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ABSTRACT 

This paper describes results acquired from E-Tongue 2 
and E-Tongue 3 which are arrays of planar three- 
element electrochemical cells and pH sensors. The 
approach uses ASV (Anodic Stripping Voltammery) to 
achieve a detection limit, which in the case of Pb, is 
below one pM which is needed for water quality 
measurements. The richness of the detectable species 
is illustrated with Fe where seven species are identified 
using the Pourbiax diagram. The detection of multiple 
species is illustrated using Pb and Cu. The apparatus 
was used to detect the electroactivity of the metabolic- 
surrogate, PMS (phenazine-methosulphate). Finally, four 
types of pH sensors were fabricated and characterized 
for linearity, sensitivity, and responsiveness. 

sensor, and a heater. The substrate is housed in a see- 
into, flow-through polycarbonate chamber. A water-tight 
seal is obtained by using O-rings placed on either side of 
the substrate. The chamber, O-ring, and substrate can 
be sterilized using an autoclave which exposes these 
elements to steam at 121°C for 30 minutes. 

INTRODUCTION 

The goal of this effort is to develop electrochemical 
sensors that can be used to detect low-levels of 
electrochemically active species found in drinking water 
used on the ISS (International Space Station) Alpha and 
metabolic products produced by biofilms to better 
understand their life-cycle activities. In pursuing these 
goals a number of electrochemical cells have been 
developed. They consist of ISEs (ton Selective 
Electrodes) [I], Galvanic cells [2], conductivity sensors 
[3], REDOX cells [3], and pH sensors. This paper 
focuses on the development and characterization of 
REDOX cells and pH sensors. 

E-TONGUE 3 APPARATUS shown in the top view and the heater and thermometer 
are shown in the bottom view. The long dimension is 6.1 
cm. The REDOX sensors found on E-Tongue 3 are shown in 

Fig. 1. The sensors are fabricated on a 1.25-mm thick 
An overview of the E-Tongue 3 apparatus, shown in Fig. 
2, depicts the integration of the ceramic substrate and 
chamber and electronics board. The chamber contains a 
22-mm diameter, 0.15" thick cover glass that is 

96% alumina substrate. Either Au or Pt-electrodes are 
screen-printed on the substrates and fired at 900°C in 
air. As seen in the figure, the substrate consists of nine 
REDOX cells, a conductivity sensor, a temperature 



attached to the polycarbonate chamber with RTV rubber. 
The height of the chamber is 0.5" and about 1 mL of 
solution is required to fill the chamber. 

essential to turn off unwanted cells by configuring them 
in the galvanostat mode with zero current [3]. This 
prevents unwanted deposition of ionic species onto the 
electrodes. 

Figure 2. E-Tongue apparatus showing the flex cables 
that connect the ceramic substrate in the polycarbonate 
chamber to the electronics on printed wiring board that is 
14.3 cm by 21.7 cm. 

The apparatus is connected via a ribbon cable seen in 
the upper-right portion of Fig. 2 to a laptop computer 
containing a Nl-6533 PCMCIA 32-bit digital I/O card. The 
card is programmed using Visual BASIC to generate the 
logic needed to control the 11 on-board DACs that 
generate the wave shapes. Data is acquired from four 
on-board 12-bit 8-channel ADCs. Each sensor has it own 
dedicated electronics and so can be individually 
controlled. 

on-the stage of a Zeiss Axioplan microscope. 

In use, the apparatus is placed on a microscope stage as 
seen in Fig. 3. This application constrained the design 
because the short vertical movement of the microscope 
stage. In previous E-Tongue designs [3], access to the 
sensor electrodes was achieved by a series of pins 
attached to the underside of the ceramic substrate. Such 
an approach was unacceptable given the microscope 
height restrictions. Thus, the substrate was design to 
accommodate edge connectors that are attached with 
flex cables to the electronics. This design approach had 
the benefit of allowing the substrate to be heat 
sterilizable since all materials used in its fabrication are 
fired at a high temperature (900OC). This is important in 
microbial studies where sterility is a critical issue. 

A photomicrograph of the REDOX cell is seen in Fig. 4. 
In this design the AE electrode completely encloses the 
cell. As seen in Fig. 1, the AE is electrically common to 
all other REDOX cells. It is biased at ground potential. 
This has two benefits: first it reduces the pin count of the 
array and second, it helps isolate the cells and reduces 
cell-to-cell cross talk. The WE, working electrode, is 
biased and its current measured. The apparatus uses 
12-bit ADC with a resolution of 10 nA and current 
maximum of 50 PA. 

Figure 4. Au REDOX cell with WE (working electrode), 
RE (reference electrode), and AE (auxiliary electrode). 
The dimples in the WE and RE are vias used to connect 
the electrodes to the wires on the bottom of the 
substrate. The RE ring is 0.125" wide and the 
spacing is 0.25". 

The REDOX cells and conductivity sensor can be The waveform applied to the REDOX cells is shown in 
measured in the potentiostat mode, where potential is Fig 5. First CV (Cyclic Voltammetry) [4] response is 
forced and the current measured, or the galvanostat measured and then ASV (Anodic Stripping Voltammetry) 
mode, where current is forced and the voltage [5] response is measured after a deposition time, Tdep. 
measured. Switching between modes is controlled by an Both CV and ASV responses are measured twice to 
electronic switch. In developing E-Tongue 2, it was found validate the repeatability of the measurements. The 
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magnitude of the waveform slope, S, is identical for both 
CV and ASV. 

Typically E l  = +1 V and E2 = -1 V. These voltages are 
chosen to stay within the water electrolysis limits where 
oxygen is generated at the WE for positive potentials and 
hydrogen at negative potentials. The waveform is applied 
with Tdeps values of IO, 20, 50, 100, 200, 500, and 
1000s. For this Tdep sequence and S = 20.mV/s, the 
measurement takes 132 minutes. 

E l  

0 

E2 

Figure 5. Waveform used to measure the REDOX 
sensors where S is the slope in mV/s and Tdep is the 
deposition time in s. 

EXPERIMENTAL RESULTS 

The experimental results are intended to illustrate the 
breadth of capability of this apparatus. First, the ASV 
response of Fe(S04)3 illustrates how the many species of 
Fe can be identified using the Pourbiax diagram. Next, 
the requirements for low-level ion detection is describe 
with PbCI2 as an example. Next, the capability to detect 
multiple species is illustrated using PbCI2 and CuS04. 
Then the detection of metabolic-compound surrogate, 
PMS (phenazine-methosulphate) is described. Then, the 
fabrication of four types of pH sensors are described and 
characterized for linearity in their response. 

The ASV curves included in this report are recent results 
from E-Tongue 2. Early results from E-Tongue 3 are 
shown for PMS. 

IRON ASV RESPONSE 

The CV response for 100 pM Fe(S04)3 is shown in Fig. 
6. It indicates that there are numerous electroactive 
species present. CV curves provide an overview of the 
species present in solution. In addition they display both 
reduction (positive to negative scan) and oxidation 
(negative to positive scan) reactions. 

The ASV response, shown in Fig. 7, provides a look at 
reduction activity and is used to provide quantitative data 
regarding the species REDOX potential. In Fig. 7 the 
scan rate is S = 100 mVls and the Tdep follows a 1, 2, 5 
sequence starting at 10 s and ending at 1000 s. 

The identity of the ionic species is determined by 
matching the experimentally determined REDOX 
potentials at zero-peak current with known 
electrochemical potentials. The potential at zero-peak 
current is determined by extrapolating peak current- 
voltages to zero current. An Excel software routine, 
based on analyzing the second derivative [6] of the ASV 
response, is used to find the peak current-voltages [3]. 

b-Tdep(s)=IO +Tdep(s)=20 +Tdep(s)=50 
--OITdep(s)=lOO - *Tdep(s)=200 -+-Tdep(s)=lO 
--C)-Tde p(s)= 1000 

3 

-2 

1 00uMFe(S04)3v5c6 
"':"":"":"":'"' 

1 0.5 0 -0.5 -1 -1.5 
Plt22622 VOLTAGE, VWRX (V) 

Figure 6. CV response of 100 pM Fe(S04)3 Etg2: WE = 
Au, RE = Au, AE = Au. 

+Tdep(s)=lO +Tdep(s)=20 --D-Tdep(s)=W 
+Tdep(s)=lOO -C-Tdep(s)=ZOO -~-Tdep(s)=500 
+Tde p(s)= 1000 

1 0.5 0 -0.5 -1 
Pit22622 VOLTAGE, VWRX (V) 

Figure 7. ASV response of 100 pM Fe(SO& Etg2: WE = 
Au, RE = Au, AE = Au. 
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The analysis of the ASV response for the peak current 
and voltages is shown in Fig. 8. It reveals that seven 
reactions are occurring at the WE. The identification of 
these reactions uses the Pourbaix diagram [7] for iron 
shown in Fig. 9. During the ASV scan from -1 V to +I V 
the Pourbaix is traversed from A to B at pH = 7. The 
oxidation reactions and their Nernst equations are listed 
in Table 1. 

NO. 
AI  

A2 

A3 

A4 

A5 

A6 

A7 

1 0.5 0 4.5 -1 -1.5 
VOLTAGE PEAK, VWRp (V) 

OXIDATION REACTlONSlNERNST EQN. 
Fe = Fez' + 2e- 
E l  = -0. 440 + 0.029540g(Fe2') 
Fe + 2Hz0 = Fe(OH)z + 2H' + 2e' 

Fe(OH), + H20 = Fe(OH)3 + H+ + e- 

Fe = Fe3+ + 3e- 
E4 = -0. 037 + 0.020-log(Fe3') 
Fe" + 3H20 = Fe(OH), + H+ + e- 
E5 = 1.057 - 0.177-pH + 0.059-log(FeZ') 
Fez' = Fe3' + e' 
E6 = 0.771 
TBD 

E2 = -0. 047 - 0.059.pH 

E3 = -0.271 - 0.059.pH 

7gure 8. Peak response for 100 pM Fe(SO,), derived 
from Fig. 7 

The reactions listed in Table 1 lead to the following 
sequence of reactions at the working electrode as the 
ASV potential is scanned from negative to positive 
potentials. The first reaction is iron entering solution as 
Fez'. Then iron combines with water to form the hydrate, 
Fe(OH),. This hydrate again combines with more water 
to form the hydrate Fe(OH)3. Next iron is oxidized to 
Fe3'. Finally Fe2+ in solution near the WE forms Fe3'. 

-1.4 

. -1,5 A -1.4. 

.-I& 

!5$"8 
- I  . i l _ _ _ r _ - l I  ....... _..- -. 

Figure 9. Pourbaix diagram for Iron [7]. 
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Peak voltages at zero current derived from Fig. 8 are 
combined with the potentials derived from the Pourbaix 
diagram for pH = 7 and concentrations of 100 uM. The 
result is shown in Fig. I O .  The fitting equation is given in 
the figure. It indicates that the offset voltage is 36 mV 
and the slope is 1.24. This curve is used to relate the 
measured peak potentials at zero current to standard 
electrochemical potentials. 
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Figure 10. Correlation between measured REDOX 
potentials derived from Fig. 8 and Pourbaix oxidation 
potentials derived from Fig. 9. 

LOW-LEVEL ASV DETECTION: 

Low-level detection of ionic species is important when 
detecting residual ions in drinking water. The EPA 
allowable contamination limits for Pb is 0.2 pM. The ASV 
response of I-pM of PbCI2 is shown in Fig. 11. The peak 
response was achieved by increasing maximum Tdep 
from 1000 s to 5000 s. As seen in the figure, peaks are 
clearly visible for Tdeps of 1000, 2000, and 5000 s. This 
means that low-level detection is possible but requires 
increased deposition times. 
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Figure 11. ASV response of I-pM PbCI2. Etg2: WE = RE 
= AE = Au. 

LEADIC OP PE R ASV RESPONSE : 

1 00 u M PbC 12v4c 1 clo rid ized 
" " : " * * ; - - - - a . . .  . 

-1 1 0.5 0 -0.5 
Plt33208 VOLTAGE, VWRX (V) 

Figure 12. ASV response of 100 pM PbCI2. Etg2: WE = 
Au, RE = AgCI, AE = Au. 
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4 

1 OOu M CuS04V3C30 

-1 -0.5 
Plt33208 VOLTAGE, WVRX (V) 

0 0.5 1 

Figure 13. ASV response of 100 pM CuS04. Etg2: WE = 
Au, RE = Au, AE = Au. 

The individual ASV response of Pb and Cu are shown in 
Figs. 12 and 13, respectively. The combined response is 
shown in Fig. 14. It is clear that Pb and Cu can be 
identified. Applying the second derivative analysis to this 
combined response leads to an identification of the peak 
potential at zero current as seen in Fig. 15. 

10 +Tdep(s)=lO +Tdep(s)=iO +Tdep(s)=W 
+Tdep(s)=IOO -0-Tdep(s)=200 e-Tdep(s)=500 
+Tdep(s)=1000 - 

5 5  

20909521 

S (mV/s)=20 -3 5 4 100uMPbC12~CuS04v4c1 cloridized 
4 0  1 ' a a a : ' ' a a : * * - a 

0 1 
: a 

-0.5 
Plt33208 VOLTAGE, VWRX (V) 

- 
-1 0.5 

Figure 14. ASV response of 100 pM PbCI2 and 100 pM 
CUSO~. Etg2: WE = Au, RE = AgCI, AE = Au. 
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Figure 15. Peak current-voltage response of 100 pM 
PbCI,and 100 pM CuS04.derived from Fig. 14. 
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MICROBIAL ELECTROACTIVE SPECIES RESPONSE: 

E-Tongue 3 was designed to allow simultaneous 
observation of microbial growth and detection of their 
electroactive products. PMS (phenazine methosulfate) is 
a readily available compound that was used to simulate 
the ASV response of a microbial metabolic product. The 
response is shown in Fig. 16 and the peak current- 
voltage analysis is shown in Fig. 17. The analysis shows 
that two electroactive peaks are present. The peak that 
appears in the Tdep = 1000 s curve in Fig.16 has not 
been identified. 

&Tdep(s)=100 4.z-Tdep(s)=POO -,‘-Tdep(s)=500 
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1 0.5 0 -0.5 -1 
Plt33208 VOLTAGE, VWRX (V) 

Figure 16. ASV response of 300 pM PMS. Etg3, WE = 
Au, RE = Au, AE = Au. 
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Figure 17 Peak current-voltage response of 300-pM 
PMS.derived from ASV response in Fig. 20 where E l  = - 
0.32 V and E2 = -0.12 V. 

RESPONSE OF pH SENSORS 

Knowledge of pH is critical in identifying electroactive 
species in solution. This need is supported by the 
dependence of the REDOX potentials on pH as seen in 
the Pourbaix diagram in Fig. 9. To fulfill this need, the 
four pH sensors listed in Table 1 were evaluated. They 
have fast response time, “drift-free” behavior, show good 
stability in aggressive environments and are compatible 
with planar geometries. The pH sensing materials were 
electrodeposited on gold substrates and integrate into 
Etongue2. 

Table 2. Electrodeposition conditions for various pH 

pH Sensor 

1 M aniline + 1 M HzS04, pH 1, 
Deposition current densitv = 4 mA 

I 1 pH < 1, Deposition current densitv = 1 
I -35 mA cm‘2 

Palladium I 10 g/l Pd(NHz)z(NOz)z + IO0 a/l 

I ammonium sulfamate,‘ PH = 7.5 ?o 
8.5, Deposition current density = -1 to 

I current density = -5 to -20 mA cm-‘ 
I 1.5 g/l HzlrC16 + 5 a/l oxalic acid Iridium oxide 

[(HCOO)z*2HzO] + 1 ;I of hydrogen 
peroxide (H202), pH = 10.5, 
Deposition current density < 1 mA 
cm-‘ 
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Figure 18 and Table 3 show the pH response of various 
electrodeposited sensing materials and their pH 
sensitivity. Polyaniline (i.e. conducting polymer) and 
iridium oxide (Le. metal oxide) show high sensitivity of - 
85 mV/pH and -76 mV/pH, respectively, with linear 
response range from pH of 2 to 10. Antimony/antimony 
oxide electrode shows pH sensitivity of -55mV/pH with 
greater detection range from pH of 0 to 12. 

pH Sensing Materials 
Polyaniline 
Platinum 
Palladium 
Antimony/Antimony Oxide 
Iridium oxide 

Sensitivity (mVlpH) 
-85 
-57 
-32 
-55 
-76 

Polyaniline -1 0 Pd 

1 I 

v) o s {  

g 0.0 m 
C 
Q) 
0 
U 

a = I -  -0.5 

..,_ 

-1 .o --I 
0 2 4 6 a 10 12 

PH 
Figure 18. pH responses of various sensing materials: 
Saturated calomel electrode was used as reference 
electrode. 

Figure 19 shows the dynamic response of polyaniline, 
platinum, and antimony/antimony oxide electrodes with 
variation of pH from 10 to 7 using 1 v% HzSO4. Platinum 
and antimony/antimony oxide electrodes show fast 
response time (less than few seconds) with good 
stability. In comparison to platinum and 
antimony/antimony oxide, the pH response time of 
polyaniline was slower. This might be due to thicker film 
thickness of polyaniline (approx. 10 micron) compared to 
platinum and antimony (< 5 micron). In order to enhance 
the response time, the optimization of film thickness is in 
progress. 

0 25 
PANoprOl cor - 

Pt _- - p t a p c o i  cor 
..... SboptOl cor 

Poly aniline n 

W 
p H - I O  pH=P I/ S b/S b203 

- 0 7 5 ~ " ' " " ' ~ " " " " " " " " ' " ' ~  
0 1 00 200 300 400 500 600 

Time (Sec) 

Figure 19. Dynamic pH response of Pt, Polyaniline, and 
Sb/Sb20s electrodes. Electrodeposited Ag/AgCI was 
used as reference electrodes. 

CONCLUSION 

The E-Tongue sensor has the ability to detect a number 
of species in solution. In the case of Fe, six species 
were identified. In water quality measurements it is 
necessary to be able to identify more than one 
contaminant simultaneously. A mixture of PbCI2 and 
CuS04 was characterized and the mixture response was 
significantly different from the individual responses. That 
is, the mixture showed double peaking; whereas, the 
individual responses did not. Low-level detection is also 
important for water quality. The detection limit for PbCI2 
was shown to be less than 1 pM requiring deposition 
time between 1000 and 5000 s. The apparatus was also 
used to detect the organics, PMS. This compound is a 
metabolic product stimulant and its detection is important 
for both water quality and for future biofilm studies. 
Finally, four pH sensors were fabricated and 
characterized. They have good sensitivity and stability 
and will provide additional data needed to identify ionic 
species using Pourbaix diagrams. 
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