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Abstract We describe a composite material for use in elec-
trochemical oxygen reduction. A screen-printed electrode
(SPE) was consecutively modified with electrodeposited cop-
per, a Nafion membrane and electropolymerized polyaniline
(PANI) to give an electrocatalytic composite of type
PANi/Nafion/Cu,O/SPE that displays good electrical conduc-
tivity at neutral pH values. It is found that the presence of
ammonia causes complex formation with Cu(l), and this
causes electroreduction of oxygen to result in an increased
cathodic current. The finding was applied to the quantification
of ammonium ions in the 1 to 1000 uM concentration range
by amperometry at —0.45 V (vs. Ag/AgCl). This Faradaic
phenomenon offers the advantage of direct voltammetric de-
tection, one of the lowest known limits of detection (0.5 uM),
and high sensitivity (250 mA M~' cm?). It was applied to the
determination of ammonium ion in human serum where it
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compared well with the photometric routine approach for clin-
ical analysis using glutamate dehydrogenase.
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Introduction

Ammonium ions are an essential part of the nitrogen cycle and
the metabolic product of many substances [26]. As one of the
waste product of the metabolism of animals, ammonium ions
are of great biological importance [14]. Thus, monitoring of
ammonium ion content of clinical and environmental samples
is clearly important.

Among the different approaches for the ammonium ion
quantification [24], electrochemical detection offers the pos-
sibility of real-time monitoring in combination with the ad-
vantages of low cost, high sensitivity and selectivity, and in-
dependence of the sample color and turbidity. A variety of
ammonium ion-selective electrodes has been developed [19].
To overcome most of the obstacles faced by potentiometric
assays a number of laboratory prototypes of amperometric
ammonium sensors have been developed with ion-selective
components [23] and enzymes [3].

Polyaniline (PANi) deposited on gold or platinum elec-
trodes in association with negatively charged polyelectrolytes
matrices, is robust, has high conductivity at room temperature
and is very sensitive to ammonium ions [5]. However, PANi-
Nafion composites formed on glassy carbon showed signifi-
cantly lower sensitivity [7]. Hence, the mechanistic aspects of
the amperometric detection of ammonium ions at conductive
polymers are still unclear.
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The sluggish kinetics of the oxygen reduction reaction
(ORR) is considered to be a major limiting factor in oxygen-
associated energy conversion [27] in fuel cells. Precious metals
are the most active catalysts for the ORR, s but have the serious
drawbacks of high costs and susceptibility to poisoning.
Considerable efforts have been expended on the development
of non-precious metal catalysts, which can operate in the neutral
media required for bacterial fuel cells. Conductive polymers are
considered a viable alternative as inexpensive conductive cata-
lysts for ORR, because of they have significant conductivities,
operate in neutral media of microbial fuel cells [29] and are a
source of heteroatoms [20, 28].

We report the incorporation of copper into a PANi-Nafion
composite to achieve ammonia-associated electrocatalysis of
the ORR. The composite was utilized for direct quantification
of ammonium. Consecutive film formation was monitored
using electrochemical methods and surface characterization
techniques. The appearance of a cathodic current in the pres-
ence of ammonium ions was used for ammonium quantifica-
tion in human serum.

Experimental
Materials

Copper nitrate, 5 % Nafion® perfluorinated resin solution, hy-
drochloric acid, nitric acid, sodium chloride, KH,POy,,
Na,HPOQy, aniline (99 %) ethanol, urea, creatinine (anhydrous),
bovine serum albumin (BSA) (fraction V, 96 %) were pur-
chased from Sigma-Aldrich (Germany; www.sigmaaldrich.
com). Aniline was redistilled before use. Ammonium chloride
was purchased from Fluka (www.sigmaaldrich.com). All the
chemicals and solvents used were of analytical-reagent grade
and used without further purification.

20 mM phosphate buffer (prepared by mixing and diluting
20 mM disodium hydrogen phosphate, 20 mM potassium
dihydrogen phosphate and 20 mM sodium chloride) pH 7.4,
was used as the supporting electrolyte during all the electro-
chemical measurements. All solutions were prepared using
18.2 MQ - cm purified water produced using a Simplicity water
purification system from Millipore (www.merckmillipore.
com). All glassware and polyethylene materials were rinsed
with ultrapure water and dried before use.

Apparatus and procedures

Electrochemical measurements

Electrochemical experiments were carried out using a portable
potentiostat pStat 400 DropSens (Spain, www.dropsens.com)

and screen-printed electrodes (SPE), consisting of an integrat-
ed working electrode (diam. 4 mm), a carbon counter
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electrode and an Ag/AgCl reference electrode (C110,
DropSens, Spain). All electrochemical measurements were
performed at room temperature and in the presence of chloride
ions in the supporting electrolyte.

Electrode modification with PANi-nafion-Cu composite

A Cu-modified SPE was prepared by cyclic voltammetry in
0.05 M copper (II) nitrate solution in 0.1 M HNOj3 (from
—-0.9 V to 0.7 V, 50 mV s ', 10 cycles). Then the Cu-
modified SPE was rinsed thoroughly with water and modified
with Nafion (2 uL of 2 wt% solution air-dried for 15 min). The
PANI polymerization was performed by cyclic voltammetry in
0.2 M aniline solution in 0.5 M HCI (-0.4 V to 1.0 V,
50 mV s ', 10 cycles). The PANi-Nafion-Cu-modified SPE
was then rinsed thoroughly with distilled water and dried in air
for 15 min. Prior to use, the electrodes were soaked in
phosphate buffer for 30 min at room temperature to
equilibrate the sensing composite. The sensor response
to ammonium ion concentration was taken as the aver-
age of three separate measurements.

Surface analysis

The surface morphology of the modified electrode surface at
all stages was examined using SEM (JEOL JSM 6390 LV)
over a range of magnifications and accelerating voltages (both
backscattered and secondary images). The identity of each
element in all the samples was confirmed by EDX.
Photoemission experiments were carried out using a Scienta
ESCA 200 spectrometer in ultrahigh vacuum with a base pres-
sure of 10™'® mbar. The measurement chamber was equipped
with a monochromatic Al (K alpha) X-ray source providing
photons with 1486.6 eV for XPS (X-ray photoemission spec-
troscopy). The XPS experimental condition was set so that the
full width at half maximum of the clean Au 4f7/2 line was
0.65 eV. All spectra were collected at a photoelectron takeoff
angle of 0° (normal emission) at room temperature.

Ammonium quantification in human serum

Venous blood (2 mL) was collected in heparinised cold tubes
from healthy volunteers and patients with chronic kidney and
liver diseases (Kyiv Research and Practice Center of
Nephrology and Hemodialysis, Ukraine). The tubes were cen-
trifuged at 1500 g for 10 min and cell-free supernatant re-
moved. All serum samples were kept cold in an ice box during
the time between collection and measurement. The assay of
ammonium in the serum samples was performed by
amperometry at —0.45 V in unstirred solution. An aliquot of
the serum sample was directly injected into the measuring
vessel in order to obtain a 100-500 fold dilution. Reference
data on ammonium concentration were obtained from a
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commercial laboratory by the standard colorimetric assay
(glutamate dehydrogenase with x-oxoglutarate and
NAD(P)H).

Results and discussions
Composite assembly

Figure la shows the voltammetric response obtained on
continuously cycling in solutions of Cu®* nitrate. The cathodic
currents observed at the starting potential of —0.9 V represent
the formation of reduced copper compounds onto the
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Fig. 1 Preparation of PANi-Nafion-Cu composite on a SPE surface. a:
modification by Cu,O (0.1 M HNOj3, 50 mM Cu(NOs),, scan rate 50 mV/
s). Insets: SEM images of the SPE surface before and after modification;
b: electrochemical polymerization of PANi on a Nafion/Cu,O-modified
SPE (0.2 M aniline, 0.5 M HCl, scan rate 50 mV/s). Inset: SEM image of
the SPE surface before and after modification; ¢: voltammetric responses
of a modified SPE at different stages of assembly in neutral media
(phosphate buffer, scan rate 50 mV/s)

electrode surface. Subsequent anodic sweep is characterized
with the appearance of anodic peaks of current, which corre-
sponds to the formation of Cu" ions from the adsorbed pre-
cursors. Continuous cycling led to an anodic shift of the ob-
served peak, which indicated a change in the electrode surface
properties. The backward scan shows the appearance of a
reduction wave of metallic copper formation [6]. The change
of electrode surface morphology due to modification was con-
firmed with SEM (Insets of Fig. 1a), while the transformation
of chemical composition was observed with EDX (Fig. 1SB)
and XPS (Fig. 2S). The pristine SPE surface exhibited high
roughness. The uniform distribution of particles with diame-
ters up to 100 nm, as well as their aggregates, was visible on
the modified SPE surface. The copper electrodeposition pro-
cess was stopped at the cathodic limit, which corresponded to
the presence of metallic copper on SPE surface. The presence
of copper species was confirmed by XPS (Fig. 2S) and by
visual observation as a color change from the mat black of
pristine SPE, to the dark orange-brown of modified SPE and
modified ITO-coated glass slides (data not shown).

As soon as the contact of Cu®" ions with aniline causes the
uncontrolled polymerization as manifested by the appearance
of dark clouds in the bulk of solution (data not shown), the
Cu,O-modified electrode was covered with Nafion film by
drop casting. The presence of the Nafion film ensured the
stability of the composite-modified electrodes [13]. The
Nafion coating provides a cation exchanger with immobilized
sulfonate groups that impede the diffusion of anions. The re-
dox processes of Nafion-coated PANi or polypyrrole films
were shown to be accompanied by cation diffusion, as op-
posed to anion mass transport in the case of plain polyaniline
or polypyrrole films which offers improved selectivity to-
wards cations in the presence of anions [13, 16]. After drying
the film, the modified electrode was treated by electrochemi-
cal polymerization of PANi in aqueous acidic media (Fig. 1b).
The anodic scan of the first cycle was characterized by a small
and sharp peak of oxidation at —0.12 V, assigned to silver
contamination from the integrated reference electrode, follow-
ed by a large peak of monomer oxidation at 0.9 V. The back-
ward scan was characterized by a nucleation loop, probably
due to a new phase formation, followed by a broad reduction
peak. Subsequent voltammetric cycling led to the appearance
of two redox processes at 0.2 V and at 0.5 V, indicated by a
slight increase in the peak currents, which reflected the growth
of composite PANi onto the Nafion-Cu-modified SPE, and
was confirmed visually by a color change to dark green of
the PANi-modified SPE. The electrode modification with
PANi was confirmed by SEM (Inset of Fig. 2b), XPS
(Fig. 3S) and EDX (Fig. 1SD).

Electrochemical polymerization on a copper-free Nafion-
modified SPE led to the appearance of the ‘classical’ PANi
voltammetry pattern (Fig. 4S), which was confirmed by SEM
(Insets of Fig. 2S) and characterized by the same value of
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Fig. 2 Direct ammonium detection on a SPE modified with PANi-
Nafion-Cu composite. a: Cyclic voltammograms recorded before and
after addition of 0.25 mM NH,CI (black and red curves, respectively;
phosphate buffer, scan rate 50 mV/s); b: an example of amperometric
response of electrocatalyst to successive additions of NH4Cl (-0.45 V,
phosphate buffer); c: calibration curves for ammonium detection obtained
at PANi-Nafion-Cu - (1), Cu- (2), PANi-Nafion-modified (3) and blank
(4) SPE

surface-normalized integral charge (13.5 = 2 mC cm 2). The
copper-free PANi had low sensitivity towards ammonium
ions. The presence of copper during the PANi growth led to
significant changes in the polymer properties. The first
voltammetric forward scan during electropolymerization at a
copper-modified SPE, produced up to six times larger currents
in comparison with copper-free polymerization (Fig. 5S). This
effect might be associated with the electrocatalytic polymeri-
zation of aniline initiated by Cu (II) and Cu (III) ions. These
ions are strong non-specific oxidizers for organic molecules
and always appear in the course of the oxidation of copper, as
well as copper-containing modified electrodes, at high anodic
potentials [4]. To this extent, the protocol of polymerization
onto the copper-modified electrodes utilized opens up the
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possibility of PANi electropolymerization under conditions
of catalysis by Cu (II) and Cu (III) ions.

The stepwise electrode modification was studied by volt-
ammetry (Fig. 1c) and electrochemical impedance spectrosco-
py (EIS, Supporting Note 1) at pH 7.4. The copper-modified
SPE showed the appearance of a sharp cathodic peak
(—0.47 V) accompanied with a broad anodic peak (—0.22 V),
assigned to copper deposition in the presence of the chloride
anion [8] and a copper-stripping electrode process [25], re-
spectively. An insignificant change in the electrode surface
area during the first stage of the composite assembly
was observed with EIS (Fig. 6S), which excludes mass
transport enhancement of the subsequent electrochemical
stage of assembly.

Subsequent electrode modification with a Nafion film led
to the suppression of the cathodic peak current. This was at-
tributed to copper deposition accompanied by a 150 mV an-
odic shift (Fig. 1c), and a significant change in the capacitive
properties of the SPE (Fig. 6SB), due to the decrease of local
pH in the presence of the anionic polymer film. The PANi-
modified electrode showed full suppression of all electrode
reactions, due to the poor conductivity of the polymer, in
neutral media (Fig. 1c). However, the presence of Faradaic
processes within the PANi leading to a further increase of
capacitance is distinguishable with EIS. These observations
illustrate the maintenance of low conductivity within the
PANi-Nafion-Cu-composite at pH 7, due to the Faradaic pro-
cess of PANI.

Amperometric ammonium ion sensing

The addition of ammonium ions to the phosphate buffer lead
to the appearance of a voltammetric response in the form of an
increase in both the cathodic and anodic currents of the PANi-
composite (Fig. 2a).

Amperometry at —0.45 V was utilized for measurement of
the response to an increase of ammonium concentration at the
PANi-Nafion-Cu-modified electrode (Fig. 2b). A consistent
increase in the cathodic current was observed as a result of
increased ammonium ion concentration. An amperometric
study in de-oxygenated buffer revealed only slight increases
in the cathodic currents upon addition of ammonium ions
(Fig. 7S), illustrating the involvement of oxygen in the ob-
served cathodic currents via ORR electrocatalysis and
pointing out the possible limitation of the method as a re-
sponse dependence on oxygen content. This phenomenon fa-
cilitated the elucidation of the mechanism behind the observed
amperometric response. Cathodic polarization up to —0.7 V
led to the appearance of a copper deposition peak (data not
shown) facilitated by chloride anions [8]. The lower cathodic
polarization (—0.45 V) used for the amperometry measure-
ments leads to the appearance of species containing Cu (I)
[9]. The addition of ammonium ions resulted in the formation
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Scheme 1 The ORR at the Cu(I)-based PANi composite in the presence
of ammonia

of'a complex between Cu (I) and neutral ammonia (pK, 9.24),
which is easily oxidized by dissolved oxygen to Cu (II) [17]
with subsequent electrochemical reduction back to Cu (1),
observed as a cathodic current increase. Four electron reduc-
tion of oxygen down to water [2] illustrates the high reactivity
ofthe Cu (I)-based catalyst. In other words, ammonia complex
formation triggers an ORR at the Cu (I)-based species, which
in turn, acts to enhance the binding. The whole process is
explained in terms of ammonia-associated ORR
electrocatalysis, as illustrated in Scheme 1.

EIS studies of the observed ammonium response of PANi-
Nafion-Cu-modified electrodes did not show a significant
change in the film conductivity (data not shown), which ex-
cludes the possibility of additional doping of PANi by the
proton released due to the neutral ammonia complex forma-
tion, and supports the faradaic origin of the amperometric
response observed. However, the complete mechanism under-
lying the high sensitivity of the Cu (I)-based catalyst towards
ammonium ions is still unclear and the role of PANi and
Nafion in this process should be further investigated.

Due to the Faradaic origin of the response obtained at the
electrocatalyst, only a slight pH effect was observed (Fig. 8S),
which shows the advantage of direct quantification in com-
parison with potentiometric ammonium ion electroanalysis,
which is significantly affected by pH changes.

The analytical performance of the ammonium sensor was
evaluated and showed good operational stability. Fast changes

Table 1
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C,.. (Standard method) / mM
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C. .., (Voltammetric sensor) / mM

NH4 (

Fig. 3 Comparative ammonium quantification in human serum. The
ammonium ions concentration was estimated by the amperometry with
the sensor and by the standard spectroscopy-based method

in current upon ammonium concentration increase were pre-
ceded by a slow component for 20-30 s, until a steady-state
current was achieved. The calibration curve obtained from
amperometry at PANi-Nafion-Cu-modified electrodes under
optimized conditions showed a linear range from 1 to
150 uM, a sensitivity value within the linear range of
250 = 10 mA M ' cm © and a dynamic range 1-1000 pM
(Fig. 2¢). The limit of detection assessed as 3 x SD/sensitivity,
was 0.5 uM. The electrode surface modification delivered
high reproducibility as measured by the response of the indi-
vidual sensors. The sensor had high stability, demonstrated by
95 % retention of sensitivity over one year of storage at room
temperature. Subsequent washing with pure buffer led to the
recovery of the observed electrocatalytic activity. This is con-
sistent with the entrapment of the inorganic electrocatalyst via

Analytical characteristics of different ammonium ion electrochemical sensors

Signal registration mode and sensing component

LOD uM Linear range uM  Sensitivity, mA M ' ¢m 2

Potentiometry Asymmetric type polyurethane membrane with immobilized nonactin [19] 1 10-1 x 10° -
ISFET* based on a zeolite incorporated polymeric membrane [10] 15 15-1 x 10* -
ISFET based on a siloprene including clinoptilolite [11] 0.01 15-1 x 10* -
Photocured poly(n-butyl acrylate) membrane with immobilized nonactin [12] 1 10-1 x 10° -
Amperometry NAD(P)H detection, catalyzed by GLDH** on platinum electrode [3] 10 10-3 x 10? -
NADH detection, catalyzed by GLDH, mediated with Meldola’s 1.7 1.7-2.5 x 10% 1.33
Blue on SPE [1]
PANi/Pt on graphite SPE [22] 5-1 x 10° 40 + 20
PANi-Nafion on GCE*** [7] 10-2 x 10? 7+03
PANi-Nafion on gold electrode [15] 83 83-1.68 x 10> 1556
Cyclodextrin [18] 0.12 42-0.66 x 10
PANi-Nafion on platinum electrode [21] 5.35 5-1.25 x 10° 11+0.1
PANi-Nafion/Cu,O/SPE, this work 0.5 1-1.5 x 10° 250 + 10

*ammonium ion-selective field effect transistor; ** glutamate dehydrogenase; *** glassy carbon electrode
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a stable complex formation within the polymer environment
and probably a smaller stoichiometric ratio between oxygen
and ammonia, than presented in the Scheme 1.

Both the Cu-modified SPE and the copper-free PANi com-
posite showed significantly lower sensitivities for electrochemi-
cal ammonium ion detection (18.4 + 1.4 mA M ' cm 2 and of
5.95 + 0.8 mA M ' cm 2 respectively), which illustrates the
crucial contributions of all the components in the active
electrocatalyst assembly.

Comparison of the analytical performance of the ammoni-
um ion sensor with systems described in the literature
(Table 1S) shows that the sensor possesses several advanta-
geous characteristics. It provides a combination of the highest
sensitivity with one of the lowest limits of detection and has a
wide linear range that meets the requirements for an assay for
ammonium levels in humans.

The effects of some possible interfering biological com-
pounds on the elaborated ammonium sensor were also inves-
tigated (Fig. 9S). The amperometric responses to ammonium
ion showed 4-5 % retention in the presence of 0.1 % BSA in
phosphate buffer. The excessive presences of model primary
amines (creatinine (pK, 5.02), urea (pK, 0.1) and their mix-
tures) showed negligible response (significance level 5 %),
which, probably, illustrates the composite selectivity towards
cations (Table 1).

Real sample analysis

The ammonium ion sensor was used for the quantification of
ammonium in serum samples of healthy donors, cirrhosis and
kidney disease patients. Ammonium ion concentrations were
measured using the standard addition method (Fig. 10S) with
different SPEs modified with the PANi-Nafion-Cu composite
(RSD =4 % for n = 3). The data obtained showed a good
correlation (R = 0.999) with the standard method for ammo-
nium measurement based on spectroscopy (Fig. 3) with an
RSD of 1 %. The ammonium ion concentration in serum of
healthy donors was 3.5 and 15 times lower than in the serum
of kidney disease and cirrhosis patients, respectively. The re-
sults obtained demonstrate the potential of this ammonium
sensor for measurements in serum and the possibilities for
further development of analytical devices for distributed diag-
nostics and environmental analysis.

Conclusions

An amperometric sensor for ammonium quantification has
been elaborated using an ORR catalyst based on PANi in
combination with copper. The electrochemical polymerization
of PANI, in the presence of copper ions attached to the elec-
trode surface by Nafion membrane, yielded a polymer com-
posite sensitive to ammonium ions, which was characterized
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via electrochemical and physical methods. The specific am-
perometric response to ammonium ions observed at the
composite-modified electrode was attributed to ammonia-
associated ORR catalyzed by copper centers within the film.
The sensor exhibited enhanced analytical performance over
previously reported devices and was successfully utilized for
ammonium quantification in human serum samples.
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