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Abstract

A simple sensor for pH determination is reported using unmodified edge plane pyrolytic
graphite (EPPG) electrodes. The analysis is based on the electro-reduction of surface quinone groups
on the EPPG which was characterised using cyclic voltammety (CV) and optimised with square-wave
voltammetry (SWV). Under optimised conditions, a linear response is observed between the peak
potential and pH with a gradient of ~ 59 mV per pH (at 25°C), which corresponds well with Nernstian
behaviour based on a 2 proton, 2 electron system over the aqueous pH range 1.0 to 13.0. As such, an

EPPG is suggested as a reagent free and robust pH sensing materials.

Introduction

The determination of pH is fundamental to the study of chemical and biochemical reactions
in aqueous solution, with measurements carried out extensively in both industrial and academic
environments . Its widespread application includes uses in the food industry, agriculture, the

biopharmaceutical industry, medicine and water treatment **.

> ® however methods for pH

pH sensors are mainly potentiometric or amperometric
determination also include using fluorescent agents ", NMR methods ° amongst many others *° . At
present, the use of glass electrodes ** is the most common potentiometric approach due to their
high sensitivity and selectivity, reasonably fast response, availability from commercial sources, and if
carefully handled, long lifetimes. They are, however, fragile due to their glass nature and can be
impractical to use for “in-field” analysis. In addition, glass electrodes can suffer from instability and
potential drift ' as a result of decreased sensitivity towards hydrogen activity caused by dehydration

n 14

of the glass membrane . They also suffer from “alkali errors” **. This approach requires regular and
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frequent re-calibration prior to use. Amperometric pH sensors utilising polymer films ** *¢, enzymes

7 and organic redox species > have been explored to address the various drawbacks related to

potentiometric sensing.

Amperometric electrochemical pH sensors featuring polymer films or chemical modification
of the electrode often involve attaching quinone functionality onto the surface '®. Tarasevich et al. *°
observed redox processes related to quinoid group reactions, and further investigations revealed the
effect of pH on these redox processes. The voltammetric response can be quantified using the
Nernst equation *°,

E = E B 2.3 RTm oH
14 formal nF
where m, n = number of protons and electrons involved in the redox process, respectively. There is
thus a correlation between the peak potential and pH for the reduction of quinones. In particular,
for n = 2, slopes of ca. 0, 30 and 60 mV per pH unit are seen for m =0, 1 and 2. The response of the
quinone reduction has been reviewed by Guin et al. ** and forms the basis of many modified pH
sensors. A schematic showing three possible reduction pathways of an ortho-benzoquinone, along
with associated protonations is given in Figure 1 where n =2 and m =0, 1, 2. Literature pK, values
for ortho-benzoquinone are pK,; 9.25 and pKa,, 13.0 in aqueous solution at 25°C *2. Quinones and

-«

their electrochemical properties have been extensively studied previously, and the 2H*/2e” “scheme
of squares” model 2 has been proposed assuming that electron transfer is the rate limiting step and

the H" are at equilibrium in well buffered media *.

Carbon is a highly attractive material, commonly employed in electrochemistry and widely
used as an electrode material >, This can be attributed to its good conductivity, ready availability,
versatility, wide working potential range and low cost. The surface chemistry of carbon is highly
complex, extensive, and often decorated with many functional groups which sometimes can react

28, 29

easily with other molecules . A representation of various functional groups present on graphitic

carbon surfaces is shown in Figure 2 %°.

Characterisation of the carbon surface has been studied by many researchers to identify

28,3031 1 the case of edge plane pyrolytic graphite (EPPG) electrode, the defect

surface oxo-groups
sites present on the carbon surface can easily react with oxygen in the atmosphere to form a variety
of oxo-groups on the surface, including quinonyl, carbonyl and hydroxyl functional groups % and

these are suggested sites for electron transfer processes .
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Carbon materials with surface modification and derivatization have been developed for
reliable pH determination; Kahlert comprehensively summarises many of these methods *. Some
patents have also been filed using functionalized carbon electrodes as a basis for electrochemical pH

sensors 2>,

In this paper, in contrast and novelly, we exploit the intrinsic presence of quinone groups
available on EPPG surfaces and use cyclic voltammetry (CV) and square wave voltammetry (SWV) to
study the effect of pH on the reduction of the surface quinones. It is surprising and somewhat
unexpected, but very useful that a linear response was observed over the entire pH range. Given
that the pK, of ortho-benzoquinone is 9.25 in solution, one would expect a gradient consistent for m
= 2 to be limited to ca. pH 9.0 and below; however we report a linear pH dependent response up to
pH 13.0 at an EPPG electrode. The observed shift in reduction peak potential is in good agreement
with the theoretically predicted value of ca. 58 mV per pH for T = 298 K, for a Nernstian manner,
suggesting the feasibility for the EPPG electrode to work as a pH sensor over the full pH range 1.0 to
13.0. Note that previous studies >’ have shown that very significant shifts for pK, are possible for
molecules tethered to carbon electrode surfaces and so in this light, the observed behaviour may be

rationalised.

Experimental

(a) Apparatus

All voltammetric measurements were recorded using a p-Autolab-ll computer controlled
potentiostat (Metrohm-Autolab BV), and operated by GPES software. A standard three-electrode
configuration consisting of a saturated calomel reference electrode (SCE) (Hach Lange, UK), a
platinum (Pt) mesh counter electrode and an edge plane pyrolytic graphite (EPPG) working electrode
was used throughout. The EPPG electrode was made from pieces of highly ordered pyrolytic
graphite (HOPG) (Le Carbone Ltd., Sussex, U.K.) of SP13 (ZYH) grade, and machined to discs 4.9 mm
in diameter and 0.5 mm in length. By orientating the disc face perpendicular to the graphite crystal
surface, an edge plane was achieved; these were then set in custom made PTFE housing with an

electrical connection made using a stainless steel core.

All pH measurements were conducted using a pH213 Microprocessor pH meter (Hanna

instruments, UK). Prior to the measurement of solutions, the pH meter was calibrated using Duracal
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buffers of pH 4.01 + 0.01, pH 7.00 + 0.01 and pH 10.01 + 0.01 (Hamilton, CH). Using a 2 point

calibration, the manufacturer’s specifications state a working range of pH -2.0 to 16.0.

All experiments were performed within a thermostatted Faraday cage (made in-house), to
maintain a constant working temperature of 298 K. Temperature of the solutions were maintained
at 298 + 2 K throughout by placing the solutions within the Faraday cage for two hours to ensure
thermal equilibrium. A constant temperature of 298 K was used to ensure that the reduction
potential of the peaks do not shift with temperature. A thermometer was used for measurement of

the solution during the experiment.

(b) Reagents and solutions

All chemicals used were of analytical grade and were used as received without further
purification. Solutions were prepared with deionized water and had resistivity no less than 18.2

MQ.cm at 25°C (Millipore, UHQ, Vivendi, UK).

The buffer solutions were prepared using HCIl/ KCl for the pH range 0.0 — 2.5, citric acid/
sodium citrate for the pH range 2.5 — 5.0, monosodium phosphate/ disodium phosphate for the pH
range 5.0 — 9.0, sodium carbonate/ bicarbonate for the pH range 9.0 — 11.0, and sodium hydroxide
for the pH range 12.0 — 13.0. All solutions were made with supporting electrolyte of 100 mM KClI
added to each solution. Measurement of the pH was carried out on each freshly made solution prior

to experiments.

All measurements were carried out in a degassed system where solutions were purged with
pure N, gas (BOC, Guildford UK) prior to experiments for a minimum of 20 minutes in a seal tight

environment.

(c) Experimental procedure

A range of buffer solutions were prepared and their pH determined using a pH meter prior
to experiments. A small volume of each solution was taken and transferred into an electrochemical
cell where a degassed system was established through thorough bubbling of pure N, into the vessel
to remove dissolved oxygen in solution. The platinum mesh counter electrode was flamed before
the experiment to ensure a clean set-up. The system was thermostatted to maintain temperature at

295+ 2 K.
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The surface of the EPPG electrodes were thoroughly polished using alumina slurry (Buehler
Ltd) on soft lapping pads of decreasing grades, from 1.0 um to 0.3 pm and finally 0.01 um, followed
by sonication and thorough rinsing using Millipore water. With the EPPG electrode acting as working
electrode, cyclic voltammograms were performed to observe the redox properties of the surface
qguinones. However, optimised results were achieved by observing reductive cathodic scans with
square wave voltammetry to more precisely determine the location of the peak potential. The
optimised parameters for SWV were: frequency — 150 Hz, step potential — 2 mV, amplitude — 200
mV, over the entire pH range explored. The EPPG was used to scan in the cathodic direction, with

the potential window adjusted for different pHs to best observe the reduction peak.

Results and discussions

Initially, a cyclic voltammogram (CV) was recorded of the bare EPPG surface; a typical CV signal
performed in 0.01 M HNO; with 100 mM KCI supporting electrolyte can be seen in Figure 3, with the
peak potential of the quinone reduction occurring at 221 mV vs. SCE. From this, the surface coverage
can be deduced by using the peak area of the reduction peak to determine the quinone surface
coverage, according to Q = nFAT, where I represents the surface coverage, n represents the number
of electrons transferred per molecule, F is the Faraday constant and A is the electrode area. The
average value for the surface coverage of quinones was calculated to be 5.9 x 10 + 0.6 x 10™ mol
cm?, with n = 2. After establishing optimised parameters for the cathodic scans of the surface
qguinone reduction in square wave, all analyses were performed on the respective square wave

voltammetric results.

Using a range of 0.01 M pH buffer solutions, a single peak was observed by scanning
cathodically from positive to negative potentials in square wave voltammetry as shown in Figure 4.
Since the pH for the 0.01 M HCI/KCI buffer solution was pH2.11, a 0.1 M HCI/KCI buffer solution was
investigated and included for completeness to observe the response between the peak potential and
full pH range. The pH of the 0.1M HCI/KCI buffer in this case was 1.09. Three sets of reductions were
performed which corresponds to solutions in the low (0.0 — 5.0), neutral (5.0 — 9.0) and high (9.0 —
14.0) pH range using HCIl/ KCl and citrate buffer solutions, monosodium phosphate/ disodium
phosphate buffer solutions and sodium carbonate/ bicarbonate and sodium hydroxide solutions,
respectively. Using HCI/ KCI and citrate buffers, as in Figure 4(a), the reduction peak potential shifts
from 222 mV at pH 2.11 to 71 mV at pH 4.93. Similarly, for other buffers shown in Fig 4 (b) and (c),

an increase in pH from 5.62 to 8.38 resulted in a peak potential shift from 1 mV to -172 mV, and for
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pH 9.39 to 12.9, the reduction peak potential changes from -207 mV to -402 mV, respectively. The
potential window was increased for higher pH solutions to accommodate for the shift in potential
with pH. A composite of all the reductions peaks in different buffer solutions can be seen in Figure 5.
It can be observed that by increasing pH, peak potentials shift in the cathodic direction towards
more negative values. At high pH, there are fewer protons available for the 2H*/2e” reduction
process, and as a result, probably limits the extent of quinone reduction resulting in less well
resolved signals and lower currents. Background correction and smoothing of the signals allowed
enhancement of the peaks for analysis. Both methods were performed using GPES software; the
background correction involved subtracting a 2™ order polynomial baseline curve from the raw data,

whilst background noise was smoothed using the Savitzky and Golay smoothing filter > **.

Polishing of the EPPG electrode for 20 minutes prior to each experiment exposed surface
quinone functional groups, which were used to explore the electrode response to varying pH. By
measuring the peak potential of the reduction peaks in SWV and plotting against pH, a linear
response could be seen in the pH 1.0 — 13.0 range, as shown in Figure 6. The gradient of the slope
was 57.0 £ 1.0 mV per pH which is consistent with a linear Nernstian response corresponding to a
two-electron, two-proton electrochemical process where m, n = number of protons and electrons
involved in the redox process, respectively, T = 298 K. The linear slope produced from the peak
potential vs. pH graph highlights the pH sensitive nature of the quinone groups on the surface of the
EPPG electrode. By examining the pK, values for ortho-benzoquinone in aqueous solution, pK,; 9.25
and pK,, 13 (Figure 1), we can infer significant differences in pK, must exist between such molecules
in bulk solution and similar structures present at the surface. If the surface quinones showed similar
pK, values to those displayed in solution, one would expect changes in gradient at high pH around
pH 9.0 and 13.0. However, the gradient consistent for m = 2 was observed for the full aqueous pH
1.0 — 13.0 range. It can be assumed that deprotonation of the surface hydro-orthoquinone
molecules does not occur below ca. pH 13, and so extensive pH measurements can be carried out
even at high pH without the need for modification of the electrode to achieve a linear Nernstian
response. We note that significant changes in pK, have been reported for molecules immobilised on

electrode surfaces ¥'3% 4,

The mechanism of the quinone reduction in neutral solutions, involving a 2 proton / 2
electron process, can lead to charged intermediates being possibly formed. At neutral pHs, this can
be a semi-quinone species. Stabilization of semiquinone intermediates have been proposed in the

literature ***.
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To explore the possibilities of semi-quinones contributing to the SWV signal, the SWV
parameters were altered, and the amplitude lowered from 200 mV to 20 mV. It was observed that
phosphate buffers within the pH range 5.0 — 9.0 produced a double peak or splitting of the peak.
Their reduction in SWV with amplitude 20 mV can be seen Figure 7(a) whilst the overcompensated
scans at 200 mV amplitude can be seen in Figure 7(b). Lowered amplitude parameters with buffers
outside of the neutral pH range were also investigated, but produced just one single peak, which
suggests that the semiquinone intermediate is stabilised observed only in environments around pH

7.

The reduction potential of the double peaks shown in Figure 7(a) were plotted in Figure 8,
together with the reduction peaks obtained with amplitude 200mV. The red circles and black
squares represent the two positions of the double peak reduction, whilst the blue triangles
correspond to the peaks with amplitude 200 mV. It can be seen that the position of the reduction

peaks at the higher amplitude is intermediate between the split peak values.

Investigating the effects of changing ionic strength and buffer concentration

Having calibrated successfully for the 0.01 M buffer solutions, further investigation into

higher concentration solutions were performed to see the effects of increasing ionic strength.

0.1 M citrate, phosphate and carbonate buffer solutions all produced a single reduction peak
as seen in Figure 9. Taking the reduction peak potential and plotting against pH, as in Figure 10, the
calibration gives a linear response with a gradient of 59.0 mV/ pH. By plotting these points against
the original calibration plot across the entire pH range, we can see from Figure 11 that the results
(shown as blue triangles) fits well onto the previous results, given as black squares. A line of best fit
going through both the 0.01 M and 0.1 M results with a gradient of 58 mV/ pH could be produced

using the parameters as specified earlier.

It can be concluded that an EPPG electrode can be used as a pH sensor over the aqueous
range 1.0 — 13.0 in solutions of variable ionic strength. Taking the reduction potential of the EPPG in
SWYV gave reduction peaks which can be easily analysed. Quantitative analysis of the reduction peak

potential can thus be used to produce a linear reduction peak potential against pH calibration plot.
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Conclusions

For an unmodified edge plane pyrolytic graphite electrode (EPPG), the SWV peak potential
for the reduction of surface quinones has been shown to respond linearly with solutions of different
pH such that a calibration plot ranging from pH 1.0 — 13.0 can be successfully formed. A Nernstian
response corresponding to a 2 proton/ 2 electron system lends itself to the use of an EPPG as a

simple, easy to use, reagentless and cheap pH sensing material.
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50 performed under optimised conditions: frequency - 150 Hz, step potential - 2 mV, amplitude - 200 mV
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Figure 7. Reduction peaks on EPPG electrode in 0.01 M phosphate buffer solution, 7a) shows reduction
peaks with amplitude 20 mV, whereas 7b) shows the peak under optimised conditions of amplitude 200

mV
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31 Figure 8. Calibration plot showing both peak 1 and peak 2 of the double peak reduction in 0.01 M phosphate

buffer with amplitude 20 mV. Calibration for the reductions performed at 200 mV are shown as blue
triangles, intermediate of the 2 peaks at 20 mV amplitude
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Figure 9. Reduction peaks of EPPG in 0.1 M buffer solutions (pH 2.80 citrate buffer solution, pH 6.56
phosphate buffer solution, pH 11.24 carbonate buffer solution)
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