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Abstract

The aim of this work is to highlight the potential of using a modified gold electrode with
controlled quantity of silver nanoparticles as a working electrode to detect low
concentrations of nitrate in chloride solutions. Optimal charge for silver deposition has been
determined to obtain the highest signal for the nitrate reduction as the electrocatalytic
properties of the bimetallic electrode were directly influenced by its composition. According
to the Volcano plot obtained the charge chosen was -52 uC for a 3 mm diameter electrode,
corresponding to 4.6 x 10" Ag atoms cm™. It has been shown that dioxygen did not
participate to the nitrate reduction mechanism. In order to decrease the limit of
guantification, square wave voltammetry was preferred to less sensitive cyclic voltammetry.
Nitrate was quantified in chloride solutions in the concentration range found in the open
ocean, i.e. 0.39-50 umol L™ with a good linear regression (R’=0.9969). The stability of the
bimetallic Au-Ag systems has been evaluated and showed almost no difference on the signal
recorded over a 26 days period which is suitable to consider an in situ sensor development
for marine applications.
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1 - Introduction

The nitrogen cycle is one of the most important biogeochemical cycles in the marine
environment. Nitrogen is found in five oxidation states: ""'NH,*/NHs, ON,, *'N,0, ""'NO,
and (+V)N03' where N; is the most abundant species but essentially unreactive. Nitrate (NO3)
is the main form assimilated by marine organisms and as the other nutrients (silicate and
phosphate) it can be used as a water mass tracer [1]. The concentration range found in the
open ocean is from a few nanomolars to 50 umol L™. Long term monitoring of nitrate ions
concentration with in situ sensors is the key to improve our understanding of
biogeochemical cycling in the ocean as well as to follow water masses and their mixing.

The classical technique to measure nitrate concentration in seawater is wet chemical
colorimetry [2,3]. However, this method requires chemical reagents that need to be changed
regularly and high power demand. Ultraviolet spectroscopy measurements at 220 nm are
also used to detect nitrate ions in seawater [4]. In situ nitrate sensors for marine application
using ultraviolet absorbance such as the ISUS (/n situ Ultraviolet Spectrophotometer) or the
SUNA (Submersible Ultraviolet Nitrate Sensor) are implementable on under-water vehicles
such as ARGO profiling floats and they are already available on the market. However their
sensitivity is still quite high, with a limit of detection around 1.5 umol L. In addition they
suffer from strong chemical interferences such as with bromide ions, carbonates, or Colored
Dissolved Organic Matter (CDOM) [5,6].

In order to decrease the limit of quantification, the cost and the size of sensors,
electrochemistry is proposed to measure nitrate concentration in seawater. Nitrate being an
electroactive species, it can be detected directly with electrochemical methods
(voltammetry, amperometry...), no reagent is needed, which will facilitate miniaturisation of
the detection system suitable for in situ analyses [2,7,8]. The electroreduction of nitrate has
been intensively studied on various electrodes (Pt, Pd, Ni, Pb, Zn, Fe, Cu, Ti, Au, Au(Hg), Ru,
Rh, Ir, Bi, Sn, alloys of Cu, Sn...) and is known to be a complex process [9,10]. Depending on
the experimental conditions such as electrolyte anions [11], pH of the solution [12], nitrate
concentration [13,14] and the structure of the working electrode [15], the mechanism is
different and leads to nitrite (NO,), ammonia (NH4'), nitrogen (N,) as bi-products (HNO,,
NO®, NH,OH, N,0...) [14,16,17]. Electrochemical sensors have been already used to detect
nitrate in fresh water [18]. Hafezi and Majidi developed an amperometric sensor to detect
nitrate in foodstuffs and mineral waters in the concentration range between 1 and 35 umol
L™ with a limit of detection of 0.59 pumol L. However amperometry requires to stir the
solution to control the convection which is not suitable for in situ sensor in seawater [19].

Among the electrodes, bimetallic electrodes showed a better sensitivity towards the
detection of nitrate as the signal is enhanced due to higher specific electrode surface area
[20-22]. The choice of electrode materials as well as the experimental conditions for



nanoparticles deposition to form the bimetallic electrodes are crucial and will have a large
influence on the nitrate detection [23]. Previous work on gold modified with silver
nanoparticles showed a good potential to detect nitrate in seawater [24]. However, the limit
of quantification was still too high (i.e. 10 umol L) to consider in situ application in marine
environments [24]. The aim of this work is to focus on the detection of low concentrations of
nitrate in chloride solutions. To do so, an optimisation of the parameters to deposit silver
nanoparticles on gold electrode is essential. Square wave voltammetry measurements are
proposed to go further in terms of the sensitivity of our analytical method. To develop an in
situ electrochemical sensor competitive with those already existing in oceanography, the
limit of detection has to be the smallest possible (< 1.5 pmol L™[5]) and the modified
electrode has to show a good stability with time.

2 - Experimental section

2.1 - Chemicals

All solutions were prepared in Milli-Q water (Millipore Milli-Q water system). Standard
nitrate solutions were prepared with potassium nitrate (KNO3, PURATRONIC®, 99.995 %
purity) from Alfa Aesar in sodium chloride solution (NaCl, EMSURE®, supplied by Merck) at
34.5g L (0.6 mol L.

Sulphuric acid solution at 0.5 mol L used to clean electrode surfaces was prepared from a
98% H,S0,, EMSURE®, solution supplied by Merck.

Silver nanoparticles electrodepositions on gold electrode surfaces were made with silver
nitrate AgNOs; (AnalaR, NORMAPUR®, VWR Chemicals) dissolved in KNOs; (Alfa Aesar)
electrolyte solution.

2.2 - Material and methods

Chronoamperometry (I = f(t), fixed E), Cyclic Voltammetry (CV) (I = f(E)) and Square Wave
Voltammetry (SWV) (Al = f(Estep), With Al = lpyise forward = lpulse backward) Were performed in
sodium chloride solutions ([NaCl] = 34.5 g L'™) using a PGSTAT 128N potentiostat (Metrohm)
controlled by NOVA software at room temperature under atmospheric conditions. A classical
three electrodes system was used for all experiments. The counter electrode is a platinum
grid purchased at GoodFellow. The reference electrode was a double junction Ag/AgCI/KCI (3
mol L) electrode; all the potentials were referred to this electrode. The gold working
electrode was a commercial gold disc electrode (¢ = 3 mm) from Metrohm.



2.3 - Preparation of modified electrode Au/AgNPs

The gold disc surface was polished firstly with alumina (0.3 um slurry diameter). Secondly, it
was electrochemically cleaned in sulphuric acid solution (H,SO4, 0.5 mol L™) by polarising the
electrode 10 seconds at +2 V and 10 seconds at -2 V to form O, and H; bubbles, respectively,
at the electrode surface. Then, cyclic voltammograms were recorded between E;=0V and E,
= 1.5V at 100 mV s until reproducible cycles were obtained.

The electrodepositions of silver nanoparticles onto gold substrates were performed by
chronoamperometry at E = -0.2 V optimised potential in a 0.1 mol L KNO; solution
containing silver nitrate at [AgNO;] = 0.17 mmol L. The end of electrolyses was either
controlled by the time of electrolysis (in seconds) or the electric charge (Q in Coulombs (C)).
Several charges were studied in order to determine the optimised silver deposition. The
resulting Au/AgNPs modified electrodes were then rinsed with MilliQ water. Cyclic
voltammograms recorded with Au/AgNPs modified electrode in seawater highlighted the
presence of silver on gold in the oxidation domain at +0.6 V (results not shown).

3 - Results and discussion

Fig. 1 shows cyclic voltammograms recorded on a gold commercial electrode (Au, Metrohm,
¢ = 3 mm) modified with silver nanoparticles (AgNPs) deposited at E = -0.2 V during 7
seconds, in sodium chloride solution (34.5 g LY containing nitrate ions ([NO3] = 9 mmol L)
at 20 and 500 mV s™ scan rates [24].
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The reduction starting around -0.2 V corresponds to the reduction of dioxygen. The
reduction of nitrate occurs between -0.8 V and -1 V on Au/AgNPs surface. Only one peak is
observed at -1.0 V at high scan rate (500 mV s') whereas two peaks are visible around -0.9 V
and -1.0 V, respectively, at lower scan rate (20 mV sY) showing the complexity of the
mechanism. Aouina et al. also observed several reductions processes for nitrate reduction at
20 mV s™. They identified the formation of nitrite at the less negative potential and
ammonia at the most negative potential [12]. Other authors also managed to highlight the
formation of co-products depending on the experimental conditions (pH, electrolyte, nitrate
concentration) used [10,12-17]. According to the bibliography, nitrate reduction requires
first the adsorption of NO3 on the electrode surface (reaction 1) [19,25,26]. The step
determining the rate of the reaction on most electrodes is the reduction of NO3 (545) to NOy’
(ads) (reaction 2) [10]. The main final product is ammonia (reaction 3) [12,16,27].

Nog(sol) < N03_(ads) (1)
NO3 (a5 2H' + 2e”™ © NOjaq5) + H20 (2)
NOZ_(ads) + 8H* + 6e~ & NH} + 2H,0 (3)



The scan rate of v= 500 mV s is chosen to detect nitrate as the signal is much higher (Ip
(w=s00mv's ) = 5.8 1p v=20mvss 1)) than for the lower scan rate. It is also more convenient to treat
only one, well defined, reduction peak than two tangled reduction waves.

As it was mentioned earlier, the structure of the bimetallic electrode has a strong influence
on the signal [28]. Therefore, in order to improve the electrocatalytic properties of the
electrode it is crucial to determine the optimum conditions for silver deposition on the gold
working electrode.

In order to control the exact quantity of silver nanoparticles deposited on the gold surface
(Metrohm, ¢ = 3 mm), the electrolyses at fixed potential (i.e. E = -0.2 V) realised to form
Au/AgNPs electrodes are controlled by the charge in Coulomb (C) and not by the time.
Depending on the initial state of the bare gold electrode, electrolyses controlled with time
will give different Au/AgNPs electrodes as the AgNPs quantities deposited (charges) are not
necessary the same from one electrolysis to another. The cut-off with the electric charge is
the only way to ensure the deposition of the same quantity of silver nanoparticles.

The influence of charges (between -14 and -75 uC) used for silver deposition is investigated
by analysing the cyclic voltammograms recorded with these different Au/AgNPs in sodium
chloride solution (34.5 g L) with 0.1 mmol L™ of nitrate. The forward cycles obtained for
each charge are presented on Fig. 2.
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Fig. 2

The reduction of dioxygen appears on Fig. 2 in two peaks at -0.4 V and -0.6 V corresponding
to the reduction of O, in two steps first into H,0, then H,0 observed on the gold electrode.
For all the charges applied, the gold electrodes are therefore not totally covered with silver.
Even if the experiments were realised in atmospheric conditions, with saturated O, solutions,
the signal observed on Fig. 2 for O, varies from one experiment to the other and might have
an influence on NO3" measurements. The influence of O, on nitrate measurement will be
checked later on.

As expected the intensity corresponding to nitrate reduction increases when the silver
electrodeposition charge increases from -14 uC to -38 uC as the effective surface area of the
electrode increased (Fig. 2). However, increasing too much the charge leads to a decrease of
nitrate signal for -71 uC and -75 pC (Fig. 2). This result is more visible on the corresponding
Volcano plot (lpeak=f(| Q|)) presented on Fig. 3 showing two characteristic linear slopes. This
behaviour has been observed in the bibliography and can be explained by the Ostwald
ripening widely known in the field of crystallization and corresponding to the dissolution of
smaller particles that will grow in larger ones [29-31]. The effective surface area of Au/AgNPs
therefore decreases and the electrode tends to behave as a bare electrode. The mechanism
of Ostwald ripening includes a diffusion process at the surface and grain boundary, and an
electrochemical mechanism. Larger and smaller particles behave as different metals with
different standard electrode potentials explaining that it is easier to reduce NOs3; on
electrode with smaller particles than on a bulk material or on larger particles electrode [30].
Adsorption is also promoted on small nanoparticles as the effective surface is bigger and so
makes the reduction on this electrode easier. This is why pure bare gold electrode is inactive
toward nitrate reduction (weak adsorption of the reactants) [26]. The maximum catalytic
activity should be for a surface partially covered with AgNPs which is the case for all the
charges tested as the characteristic reduction of O, in two steps on gold is always visible on
Fig. 2. Therefore, in order to obtain the highest NOs signal the charge to deposit AgNPs has
to be the highest possible but before the Ostwald ripening process starts. According to the
Sabatier principle, the best condition is determined on Volcano plot (Fig. 3), corresponding
to the intersection of the 2 straight lines (lpeak = f (|Q[)) [26,32]. The optimum charge found
to form the modified Au/AgNPs electrode and to detect NOs  is -56.3 uC. Taking into account
the experimental errors to build the Volcano plot and determine the optimum condition, the
charge chosen for silver nanoparticles deposition is -52 uC corresponding to 4.6 x 10%> Ag
atoms cm™.
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In the open ocean, the concentrations of dissolved dioxygen vary from 300 umol L in
saturated surface waters down to around 50 pmol L™ for deeper waters. Some areas called
Oxygen Minimum Zones (OMZ) are very depleted in dioxygen in sub-surface where the
concentration can be close to zero [33]. On the potential window used, the dioxygen reduces
just before the potential of nitrate reduction and variations of its signal have been observed
even in oxygenated solutions (Fig. 2). It might have an influence on nitrate reduction even
more if its concentration changes from an experiment to another. Therefore in order to
study the influence of dioxygen reduction on the nitrate detection, cyclic voltammograms
were recorded with the same modified electrode (Au/AgNPs: Q = -68 uC) on the same
nitrate solution at 1 mmol L™ with and without dioxygen. The solution has been deaerated
during 15 minutes with nitrogen bubbling to remove all the dioxygen and a constant flow of
nitrogen was maintained over the surface during the experiment to prevent dioxygen to
diffuse into the solution. The results are presented on Fig. 4.
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Fig. 4 shows indeed the disappearance of the two dioxygen peaks at -0.4 V and -0.6 V after
15 minutes of nitrogen bubbling. But in both cases, the peak intensities at E = -1.1 V
corresponding to nitrate reduction are identical (~50 pA). Almost the same result has been
obtained by Gross et al. in 2015 on Au/AgNPs electrode where the difference observed on
the signals with and without dioxygen was extremely weak (experimental errors) [34]. The
O, has therefore no influence on nitrate detection using Au/AgNPs electrode unlike previous
work by Fajerwerg et al. suggested [24]. They proposed a catalytic reaction between the
intermediate oxygen peroxide formed from the incomplete reduction of dioxygen on gold
electrode with nitrite ions produced from the incomplete nitrate reduction. However, the
increase of NOs peak intensity they observed on Au/AgNPs is probably due to an increase of
electroactive surface area of the modified electrode Au/AgNPs from one deposition to the
other as the amount of silver nanoparticles deposited was not controlled with the electric
charge but with the time of electrolysis. In conclusion, the mechanism of nitrate reduction
however complicated it may be, is clearly not influenced by dioxygen which is compatible
with our aim to develop a new electrochemical sensor in the open ocean where O,
concentration varies significantly throughout the water column.
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Now in order to go further on the detection of low concentrations of nitrate using the
optimized Au/AgNPs (Q = -52 uC) electrode, square wave voltammetry method is proposed
to detect nitrate. This electrochemical method is more sensitive than cyclic voltammetry
thanks to short-term square shape potential pulses combined with staircase potential ramp
and current sampling allowing to decrease the contribution of capacitive current. This pulse
technique is attractive for quantitative analysis since it leads to better resolved peaks
(Gaussian shape), less distorted by the capacitive current. Indeed, in order to obtain the
highest sensitivity (corresponding to the electron(s) transfer), it is important to reduce the
effect of the capacitive current and only measure the contribution of the faradic current. The
current is therefore sampled at the end of each potential pulse (forward pulse and backward

. _1 .
pulse) as the faradaic current (I o<t /2) decreases slower than the capacitive current

(I, « e‘t/RC) with time [35].

The SWV parameters have been optimized to obtain the least noisy signal possible using
classical frequency of f = 100 Hz, an amplitude of Esyy = 60 mV and a staircase potential Egiep =
5 mV, corresponding to the same scan rate than previously used with cyclic voltammetry (i.e.

500 mV s™). Common values for amplitude and step potential are respectively Egy,, = % and

Estep = 1n—0, with n the number of electron(s) exchanged [36]. So considering the reduction of

NOs into NO;, 2 electrons are exchanged and Esw should be around 25 mV and Eg, around
5 mV. However experimental results showed better resolution with higher amplitude.
Indeed, amplitude affects the electrode kinetics of the electrode reaction. Higher amplitude
gives higher net response in current, however too large amplitude may lead to interferences
by the charging current and the ohmic drop resistance [37]. The result obtained for 100 mV
amplitude (result not shown) was indeed not satisfying and much noisy, so 60 mV amplitude
has been fully validated.

The square wave voltammograms obtained with Au/AgNPs (¢ =3 mm, Q = -52 uC) electrode
for nitrate concentrations between 0.39 and 50 umol L? are presented on Fig. 5. As
previously observed on cyclic voltammograms, three peaks are observed at -0.25, -0.6 and -
1.0 V corresponding respectively to the reduction on gold surface in two steps of O, into
H,0, then H,0;, into H,O and finally the reduction of NO3;” where the peak intensities
increase with NOs™ concentrations. The fact that signals show positive current even for
reduction processes is due to the amplitude chosen for the pulses as the differential
intensities (Al = ltorward — lbackward) are plotted versus staircase potential [38].

12
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A shift of nitrate peak potential towards more anodic potentials (from -1.1 V to -0.9 V) (less
negative potentials) is observed on Fig. 5 when NOs™ concentration increases indicating an
easier electronic transfer at high concentration than at low NO3™ concentration. This result
has also been observed by Bui et al.,, on different pulse voltammetry measurements on
carbon paper electrode functionalised with gold nanoparticles [18].

As it has been mentioned before, the nitrate electroreduction mechanism is influenced by
the nitrate concentration and requires as well the adsorption of nitrate on the electrode
surface before its reduction [14,26]. Considering the adsorption reaction (1), the equilibrium
of the reaction might shift towards the formation of NOj (.4 if the NOs (s increases,
facilitating its reduction, therefore explaining the anodic peak potential shifting observed.
Also the nitrate adsorption is quite weak and strongly influenced by the adsorption of anions
and hydrogen (particularly on platinum electrodes) [13,15]. There is therefore a competition
on the electrode surface between NO;'(,45) and adsorbed anions (CI) making harder the
adsorption of nitrate ions especially at really low concentrations.

The peak intensities for each concentration have been measured using NOVA software and
the corresponding calibration curve is presented on Fig. 6. A good linear behaviour is
obtained between 0.39 pmol L™ up to 50 pmol L' which covers the whole concentration
range found in the open ocean. The limit of quantification is 0.39 pmol L.
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Now, in order to use this modified electrode in a sensor for marine applications, its stability
with time has to be evaluated particularly the stability of the silver nanoparticles.

The same modified electrode Au/AgNPs (¢ = 3mm, Q = -52 pC) is continuously stored in
sodium chloride solution and used to detect regularly nitrate at [NO3] = 25 umol L using
square wave voltammetry during 625 hours (~26 days). The peak intensity corresponding to
nitrate reduction remained at 95 % from the initial intensity peak (t=0) for 26 days showing
quite a good stability of the system and its potential as an electrode in a marine sensor.

4 - Conclusions

The results presented in this work show a sensitive method for the nitrate detection in sea
water using a very simple three electrodes electrochemical system. The study of the
influence of the electric charge to deposit silver particles on nitrate detection allowed to
determine the best conditions to enhance the electrocatalytic properties of the bimetallic
electrode. The optimum charge found is Q = -52 pC corresponding to ~4.6 x 10" Ag atoms
cm2 A very good calibration has been obtained using this modified Au/AgNPs electrode and
square wave voltammetry measurements on the concentration range found in the open
ocean (0.39 — 50 umol L™) with a limit of quantification of 0.39 umol L™. Finally the study of
the electrode stability in time showed a good potential for in situ use.
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To decrease the LOD of nitrate detection, a larger electrode surface could be used in order
to increase the intensity. Also a comparison with other bimetallic couples should be tried as

copper showed very good electrocatalytic properties for nitrate detection [19] or platinum
substrate instead of gold for example.
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Figure captions

Fig. 1: Influence of the scan rate on the cyclic voltammograms obtained in NaCl solution
(34.5 g L'") containing 9 mmol L™ KNO5 using Au/AgNPs (E =-0.2 V, t = 7 s) at scan rate 20 mV
s(-+) and 500 mV s (—)

Fig. 2: Influence of charge used for Ag deposition on forward cycles of cyclic voltammograms
obtained in NaCl solution (34.5 g L") containing 0.1 mmol L™ KNO; using Au/AgNPs
electrodes - Q = -14 uC (Orange), Q= -28 uC (Red), Q =-38 uC (Blue), Q = -71 uC (Black) and
Q= -75 uC (Green); scan rate: 500 mV st

Fig. 3: Volcano plot lpeak(NO3') = f(|Q|) corresponding to the Fig. 2

Fig. 4: Influence of dioxygen on cyclic voltammograms obtained in NaCl solution (34.5 g L)
containing 1 mmol L™ KNO3 using Au/AgNPs electrode (Q = -68 uC) with dioxygen (straight
line) and without dioxygen (dotted line); scan rate: 500 mV st

Fig. 5: Square wave voltammograms at f = 100 Hz, Esw = 60 mV, Esep = 5 mV on Au/AgNPs (¢
=3mm/Q=-52uC)in34.5g L™ NaCl solution containing [NO3'] = 0.39 (black), 0.78 (purple),
3.125 (light blue), 6.25 (orange), 12.5 (green), 25 (dark blue) and 50 umol L? (pink)

Fig. 6: Calibration curve Al = f([NOs]) for peak around E = -1.0 V from SWV on Fig. 6
between 0.39 and 50 umol L?
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