturised pH sensor, research-
ers focussed on other novel approaches. The most common
miniaturised sensor available today is the potentiometric
sensor, which functions in a similar way to the glass elec-
trode. However, potentiometric sensors have their draw
backs, which include sensor output drift and ionic interfer-
ence [10] from other species in the solution under
measurement.

A conductimetric sensor, on the other hand requires
only two simple fabrication steps: (1) the deposition of
two identical electrodes; and (2) the deposition of the
pH-sensitive layer. Once the sensor is exposed to a solu-
tion, the resistance/conductance of the sensing layer will
change (pH-dependent) resulting in a simple, cost effective
and reliable pH sensor. There have been several papers
published describing such sensors [11,12], and recently
our research group have published several papers describ-
ing several of these sensors [13–15].
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Fig. 1. Conductimetric pH sensor using PANI/PVB/PS3 composite material
as the pH-sensitive layer (area outlined by yellow box). All dimensions in
the diagram are in mm. (For interpretation of the references in colour in
this figure legend, the reader is referred to the web version of this article.)
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This work describes further investigations into the no-
vel polyaniline (PANI) composite sensors reported previ-
ously [13]. The sensors function by the changing of
emeraldine polyaniline from its salt form (acidic solutions)
to the base form (alkaline solutions). Accompanying the
change from salt (ES) to base (EB) is a significant decrease
in film conductivity, which arises from the deprotonation
of the polymer back bone nitrogen atoms. The sensor re-
sponse to pH has been described in detail previously
[13,15]. In this work, the effect of several film components
on the sensor response to pH is investigated. Firstly, the
polymer binder, which is used to provide mechanical sta-
bility of the film and to bind the film to the underlying sub-
strate is investigated. In a similar set of experiments, the
effect of the surfactant (used to prevent particle agglomer-
ation during screen printing) is explored and quantified. Fi-
nally, the effect of the sensing layer thickness is examined
and the optimum composition of the sensing layer is
considered.
2. Experimental

In this work, the sensing layers used are thick films. The
screen printing technique was chosen, as it is cost effective,
with the added advantages of repeatability and robustness.

Gold thick film conductor pastes (Hereaus Materials)
were first screen-printed onto pre-cleaned alumina sub-
strates (CeramTec UK Ltd.) to form an interdigitated elec-
trode (IDE) structure. Gold was chosen as it is an inert
material and is commonly used in chemical sensing de-
vices. The deposition of the conductor paste was achieved
using a DEK 1202 automatic screen printer. The resulting
IDE structures were placed into an oven at 80 �C for 2 h
to facilitate the initial drying of the pastes. In this oven
the remaining solvent in the paste evaporates, leaving
the dried pattern on the substrate. The devices are next
placed into a furnace for a much higher temperature
(850 �C) cycle. In this step, any remaining organic binder
is removed and the metal frit in the paste is sintered into
one solid structure. This temperature cycle also allows
the electrode pattern to settle to its final thickness and
resistivity values.

The thick film paste required for deposition is obtained
by mixing the required mass of PANI powder (Sigma–Al-
drich – molecular weight >15,000, particle size: 3–100 lm
– Product no.: 428329) with 10 wt.% polyvinyl butyral
(PVB) (acts as binder), 10 wt.% surfactant (PS3) (stops the
agglomeration of polymer particles) and a suitable amount
of ethyleneglycolmonobutyalether (solvent). This paste is
then screen-printed onto the electrodes as discussed earlier.
The device is placed into an oven at 80 �C for 1.5 h to facili-
tate solvent evaporation. Once out of the oven, link wires can
be soldered to the bond pads and the devices are ready for
testing. Fig. 1 shows a diagram of the resulting sensor, with
the pH-sensitive layer deposited over an IDE structure.

The polymer film thicknesses were measured using a
Dektak Surface Profile Measuring System.

The IV characteristics and DC resistance measurements
with temperature were carried out using an in house
developed IVR profiler, which applies a DC voltage (�14.5
to +14.5 V) and measures the resulting current. The system
is also capable of measuring the resistance directly. The
measurements can be made at any temperature between
20 and 70 �C. A National Instruments Data Acquisition
(DAQ) card controlled by LabWindows/CVI software and
driven by customized electronics hardware measured the
IV characteristics of the devices.

Testing is carried out by immersing the sensor into
20 ml of test buffer (obtained from Sigma–Aldrich (pH 2–
pH 11) – Product no.: 239151) and recording the change
in resistance/conductance. The exact pH and temperature
of the buffers is measured using a Hanna HI 991001 pH/
temperature meter. The changes in electrical parameters
of the device are recorded using a HP 4192A Low Fre-
quency Impedance Analyzer and a Thurlby Thandar Instru-
ments Tti 1705 Programmable Multimeter. All AC analysis
is undertaken using a 50 mV r.m.s. signal at the required
frequency.

SEM images of the resulting films were obtained using a
JOEL JSM-840 Scanning Microscope to examine the mor-
phology of the film and to investigate if this changes due
to exposure to the test solutions.

XPS analysis was undertaken using a Kratos AXIS 165
spectrometer with a mono Al Ka X-ray source (1486.6 eV)
and a base pressure of 9 � 10�10 Torr with a hemispherical
analyser. The X-ray source was run at a power of 120 W
(10 kV and 12 mA). All binding energies were referenced
to the C 1s line of adventitious hydrocarbon peak at
284.6 eV. This analysis was undertaken to observe the
changes in the chemical environment of the films due to
exposure to solutions of different pH.

3. Results

3.1. Sensing mechanism

From previous work undertaken with PANI composite
sensors [13], it was established that the change in the sens-
ing layer conductivity resulted from the protonation/
deprotonation of the PANI backbone nitrogen atoms when
in contact with a solution. By further exploiting XPS anal-
ysis, it was possible to establish the exact nature of the
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reaction mechanism. When the sensor is exposed to a buf-
fer solution of know pH value, the protons and hydroxide
ions in the solution interact with the PANI in the sensing
layer. As the sensing layer is an amorphous film, the solu-
tion can penetrate into the layer and interact with the indi-
vidual PANI particles. The main paths for conduction in
such a film arise from particles that are in direct contact
with each other, allowing charge carriers to pass easily
through the film (ES). When the film comes into contact
with an alkaline solution, the particles become insulating
(EB) and the conduction paths are significantly reduced.
To establish the extent of the deprotonation, an untested
ES film was soaked in a pH 10.0 buffer solution for 16 h,
rinsed in deionised water and dried thoroughly. The N1s

spectrum for the sample was taken and can be seen in
Fig. 2(a). Using the inbuilt ion gun on the XPS system, the
sample surface was bombarded for several seconds, which
removed a portion of the upper particle surfaces. The N1s

spectrum was again taken in this region and can be seen
in Fig. 2(b).

By comparing the two spectra in Fig. 2, it is clear that
the ion-bombardment produced a significant effect on
the results obtained. What is evident from the results ob-
tained is that the deprotonation of the sensing layer is a
surface effect, and does not affect the bulk of the particle.
The spectrum shown in Fig. 2(a) is the common N1s spec-
trum of PANI EB. After the ion-bombardment, the imine
nitrogen intensity is significantly reduced accompanied
by an increase in the amine nitrogen signal. This response
is a characteristic of the conversion of EB to conducting ES.
Fig. 2. XPS nitrogen (N1s) spectra of the PANI composite thick film (ES)
after 16 h soak in pH 10.0 buffer solution: (a) pre-ion-bombardment; and
(b) post bombardment.
If the results in Fig. 2 are compared to the impedance
spectra taken of the samples over the entire pH range (fre-
quency range of 10 Hz to 10 MHz), it is possible to fully de-
scribe the reactions between the sensing layers and the
buffer solutions. The data in Fig. 3(a) shows the electrical
characteristics of an untested ES composite film. The
equivalent circuit for this data is a simple RC series circuit,
with the capacitance component arising from the insulat-
ing gaps between the particles. When several samples are
soaked for 16 h in different buffer solutions in the pH range
2.0–10.0, there is a significant change in the electrical char-
acteristics. While the acidic solutions do not produce a sig-
nificant change in the observed film response, i.e. same
equivalent circuit (Fig. 3(b)), the imaginary component of
the impedance increases significantly when compared to
the untested sample (Fig. 3(a)). This result demonstrates
Fig. 3. Impedance spectra of the PANI ES sensing layers (frequency range
10 Hz–10 kHz) showing: (a) untested ES sensing layer; (b) films soaked in
acidic solutions; and (c) films soaked in alkaline solutions.
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the increasing rate of deprotonation of the outer particle
surfaces with increasing pH values. When the test solu-
tions used are alkaline in nature, there is a significant
change in the observed sensor response, with an equiva-
lent circuit approximating to a parallel RC arrangement.

It was possible to model the results in Fig. 3 using two
models: (1) the Debye model; and (2) the Cole–Cole model
[16]. The Cole–Cole model provided the best fit to the data
obtained from experiment, and the resulting equivalent
circuit was considered. While the initial capacitance term
in the untested samples arose from the spaces outside
the contact regions of the particles, this has been super-
seded by the effect of the deprotonated layer. The resis-
tance terms in the circuit arise from the contact regions,
where some charge carriers can tunnel through the thin
insulating barrier. It is also possible for some ES regions
to remain in the insulating layer and thus contribute
charge carriers and act as a hopping site for carriers in
the bulk of the ES particles. From the information pre-
sented in Figs. 2 and 3, it is possible to construct a diagram
depicting the nature of the sensing layers after exposure to
alkaline solutions. This diagram is presented in Fig. 4.

Unfortunately, the transition between conducting ES
and insulating EB does not take place at a well defined
pH value, as is suggested by theoretical approaches. If
there was a well defined transition, then pH sensing would
not be possible using this material. The transition between
ES and EB takes place gradually with increasing pH values,
and the surface area of the particles are only completely
changed to EB at high pH values. Nonetheless, it is still
important to understand when the majority of the particle
surfaces become EB, as this is the point which the film as a
whole becomes semiconducting in nature, rather than
metallic as observed for untested films.

According to Talaie [17] the transition between ES and
EB occurs between pH 3 and pH 4, while Lindfors and Ivas-
ka [18] gave a much wider range of pH 3–pH 6. Either way
Fig. 4. Diagram showing the nature of two adjacent ES particles after
exposure to alkaline buffer solution, in which a thin layer of EB
(insulating) forms around the ES and prevents the movement of charge
carriers between the particles resulting in an overall reduction in the film
conductance.
it is apparent that the pH-dependent transition occurs in
the acidic pH range. To investigate the transition for the
purposes of this research, samples were investigated by
soaking films in different buffer solutions for 12 h and
examining their electrical characteristics. By plotting the
log of conductivity against the inverse of temperature, it
is simple to distinguish between metallic and semicon-
ducting behaviour, and identify where the transition be-
tween the two forms of film conduction takes place. The
data in Fig. 5(a) is taken for films soaked in buffers with
pH values from 2.0 to 8.0. It can be seen that the transition
takes place somewhere between pH 5 and pH 6, which cor-
responds to the range given by Lindfors and Ivaska [18].
The temperature coefficient of resistance in this case goes
from a positive value of 5972.73 ppm/�C at pH 5.0 to a
negative value of �8727.27 at pH 6.0, indicating a clear
transition. When comparing these results to the diagram
in Fig. 4, it can be concluded that, at a pH value greater
than 5 and less than 6, the outer surface areas of the parti-
cles have become predominantly EB and thus the overall
conduction in the film is semiconducting in nature.

By the addition of the correct amount of HCl to the pH 6
buffer solution it was possible to obtain buffers in the pH
5–pH 6 range. This enabled the further investigation
of the ES–EB transition pH. By treating the samples in
the same way as those in Fig. 5(a), it was possible to
Fig. 5. Log of film conductivity plotted against the inverse of film
temperature for samples soaked for 12 h: (a) in buffer solutions in the pH
range 2.0–8.0 showing a clear transition from metallic to semiconducting
film behaviour between pH 5.0 and pH 6.0; and (b) Log of film
conductivity plotted against the inverse of film temperature for samples
soaked for 12 h in buffer solutions in the pH range 5.0–6.0 showing a clear
transition from metallic to semiconducting film behaviour at approxi-
mately pH 5.5.
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concentrate on the pH value of interest. Fig. 5(b) shows the
temperature dependence of film conductivity in the pH
5–pH 6 region and shows a buffer pH value of approxi-
mately 5.5 as the threshold transition pH value. The film
parameters, such as TCR and any associated activation
energies are summarised in Table 1. As there is now an
insulating barrier to be overcome in order for charge
carriers to travel through the film, an activation energy
can be calculated for each film that has reached the
ES–EB transition. The activation energy is obtained from
the relationship:

r ¼ r0 exp
�EA

kBT

� �
ð1Þ

The data presented in Table 1 displays the TCR and activa-
tion energies (where appropriate) for ES thick films ex-
posed to buffer solutions of known pH values for 12 h.
The TCR values of the films decrease steadily from pH 2.0
to pH 5.4, after which the TCR becomes negative and stea-
dily increases in magnitude with increasing pH values. The
activation energies also increase with increasing pH values,
as was expected from the formation of a more homoge-
neous EB layer on the surfaces of the ES particles. However,
the activation data in Table 1 does not increase steadily
with increasing pH. The reason for this is the nature of
the buffers used. The pH 5.6, pH 5.8 and pH 6.0 buffers con-
tain extra HCl, resulting in the slightly different activation
energies than for the other pH values.

Regardless of apparent differences in activation ener-
gies yielded by the different buffer solutions, the values
obtained should be approximate values for the activation
energy of the EB semiconducting material. According to
the results presented by Saravanan et al. [19], the activa-
tion energy for their PANI films corresponded to a value
of 0.015 eV, which is in the same order of magnitude as
that calculated here. The major difference between the
samples used by Saravanan and those used here is that
the while the samples presented here are deprotonated
ES layers, the samples presented by Saravanan et al. are
EB films which have been doped with camphor sulphonic
acid (CSA). This explains why the activation energies for
their films are less than that calculated for the samples
presented in this work, as the films here are mostly devoid
of charge carriers.
Table 1
Data highlighting the ES film electrical properties after exposure to buffers
of known pH values showing the gradual change from metallic to
semiconducting conduction over the pH range investigated.

Buffer pH TCR (ppm/�C) Activation energy (eV)

2.0 53,499 xxxxx
3.0 31,997 xxxxx
4.0 30,000 xxxxx
5.0 5973 xxxxx
5.2 900 xxxxx
5.4 495 xxxxx
5.6 �5930 0.0493
5.8 �7464 0.0658
6.0 �8727 0.081
7.0 �9008 0.0616
7.4 �9460 0.0788
8.0 �11,111 0.0986
3.2. Effect of polymer binder on sensor characteristics

In screen-printed thick films, the binder is a polymer
material that is used to provide adherence between the
film and the substrate/electrodes, and also to bind the par-
ticles of the functional material together. When there is
solvent present (thick film paste) the binder is dissolved
while the functional material remains solid. The solid par-
ticles are free to move around to some degree. When the
particles settle into their final positions, the solvent is re-
moved and the binder solidifies to maintain the particles
in these positions. The binder does not coat the particles,
as this would restrict the solution penetrating to the func-
tional material and, thus, no sensor response would be ob-
served. It is possible that by adding too much polymer
binder to the thick film paste a smaller amount of func-
tional material would be present in the resulting thick film.

The distance between the particles would therefore be
much greater than in films with less polymer binder.

For this investigation, different amounts of PVB is added
to ES thick films, ranging from 5 to 50 wt.%. In each case
the electrical properties of the films are recorded and com-
pared. It was found that the PVB content did not correlate
to the change in the film electrical properties. Fig. 6 shows
the current–voltage characteristics of the films with differ-
ent PVB content. While each film displayed an Ohmic rela-
tionship between current and voltage, it was found that
each film displayed a different resistance value. The film
resistance was not proportional to the amount of PVB in
the film. With PVB amounts up to 50 wt.%, the conduction
mechanism does not vary, suggesting the charge carriers
are passing between ES particles in physical contact.

The results in Table 2 show the different TCR and resis-
tance values for the different films. This data supports the
results given in Fig. 6, in which it is suggested that there is
no apparent correlation between the films with different
PVB content. It can be assumed that the resistance of the
films, and hence the TCR values are due solely to the
arrangement of the ES particles, and not to PVB content,
when this content is up to 50 wt.%.

When the films are examined using an A.C. signal, the
impedance spectrum for each film can be obtained, as seen
in Fig. 3. When the data is plotted, there is no difference
observed in the electrical behaviour of the various films.
Fig. 6. Current–voltage characteristics of ES thick films containing
different amounts (wt.%) of polymer binder (PVB).



Table 2
Electrical properties of ES thick films containing different
amounts of PVB polymer binder.

PVB content (wt.%) TCR (ppm/�C) R (X) (@ 25 �C)

5 5241 9.81
10 3229 5.77
15 3088 3.59
20 4706 11.02
30 5010 20.61
50 2831 9.03

Fig. 8. Mechanism of agglomeration elimination in surfactant treated
particles [20].
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One of the main assumptions of increasing the PVB content
was that the distances between the ES particles would
increase, leading to a larger capacitive element corre-
sponding to the insulating PVB phase. Fig. 7 shows the
impedance spectra for the samples, and, as can be seen,
there is no apparent effect of the PVB content on the spec-
tra. Each film possesses the characteristic series RC equiv-
alent circuit behaviour, and there is no obvious increase in
the capacitive element.

3.3. Effect of surfactant on sensing mechanism

Another common additive to thick films exploited as
the sensing layer in conductimetric pH sensors is a surfac-
tant. In this work, Hypermer PS3 surfactant is used to en-
sure that the particles of the functional material do not
agglomerate to form large clusters. The reason for the use
of a surfactant is so large conducting islands are not sepa-
rated by large insulating phases (polymer binder) thereby
reducing the amount of conduction paths through the film.
Arshak et al. [20] reported the electrical behaviour of PS3
treated polymer/carbon black films which were used in a
gas sensing application. The authors showed how the
agglomeration of particles were eliminated by using such
a surfactant, and also how this leads to an overall improve-
ment in sensor performance.

The surfactant functions by anchoring itself to the par-
ticles in the film and stops the particles from joining to-
gether due to electrostatic interaction, as shown in Fig. 8
[20]. By including surfactant in the sensors reported in this
work, for both drop coated and screen-printed sensors, the
particles were found to distribute themselves more evenly
in the film, and an added advantage was the less frequent
Fig. 7. Impedance spectra for ES thick films containing different amounts
of PVB polymer binder.
cleaning required due to particles clogging the pipette or
screen.

As only a small amount of surfactant was required to
eliminate significant particle agglomeration in the films,
it was decided to compare films containing 5 and 10 wt.%
PS3 with films containing no surfactant. Much like the re-
sults obtained for the investigation into the effects of PVB
content of the films, it was found that the characteristics
of each of the three film types did not vary due to different
PS3 content. In each case the relationship between current
and voltage was Ohmic in nature, and when the effects of
temperature on the film conductivity was examined, it
was observed that there was no change in conduction
mechanism due to increased temperature, as seen in
Fig. 9. If the surfactant caused the particles to remain a dis-
tance apart after the screen printing stage, then there
would be some temperature dependent conductivity term,
resulting from a hoping conduction between the particles.
This would result in a change in the slope of the data in
Fig. 9, which was not observed.

Finally, the sensor response for each of the three films
was recorded to observe any effect due to the surfactant.
Fig. 10 displays the results from this experiment. For the
sensors containing no surfactant in the sensing layer, the
sensor response is the lowest recorded for ES thick film
sensors, with a slope of �0.5023. Even though the particles
are compressed into a film during the screen printing pro-
cess, the absence of surfactant results in some formation of
large ES clusters, which in turn results in a decreased sen-
sor sensitivity to pH changes in the test buffers. The main
Fig. 9. Effect of surfactant content on the ES thick film electrical
properties.



Fig. 10. Comparison of sensor responses for ES thick films containing
different amounts of PS3 surfactant.
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reason for this is a reduced surface area through which
conduction can take place between the ES particles.
Although deprotonation is still taking place in the sensing
layer, the sensor response is only measurable when this
deprotonation occurs around particle contact regions.

For the two sensor batches containing 5 and 10 wt.%,
the sensor response is improved when compared to the
sensors containing no surfactant. The sensor response in
all cases still exhibits an exponential decrease in sensor
conductance with increasing pH values, given by Eq. (2):

GSensor ¼ A exp½�BpH� ð2Þ

where A is the conduction of the film at a buffer pH of 0.0,
and B is the slope of the exponential fit, and is also the
measured sensor response.

The difference in sensor response for films containing 5
and 10 wt.% is significant. For films containing 5 wt.% PS3,
the slope of the exponential fit is �0.6715, while for films
with 10 wt.% the response is �0.5819. With the additional
surfactant in the 10 wt.% films, the particles are farther
apart than those in films with 5 wt.%. However, the fabrica-
tion times are greatly increased with the 5 wt.% PS3 films
due to more frequent cleaning steps due to particle
agglomerate clogging the screen. The response of sensors
containing different wt.% of PS3 surfactant is summarised
in Table 3.

3.4. Effect of film thickness on sensor response

The final film parameter to be examined is the thickness
of the sensing layer. It can be argued that by increasing the
film thickness the conductivity of the sensing layer will
increase due to the increased amount of conducting
Table 3
Results obtained from ES thick film pH sensors with different amounts of
PS3 polymer binder present in the sensing layers.

wt.%
PS3

TCR (ppm/
�C)

R (X)
(@
25 �C)

Sensor response
(slope of exponential
fit)

R2

value

0 5829 9.4 �0.5023 0.9892
5 7071 9.82 �0.6715 0.9632

10 6728 4.57 �0.5819 0.9862
functional material, in this case (ES), present. Previous
work undertaken by our group investigated a drop coating
method for fabricating conductimetric pH sensors [21]. By
comparing the thickness of the outer rings in the drop
coated sensors to the screen-printed film thicknesses, it
can be seen that the resistance does indeed decrease signif-
icantly with increasing thickness. Fig. 11 shows the film
resistance as a function of film thickness. It can also be
seen from the data in Fig. 11 that the deposition method
plays an important role in the film conductivity. For drop
coated films, the particles tend to pile up on top of the pre-
vious layers and depending on the surfactant and binder
content, the distance between the adjacent particles can
vary. However, by increasing the film thickness, the resis-
tance of the film decreases. For screen-printed films, on
the other hand, the particles are compressed together
resulting in much more contact between particles, and
thus results in a lower film conductivity. If the two films
of comparable thickness are compared (one drop coated
and one screen-printed), for example the 100 lm drop
coated film and the 120 lm screen-printed film, the resis-
tance values of the films are 384.9 and 2.9 X, respectively.
The differences between the deposition methods results in
a nearly three orders of magnitude difference between
comparable film resistances, however, for both deposition
methods the resistance appears to decrease steadily with
increasing film thickness.

Although the film thickness affects the resistance of the
film, there is no change in the pH sensitivity of the ES par-
ticles. Therefore, it must be assumed that there should be
no change in the sensor response of ES based pH sensors
due to changes in the sensing layer thickness. Two batches
of sensors were used to test this assumption, one with a
thickness of 40 lm and the other of thickness 100 lm.
Each sensor batch was tested for pH sensitivity and the re-
sults are displayed in Fig. 12.

From the data in Fig. 12 it can be clearly seen that the re-
sponse of both sensors are almost identical. By increasing
the thickness of the sensing layer by 250% (40–100 lm)
there is a corresponding decrease in sensor sensitivity of
5.62%. If there was an increase in sensor sensitivity, it would
be assumed that this would occur by adding more pH-sensi-
tive material to the sensing layer, not by removing it. There-
fore, as long as the film over the electrodes is thick enough to
Fig. 11. Resistance of ES thick films as a function of film thickness and
deposition method.



Fig. 12. Sensor response of ES thick film conductimetric pH sensors with
two different sensing layer thicknesses.
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provide a uniform environment for interaction with the buf-
fer solution, the thickness of this film will not affect the sen-
sor sensitivity by any appreciable amount.
4. Conclusions

This paper described experiments conducted to deter-
mine the reaction mechanism in conductimetric pH sen-
sors. By exploiting XPS analysis it was determined that
the sensor response is determined by the deprotonation
of the PANI ES particles in the sensing layer. The rate of
deprotonation increases dramatically with increasing pH
values, leading to a pronounced sensor response to pH
changes. By using the focussed ion gun (part of Kratos AXIS
165 system) a fraction of the topmost sensing layer was re-
moved to investigate the extent of deprotonation in the
bulk PANI material. It was discovered that the deprotona-
tion only takes place on the particle surfaces, and is not a
bulk effect. It was thus possible to create a model repre-
senting the sensing mechanism of these novel sensors,
and use the Cole–Cole model to determine an equivalent
circuit at each stage of the deprotonation process.

The effects of polymer binder, surfactant use and film
thickness was also investigated in this work to help deter-
mine the optimum sensing layer composition. It was found
that PVB content up to 50 wt.% had no discernable effects
on the electrical characteristics of the sensing layers. It is
thought that considerably more PVB is required to affect
the average distances between functional particles to
change the equivalent circuit behaviour described in
Fig. 3(a).

The use of surfactant, unlike the polymer binder, has a
significant effect on the response of conductimetric PANI
pH sensors. It was observed that when there is no surfac-
tant in the sensing layers, the film conductance is reduced
considerably. It is thought that this reduction in film con-
duction is due to the agglomeration of ES particles, creating
large conducting ‘‘islands” that are separated by spaces de-
void of functional material. By adding 5 wt.% PS3, the film
conductance increases and the distribution of ES particles
in the film is more homogeneous. By examining the pH re-
sponse of sensors containing 0, 5 and 10 wt.% PS3, it was
discovered that the sensors with the greatest pH sensitivity
were those containing 5 wt.% PVB. It is thought that the
addition of more than 5 wt.% causes the ES particles to be
pushed apart, thereby reducing the particle surface area
in contact with its nearest neighbours. Therefore, the con-
ductivity of the films is greatly affected, resulting in a de-
crease in sensor sensitivity to pH changes.

Finally, the thickness of the films was investigated in
terms of the effect this parameter may have on sensor out-
put. Originally, it was thought that the thicker films may
provide an improved sensor response, due to the presence
of more functional ES material. However, after reviewing
the experimental data, it was discovered that there was
virtually no difference in the pH sensitivity of sensors with
film thicknesses of 40 and 100 lm, respectively. Although
the resistance of the 100 lm films was considerably less
than the 40 lm films, this was due to the increase in ES
particles, which in turn leads to an increase in the number
of conducting paths through the film. As the sensor re-
sponse is dependent on the rate of deprotonation of the
ES particles, and not on the number present, this lower film
resistance did not directly translate to an increase in sensi-
tivity of the PANI ES conductimetric sensors.
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