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A strong anodic peak observed in cyclic voltammetry measurements of palladium electrodes when add-
ing glucose to chloride containing (0.1 M) slightly acidic (pH 5.3) unbuffered media was studied in detail.
The peak was highly sensitive to glucose concentration (5–20 g/L). Experiments were conducted by var-
iation of pH (1–13) and chloride concentration (0.5–50 g/L) of the medium over a wide range, as well as
substituting chloride with bromide. The resulting data suggests dissolution of the electrode as a chloride
complex as the root cause for the peak, which is triggered by the addition of glucose to the electrolyte.
The organic substances are oxidised thereby removing the protecting oxide layer and enabling the disso-
lution. This reaction is only observed in a certain window confined by both pH and halide concentration.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The search for a reliable, cheap, fast and precise method to quan-
tify glucose in solution has been going on for decades [1], with the
main incentive being the hope of improvement in the treatment
of the widespread disease diabetes mellitus, suffered by millions
around the globe. Today the state of the art in glucose monitoring
is enzymatic oxidation of glucose with amperometric detection of
the reaction products or even direct transfer of the redox current
to the electrode [2–7]. However, considerable effort is being made
to develop a new generation of so-called non-enzymatic glucose
sensors, which promise a longer lifetime and cheaper manufactur-
ing and handling [2–5,7]. These sensors usually consist of a combi-
nation of one or more metals or carbon species, recent examples
include Au [8–10], boron doped diamond [11], Cu [12], Ni [13], Pd
[14–16] or Pt [16,17], which are very often nano structured. Com-
prehensive reviews following the progress of these developments
are published every few years, but commercialization is yet to be
achieved [2–5,7]. High chloride content of human blood and inter-
ference of other redox active species have been identified as the
main obstacle [10]. Most of the work on model systems has been
done in basic media, as glucose is more readily oxidised at higher
pH, down to the pH of blood of 7.4 [18–21].
Besides blood sugar measurement other areas would also ben-
efit of reliable non-enzymatic glucose sensors such as fermentation
monitoring. In this area usually a multitude of different types of
sensors is utilised to measure an array of properties to predict
the present state of the fermentation process and, if needed, make
adjustments [6,22–28]. While some parameters are easily
measured and controlled, such as temperature, pH value or oxygen
partial pressure, it is highly desirable to have a method that addi-
tionally measures concentrations of dissolved components, as the
available solutions are usually expensive and high maintenance
[5]. Glucose is a common nutrient in industrial fermentations
and having a cheap and fast means to determine it is highly
desirable.

However, results from the research on blood sugar sensors are
often not easily transferable to the fermentation research, as the
solution composition is different and changing. Also the fermenta-
tion medium may be acidic and the research on glucose oxidation
in acidic media, especially in chloride containing electrolytes, is
sparse with notable exceptions [12].

Nonetheless, in a previous study we showed that by using cyclic
voltammetry a simple polycrystalline palladium electrode exhibits
a strong sensitivity to glucose in a model yeast fermentation
medium of pH 5.3 and about 0.1 M Cl� concentration [29]. In this
contribution we aim to clarify the reaction mechanism of this
unexpected result.
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2. Experimental

Palladium and Platinum wires of 100 lm diameter, as well as a
palladium sheet and target and a titanium sheet electrode were
purchased from Oegussa (Vienna, Austria) with a purity of 99.99%.

Micro Electrodes were prepared by leading metal wires through
a glass capillary and sealed using a capillary puller (Model PP-830,
Narishige, Japan) and manually polished in steps to grit 4000
(SiC Paper, Struers, Denmark). The palladium sheet was partially
covered with lacquer (Abdecklack Rot, Metallchemie GesmbH,
Austria) to ensure that always the same electrode area of 0.7 cm2

was used.
Thin palladium layers were prepared on a polycrystalline tita-

nium electrode by magnetron sputtering (Med020, Bal-Tec, Liech-
tenstein) in 2 � 10�2 mbar Ar pressure with a sputter current of
100 mA for 150 s. The Ti surface not covered with Pd was painted
with lacquer. The area covered with Pd was 2.2 cm2. Thickness of
the deposited layer was approximately 100 nm, estimated by com-
paring to sputter times of platinum and gold.

The test solutions were prepared by dissolving either sodium
chloride, potassium bromide or sodium sulphate in deionised
water. The pH was adjusted using diluted hydrochloric acid for
the chloride containing solution or sulphuric acid for the chloride
free medium, as well as diluted sodium hydroxide with the aid
of a Metrohm 827 pH electrode (Metrohm, CH). Glucose was sub-
sequently added as glucose monohydrate and was obtained from
Merck, Germany. The solutions were deliberately unbuffered and
not deaerated to mimic a real filtered fermentation solution. All
chemicals were purchased from Merck, Germany and were of p.a.
grade.

Cyclic voltammograms were recorded on an Autolab PGSTAT
128 N using the Nova 1.10 software (both Metrohm Autolab, Utr-
echt, The Netherlands) at ambient temperature of 22 �C; the tem-
perature was not controlled further. A saturated Mercury
sulphate electrode (SMSE) was used as a reference electrode, with
a potential of +0.65 V versus the standard hydrogen electrode
(SHE). Measurements were recorded until stable voltammograms
were achieved, which took usually 20 scans, the last of which is
shown in the corresponding graphs. No further electrochemical
pretreatment was performed and the scan rate and potential range
were not changed during scans. Prior to the measurements the
electrodes were rinsed with deionized water. Exact parameters of
the individual measurements are given in the figure captions.

Potentials in the text are, except noted otherwise, given with
reference to the reversible hydrogen electrode RHE. In the figures
the voltammograms are plotted versus the RHE as well as the stan-
dard hydrogen electrode (SHE). The potentials were calculated
according to

EðSHEÞ ¼ EðSMSEÞ þ 0:65

and

EðRHEÞ ¼ EðSHEÞ þ 0:059� pH:

The current of the cyclic voltammograms is normalised to the
geometric area of the electrodes.
3. Results and discussion

3.1. General characteristics and comparison of Pt and Pd electrodes

In Fig. 1(a) and (b) cyclic voltammograms of platinum and pal-
ladium microelectrodes in a sulphate electrolyte with and without
0.11 M (20 g/L) Glucose at pH 5.3 are plotted. The electrochemical
reactions taking place at the interface of the platinum electrode
have been treated in detail in the literature [2,3,18,19,21,30], but
warrant a short recap, by reference to Fig. 1(a).

In the so called hydrogen region, marked with 1, the chemisorp-
tion of glucose takes place by dehydrogenation of the hemi-acetalic
carbon atom at the C1 position [3,19,30], while in the base electro-
lyte the cathodic current is caused by reduction of dissolved oxy-
gen [31]. Peak 2 is due to the oxidation of the chemisorbed
glucose in the region with adsorbed OHads-ions, which start to
form in this voltage regime [3,19] and coincides with the stop of
oxygen reduction in the base electrolyte and the beginning of plat-
inum oxidation. With further anodic polarisation the OHads species
is first oxidised to Oads, which is less active towards the oxidation
reaction, until a PtO film is formed. This oxide film enables the
direct oxidation of glucose, which is the cause of peak 3, further
oxidation of Pt inhibits this reaction [3,19]. The first notable fea-
ture in the cathodic sweep is peak 4, which indicates the start of
the surface reduction of platinum. This is immediately followed
by the sharp anodic peak 5. This feature has been attributed to
chemisorption and dehydrogenation of glucose on the just freed
up surface [19], or, in alkaline media, to oxidation of adsorbed gluc-
onolactone to gluconate [30].

It is noteworthy that the palladium electrode in Fig. 1(b) is by
far an inferior catalyst towards the oxidation of glucose than the
platinum electrode is. However, at a first glance the general reac-
tion scheme seems to be similar in some respects and will be trea-
ted in the next section.

Fig. 1(c) and (d) show the cyclic voltammograms of above Pt
and Pd microelectrodes in a chloride electrolyte with and without
addition of glucose. When comparing Fig. 1(a)–(c) it is immediately
obvious that the total oxidation current of the platinum electrode
dramatically drops in the chloride electrolyte. This is also a well
described effect, caused by the chemisorption of chloride ions at
the Pt surface which inhibits the formation of an OHads film, which
is integral in the oxidation of glucose, as well as other organic sub-
stances and carbon monoxide [19,20,32].

Finally the comparison between cyclic voltammograms of the
palladium electrode in the chloride free and chloride containing
electrolyte shown in Fig. 1(b) and (d) yields an unexpected result:
An additional peak, marked with an arrow in Fig. 1(d), appears in
the chloride containing medium with the addition of glucose.
However, even in the base electrolyte the anodic current is signif-
icantly higher in this region, when compared to the chloride free
medium. The peak position is overlapping with peak 2 in
Fig. 1(a), however, it is highly unusual that no such prominent fea-
ture is visible in the chloride free medium. To gain further under-
standing of the glucose oxidation on palladium a more in depth
study is presented in the following sections.

3.2. Glucose oxidation on palladium in chloride free medium

In Fig. 2 cyclic voltammograms of a palladium sheet electrode in
chloride free glucose solutions of different concentrations are com-
pared. The numbered features can be reasonably explained by ref-
erence to literature studies. In analogy to the reaction on platinum
peak 1 can be attributed to the initial dehydrogenation and adsorp-
tion of glucose to the palladium surface in the double layer region
[33].

Peak 2 marks the onset of palladium oxidation in the glucose
free medium, better visible in the inset of Fig. 2, commonly associ-
ated with PdOH formation [34–36]. Notably, in contrast to the Pt
electrode in Fig. 1(a), no anodic signal connected to glucose addi-
tion can be discerned at peak 2.

The onset of peak 3 coincides well with the formation potential
of Pd(OH)2/PdO in the Pourbaix diagrams in Fig. 4. Thus, the addi-
tional anodic current upon glucose addition is readily explained by
the direct reaction of glucose with palladium oxide [33] analogous



Fig. 1. Cyclic voltammetry at 100 lm diameter micro electrodes in an electrolyte with (solid red line) or without (dashed black line) 20 g/L (112 mM) glucose at pH 5.3. Scan
rate 10 mV/s. (a) Pt in 29 mM Na2SO4 electrolyte; (b) Pd in 29 mM Na2SO4 electrolyte; (c) Pt in 86 mM (5 g/L) NaCl electrolyte; d) Pd in 86 mM (5 g/L) NaCl electrolyte. Salt
concentrations were chosen to represent the same ionic strength. Numbers in (a) are referred to in the text, the arrow in (d) marks the anomalous peak. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Cyclic voltammetry at a Pd sheet electrode in a 29 mM Na2SO4 electrolyte
with different glucose concentrations. Scan rate 100 mV/s. The numbers are
referred to in the text. The inset shows the area of the graph highlighted in the box.
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to the situation on platinum [3,19]. With further polarisation a
monolayer of PdO is formed at about 1.4–1.5 V vs RHE and the
reaction attenuates [36,37].

In the cathodic run the faint peak 4, better visible in the inset in
Fig. 2, has been ascribed to the reduction of palladium IV oxide,
formed in the close to and beyond the oxygen evolution reaction
at the maximum anodic potential [34,38]. This feature is only
visible in the glucose free medium.

Peaks 5 and 6 are caused by the reduction of the surface oxide
layer. It is a curious effect that without glucose, the reduction hap-
pens at a significantly more negative potential, cf. peak 6. These
features are best explained with the a/b oxide model. The a-oxide
is a two-dimensional compact layer of a few monolayers of PdO
and PdO2, while the b-oxides are of columnar shape and hydrous
and consist of PdO2. Both are reduced at different potentials
depending on the electrochemical history of the electrode [39].
In the present case the b-oxide is preferentially formed without
glucose, while the glucose containing solutions favour the a-oxide
formation. It might be the case that the presence of glucose inhibits
this formation of higher oxides. However, palladium oxide reduc-
tion has been acknowledged to be highly complex [34,39–41]
and is not the focus of the present study.
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Immediately cathodic of peak 5 another dehydrogenation peak
is discernible, cf. peak 4 in Fig. 1(a). Finally, peak 7 corresponds to
reverse reaction to peak 1.

3.3. Glucose oxidation on palladium in chloride containing medium

In Fig. 3 cyclic voltammograms of a palladium sheet electrode,
recorded in a chloride containing medium with various glucose
concentrations, are plotted. Compared to the reaction in the sul-
phate electrolyte in Fig. 2, almost no dehydrogenation and adsorp-
tion features are visible in region 1, with the exception of the faint
anodic peak 7 in the cathodic sweep, note the arrow in Fig. 3. How-
ever, the first palladium oxidation step in region 2 is significantly
reduced as soon as glucose is added to the solution. This would
hint at an adsorption of glucose or its oxidation products without
a redox reaction, inhibiting the PdOH formation.

As in the case of the palladium microelectrode in Fig. 1(d), the
most striking feature is the anomalous anodic peak 3, which will
be discussed thoroughly in a dedicated section.

In the cathodic sweep a reduction signal, peak 4, shortly after
the positive turnaround potential is due to reduction of Cl2 [42]
and is only seen for glucose concentrations of 0 g/L and 5 g/L.
The same holds true for the flat cathodic peak 5, which can be
attributed to a reduction of higher palladium oxides, namely Pd4+

[34,38], see peak 4 in Fig. 2.
The reduction of the palladium oxide causes two peaks, both

positions and intensities being dependent on the glucose concen-
tration. Peak 6 seems to be equivalent to peak 5 in Fig. 2 and
increases in current with glucose concentration. On the other hand,
peak 8 decreases with glucose addition and shifts to more positive
potentials, as indicated with the arrow close to peak 8. This behav-
iour is compatible with the explanation given in the discussion of
Fig. 2, if one assumes a more gradual transition in the formation of
the different oxides.

3.4. The origin of the anomalous peak

While a lot of features show up in Fig. 3, arguably the most
interesting one is the large anodic peak 3. From an angle of a pos-
sible application as a glucose sensor, compared to Fig. 2 the sensi-
tivity is about a factor 3 higher and works in an acidic and chloride
containing medium.
Fig. 3. Cyclic voltammetry at a Pd sheet electrode in a 86 mM NaCl electrolyte with
different glucose concentrations. Scan rate 100 mV/s. The numbers are referred to
in the text. The arrow at peak 7 highlights the barely visible peak, while the arrow
at peak 8 indicates the shift of peak 8 with increasing glucose concentration. The
inset shows the area of the graph highlighted in the box.
The onset of the anomalous peak coincides with the PdOH2/PdO
formation potential, which is better visible in the inset of Fig. 3.
Therefore, it seems reasonable to assume that the underlying
mechanism can be linked, at least partially, to direct glucose oxida-
tion by PdO, cf. Fig. 2, even though the peak shape and maximum
position is quite different. However, a look at the Pourbaix diagram
in Fig. 4(a) shows that at pH 5.3 palladium dissolution as [PdCl4]2�

should also be expected around the formation of Pd(OH)2. A disso-
lution reaction can certainly account for the high current, but does
not explain the glucose concentration dependence.

To investigate possible effects on the glucose oxidation reaction
and the role of electrode dissolution, pH and chloride concentra-
tion was varied systematically and corresponding cyclic voltam-
mograms are plotted in Fig. 5(a)–(c). In agreement with the
Pourbaix diagram in Fig. 4(a), the onset potentials of the anodic
peak for pH values of 2 and 5.3, in Fig. 5(a) and (b) respectively,
indeed shift to smaller values and higher currents with increasing
Cl� concentration.

However, at pH 2 the addition of glucose does not increase the
already large anodic signal, see Fig. 5(a); analogous behaviour was
also observed for pH 1, but is not shown here. This can be
explained by the fact that for all Cl- concentrations, the polarisation
for [PdCl4]2� dissolution is already quite large until Pd(OH)2 is
formed, cf. Fig. 4(a), the latter being considered essential on the
one hand in the formation of a protective layer and on the other
hand in the glucose oxidation reaction [19–21,40].

At pH 5.3, shown in Fig. 5(b), a clear difference is visible
between the glucose free and glucose containing media. The most
pronounced difference is again the large anodic peak at about
1.2–1.5 V, which appears in the glucose solution, and is shifted to
the left with increasing chloride concentration. However, the
anodic peak in 50 g/L NaCl is already quite strong even without
glucose in the solution, hinting at significant dissolution of palla-
dium already happening before addition of the sugar.

At pH 13 in Fig. 5(c) the picture is quite different. The first peak
in the anodic sweep at about 1.0 V gets smaller with increasing
chloride concentration and the onset potential shifts to the right,
while the peak potential shifts left. This is in line with the common
explanation that chloride adsorption is in competition with OHad

formation on the Pd surface sites [32,42]. As [PdCl4]2� formation
is pH independent, see Fig. 4(a), the onset potential vs RHE shifts
to the right with increasing pH. Therefore, one has to polarise to
very high potentials of more than 1.4 V to see glucose specific sig-
nals amplified by higher chloride concentration. The fact that a
double peak is visible might be connected to the formation of the
Pd4+ oxide, which is expected in this polarisation regime.

By substituting the supporting electrolyte from sodium chloride
to potassium bromide, the dissolution of the palladium electrode is
also expected to shift to lower potentials, as plotted in the Pourbaix
diagram in Fig. 4(b). The cyclic voltammograms recorded in the
corresponding experiment compared in Fig. 5(d) show that this is
indeed the case and the effect is not restricted to chloride electro-
lytes. In fact the curves for both electrolytes look very similar aside
from the earlier onset of halogen gas formation in the bromide
solution and a corresponding stronger reduction peak of the Br2.
However, it is worth noticing that the end potential of the anoma-
lous peak in the bromide electrolyte is also shifted to lower values
and roughly coincides with the maximum of the anomalous peak
in the chloride containing medium. Therefore, if the passivation
mechanism is identical, the oxide monolayer forms at this lower
potential in the bromide solution.

As a further means to study the role of palladium dissolution,
thin Pd layers on a titanium substrate were used as an electrode
and measured over an extended period of time. The obtained cyclic
voltammograms are compared in Fig. 6. Due to the highly active
surface of the sputtered palladium layer, the first cycles show



Fig. 4. Pourbaix diagrams for the system Pd-H2O at 25 �C with overlays for the onset of halide complex corrosion: (a) different concentrations of NaCl; (b) comparison
between NaCl and KBr corrosion. All soluble species at 1 lM. Data reconstructed from Refs. [43–46].

Fig. 5. Cyclic voltammetry at a Pd sheet electrode in different concentrations of a sodium chloride electrolyte with 112 mM glucose (solid lines) or without (dashed lines). (a)
pH 2; (b) pH 5.3; (c) pH 13; (d) comparison of 86 mM KBr to 86 mM NaCl electrolyte in pH 5.3. The arrows in (b) indicate that the current for 50 g/L NaCl is an 10 times larger
than shown. Scan rate 100 mV/s.
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Fig. 6. Cyclic voltammetry at an approximately 100 nm thin Pd layer on a Ti
substrate in a 86 mM NaCl electrolyte at pH 5.3, without (dashed lines) and with
(solid lines) 112 mM glucose (20 g/L). Different scans are shown from the long term
measurement: (a) scan 2; (b) scan 10; (c) scan 100. In (d) the dotted red line shows
the voltammogram of a plain Ti electrode for comparison, the current has been
augmented tenfold for visibility. Scan rate 100 mV/s. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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strong anodic currents at potentials higher than about 1.0, due to
dissolution of Pd. In the cathodic sweep the soluble [PdCl4]2� com-
plex is reduced starting at ca. 0.9 V. As an example the cyclic vol-
tammogram of the second scan is shown in Fig. 6(a).

After about 10 scans, cf. Fig. 6(b), the CV of the palladium layer
in the glucose containing solution looks very similar to the Pd
sheet electrode in Fig. 3, exhibiting the strong anodic peak at
1.4 V. In the medium without glucose the peak is also visible, albeit
weaker.

Finally after 100 scans, the Pd layer in the glucose solution has
been completely dissolved and the CV looks very similar to that of
a plain titanium electrode, see Fig. 6(c). However, in the glucose
free solution a stable voltammogram is measured, as one would
expect for palladium, without any further dissolution. Indeed, the
latter CV looks very similar to the data measured in 0 g/L glucose
shown in Fig. 3.
3.5. Proposed reaction mechanism

Based on the above data, as a working hypothesis, the reaction
mechanism for the generation of the anomalous peak is suggested
and sketched in Fig. 7.

If, depending on halogenide concentration and pH of the solu-
tion, the onset potential of palladium dissolution and palladium
oxidation is reasonably close, palladium dissolution can be trig-
gered by addition of simple organic substances like glucose.

In the absence of said organics, surface oxidation of palladium
passivates the electrode and protects it against dissolution, see
Fig. 7(a). However, highly active surfaces like freshly sputtered pal-
ladium will be dissolved initially regardless until the surface is suf-
ficiently aged.

In the presence of adsorbed glucose the surface oxide is, at least
partially, consumed in the glucose oxidation reaction, Fig. 7(b), and
allows the attack and subsequent dissolution of the freed up palla-
dium surface by halogenide complexing Fig. 7(c) and (d). At more
positive potentials the formation of a dense palladium oxide
monolayer stops the dissolution [36].
Fig. 7. Graphic representation of the proposed reaction mechanism for Pd
dissolution triggered by glucose addition, valid only in the right pH and halide
concentration region. (a) The surface oxide layer protects palladium from the
dissolution by chloride. (b) Glucose, adsorbed at lower potentials, consumes the
surface oxide. (c) Chloride attacks immediately after the oxidised glucose desorbs.
(d) Palladium is dissolved as a chloride complex.
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If the acidity of the solution is too strong, in the case of about
100 mM chloride below approximately pH 4, the polarisation and
therefore rate for the halogenide complex formation is high when
the glucose oxidation reaction would commence. Therefore, only
dissolution of the electrode takes place and the sensitivity for the
glucose concentration is lost.

4. Conclusion

An extensive study using cyclic voltammetry has been carried
out in order to clarify the origin of an intensive anodic peak
observed in the positive potential sweep in a glucose containing,
unbuffered chloride electrolyte of pH 5.3 on a poly-crystalline pal-
ladium sheet electrode.

The peak intensity is highly sensitive to glucose and increasing
with higher sugar concentrations. The onset potential of the peak
shifts to lower values with higher chloride concentration and by
exchanging chloride ions in the electrolyte with bromide. Below
a certain pH, roughly pH 4 for 0.1 M Cl�, the sensitivity for glucose
is lost and a strong anodic peak is observed regardless of the glu-
cose concentration. On the other hand, at a high pH of 13 chloride
has an adverse effect on the glucose sensitivity of the Pd electrode,
except at very high potentials.

The above properties can be explained by attributing dissolu-
tion of the palladium electrode as the mechanism behind the peak,
which was also verified by experiments with a thin Pd layer as an
electrode. In a glucose free electrolyte surface oxide formation
passivates the Pd surface. With addition of glucose the oxide is par-
tially consumed enabling dissolution of the electrode.

In a typical measurement in our study (Pd sheet electrode, ph
5.3, 0.11 M glucose, 5 g/L NaCl, 0.1 V/s scan speed), the specifically
dissolved Pd amounts to roughly 9 nmol/cm2 per scan.
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