
This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 5085–5087 5085

Cite this: Chem. Commun., 2012, 48, 5085–5087

Imaging the Belousov–Zhabotinsky reaction in real time using an ion

sensitive arrayw
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We show how an array of ion-sensitive-field-effect-transistors

can be used to both spatially and temporally image the oscillat-

ing pH/ion waves produced by the Belousov–Zhabotinsky (BZ)

reaction with high resolution.

Non equilibrium chemistry often displays complex spatial and

temporal dynamics, for instance in the example of the BZ

reaction in a thin film1 or in the morphological transformation

of polyoxometalate crystals into tubular architectures.2 Such

processes have been well studied1,2 but the direct spatial and

temporal probing of ion fluxes is extremely difficult to

achieve.3 One possible way to image such ion fluxes is by the

integration of semiconductor based chemical sensor devices

into a sensor array, for example using ion-sensitive field-effect

transistors (ISFETs).4 Indeed, there have been several applica-

tions using ISFET devices as chemical sensors for biodiagnos-

tic or for reaction control.5,6

Herein we show that it is possible to image the variations in

the spatial-temporal ion flux that occurs during the course of

the Belousov–Zhabotinsky (BZ) reaction.7 But the usability of

ISFET sensors is not limited to the BZ reaction, which is

merely a model for possible use in biological systems.

The BZ reaction belongs to a group of oscillating chemical

reactions, first discovered by Belousov in 1950s as a model of

biological cyclic reactions, such as the citric acid cycle.8 This

oscillating chemical reaction has been extensively studied in

various contexts for example nonlinear dynamical systems9 and

complexity theory.10 In recent years the BZ reaction has been

utilized for unconventional computing systems11 and in function-

alized self-oscillating gels.12 The self-oscillating BZ reaction,

which is observed as intermittent excitation events, has been

measured in terms of colour, absorption, and electrical potential

so far. However, those measurement systems were able to

provide macroscopic information only. To address this issue

we utilised an ion sensor array (ISA), which has the sensitivity

and the speed required to accurately monitor propagating ion

waves of the BZ reaction with high spatial and temporal

resolution.

The elementary unit of the system is a pixel that is replicated

throughout the sensor array. The schematic design of a

pixel circuit and the micrograph of the fabricated system

are presented in Fig. 1. Each unit consists of 4 transistors

occupying a space of 10.2 � 10.2 mm. To use CMOS transis-

tors as ISFET sensors connection needs to be established

between the floating gate of the CMOS transistor and an

ion-sensitive layer through intermediate vias and metal layers

(see Fig. 2).

The ion-sensitive silicon nitride membrane is directly exposed

to liquids on the surface of the semiconductor chip. The

solution on the top of the sensor solvates this membrane,

forming a double-layer capacitor at the membrane-electrolyte

interface. The static and fluctuating potentials that drop across

the membrane-electrolyte interface appear at the polysilicon

gate of the transistor due to the capacitive coupling between the

interface and the top-metal layer. These potentials have there-

fore direct influence on the channel regions of the ISFET

devices (for further details see ESIw). The ISFET device was

calibrated with respect to pH-changes. It should be emphasised

that the device is in general reacting to a fluctuation of ions.13

The Si3N4 layer on the other side shows the highest sensitivity to

changes in pH. The resulting 64 � 64 array of p-type ISFET

based lab-on-a-chip monolithic ion-camera has a response

readout of 19.2 mV/pH (see ESIw). Non-nernstian behaviour

is known for Si3N4 as a result of SiO2 present in the layer.14

Fig. 1 Schematic design of the pixel circuit and micrographs of the

sensor devices.
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In our experiments one complete readout of the 64 �
64-pixel array takes 17 ms (58 FPS—frame per second) at a

sampling rate of 66 ms per pixel. This enabled us to record

spontaneous pH fluctuations and the spread of ions during the

BZ reaction in real-time. For the actual experiments 5.5 ml

samples of the pre-BZ solution15 were mixed with 1 ml of ferroin

indicator solution in a plastic container on the top of the ceramic

chip carrier. Fig. 3 demonstrates the measured responses of

ISFET pixel (27;31) of the reaction over second ranged time

scale. In the first 37 s the pre-BZ solution and the ferroin

indicator are reacting and the rising trend of the curve indicates

that the solution becomes more acidic. The large increase in the

value of the pixel output voltage represents the trigger event of

the reaction. It is followed by voltage steps with considerable less

amplitudes in the expected 30–60 s time intervals.

Baseline measurement showed a constant negative trend in

the pixel output voltage, thus the elevation of the curve can be

clearly attributed to the increasing acidity. Over the selected

pixel the reaction triggered at t = 37 s with a nonlinear

increase in pH. The resulting curve showed a 0.8 pH increase

over the course of 10 s. The pH values corresponding to the

minor voltage steps are summarized in Table 1.

The three and two dimensional representations of the H+

spread induced pixel output voltage distributions are shown in

Fig. 4 at time point of 37.4 s.

A reference data frame was chosen and stored for each data

extraction cycle. The values of the reference data frame were

systematically subtracted from the values of the actual raw

data frame, to give the signals of interest. The images demon-

strate the extracted output difference signal at the specified

time point that is approximately 400 ms after the first trigger

event occurs at pixel (27;31). The results comply with the

plotted data in Fig. 3. The trigger events of the BZ reaction

were investigated to show the directions of the H+ ions

spreading across the sensor array. It is apparent that the

reaction is triggered from the top-left corner of the ISA where

the Ag/AgCl reference electrode was located during the mea-

surements. The next voltage steps (1–3 Table 1) were initiated

from the same corner as well. Their flow in terms of ionic

spread appeared to be similar to the first trigger event. The

start of the overall reaction is visualized in Fig. 5 in 2D at time

points of 34 s, 35.7 s, 36.8 s, 37.4 s, 39.7 s, 41.1 s and 43.3 s.

It takes approximately 10–14 s for a single propagation

wave to travel across the chip, with the size of the ISA being

Fig. 2 Simplified cross-sectional representation of a p-type ISFET

that follows the standard CMOS structure with oxides, metals and the

ion-sensitive silicon nitride layer.

Fig. 3 Output voltage response of pixel (27;31) during the BZ-reaction.

Table 1 Voltage increase as a function of pH

Minor voltage
steps

Approximated signal
rising time [s]

Voltage increase
[mV] DpH

1. 2.4 3 0.15
2. 3.5 3 0.15
3. 4.5 1 0.05

Fig. 4 Three and two dimensional representation of the pH fluctua-

tion induced output voltage difference at 37.4 s, red displays the

highest and blue the lowest output potential. The imaged area is

64 � 64 pixel, 715.8 � 715.8 mm. The x–y axis is number of pixels.

Fig. 5 2D imaging of proton/ion distributions over the 64 � 64-pixel

(715.8 � 715.8 mm) ISA of the trigger event in the BZ reaction at time

slots of (a) 34 s, (b) 35.7 s, (c) 36.8 s, (d) 37.4 s, (e) 39.7 s, (f) 41.1 s,

(g) 43.3 s, red displays the highest and blue the lowest output potential.
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715.8 � 715.8 mm; this results in a propagation velocity of

about 3–4 mm min�1, consistent with previous data presented

in the literature.16 Therefore the changes in ionic distributions

detected by the ISA can be considered as a propagation wave

of the BZ reaction. Fig. 5a presents the measured precision

capability of the 64 � 64-pixel ISA based ion imaging techno-

logy. It is shown that the ion-camera system could visualize

two extremes of pH values at spatial resolution of B70 mm
that is basically the occupied physical space of 6 consecutive

pixels. This fine resolution was observed during all BZ experi-

ments. The pH values between the minimum and maximum

ones are recorded by intermediate pixels which enables the

monitoring of ion diffusions.

Results of selected pixels have also been analysed to verify the

effects of the chemical experiments. Pixels (1;61), (3;5), (30;58),

(30;35), (29;1), (62;62) and (61;9), that are located at the four

corners and in the middle of the ISA, have been selected for

investigations. Large bias variations have prevented the pixels

from settling into the same operation points which we attribute

to the corrosiveness of the reaction. The selected pixels delivered

outmost similarly shaped responses that are illustrated in

Fig. 6b. Fig. 6b additionally presents the first trigger event in

the response of the selected pixels focusing on the time range of

its first and last occurrence. The displayed results support the

ones in Fig. 3 showing the same path of reaction with the

elevation of the curves in the appropriate sequence.

It is important to notice that the BZ solutions with different

concentrations did have a destructive effect on the MET4

(see Fig. 1) top-metal layer. The image Fig. 6a, taken by

optical microscope, demonstrates that the MET4 ring around

the sensor array has been found transparent after the measure-

ments, showing underlying MET3 metals. The magnified

image shows that two pixels were found damaged and a large

lighter coloured spot over many sensors implies the develop-

ment of thinned silicon nitride.

In summary, we show a novel ionic imaging approach with

the development of a 64 � 64-pixel ISFET sensor array based

ion-camera system. The device is demonstrated to be capable

of visualizing the pH flux associated with motion of protons at

microscopic level using the well-studied Belousov–Zhabotinsky

reaction to image its spontaneous pH fluctuations and ion

spread in situ. The results presented verify the applicability of

the ISA for monitoring dynamics of fluids, implying significant

impact on future ISFET imaging for chemical and biological

purposes. The deterministic data acquisitions at high temporal

resolution of 66 ms per pixel, 17 ms per array provided an

approximate 70 mm spatial resolution. Unlike conventional

measurement methods, which deliver only bulk information

on the reaction, the 64 � 64-pixel ISA successfully captures

microscopic localised fluctuations in proton concentrations. We

are currently developing acid resistant devices to allow extensive

imaging of the BZ reaction under a variety of conditions as well

as extending to other dynamic material systems.17
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Fig. 6 Corrosive effects (a) of several performed BZ experiments and

reaction trigger events and bias variations (b) across the 64� 64-pixel ISA.
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