
Talanta 253 (2023) 124019

Available online 19 October 2022
0039-9140/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A bespoke reagent-free amperometric bromide sensor for seawater 

Yuqi Chen, Richard G. Compton * 

Department of Chemistry, Physical and Theoretical Chemistry Laboratory, Oxford University, South Parks Road, Oxford, OX1 3QZ, UK   

A R T I C L E  I N F O   

Keywords: 
Bromide quantification 
Amperometry 
Platinum electrode 
Standard additions 
Electrochemical analysis 
Seawater 

A B S T R A C T   

Measurement of the exact concentration of bromide in seawater, usually present at the ca milli-Molar level, is 
significant for evaluating geological, biological and environmental conditions. Although silver electrodes are 
commonly used for amperometric halide measurements, providing selectivity for the ions with similar concen
trations, the bromide signal obtained in seawater is masked by that of chloride at hundred millimolar levels. 
Thus, an alternative bespoke reagent-free electrochemical bromide sensor for seawater was developed with the 
benefits of low cost, simplicity and rapidity. This is based on the voltammetric oxidation of bromide at Pt macro- 
electrode, which results in a well-defined signal that is separated from the chloride oxidation peak in seawater. 
The sensitive quantification was performed by square wave voltammetry combined with the standard addition 
method, which was evidenced to be valid in both artificial seawater and authentic natural seawater. The 
measured bromide concentrations of three real samples show good agreement with the results obtained by ion 
chromatography.   

1. Introduction 

71% of the earth’s surface is covered by the ocean, while 96.5% of 
the known water on the earth consists of seawater [1]. Human activities 
are changing the ocean through eutrophication, pollution, warming, 
acidification, deoxygenation, and nutrient flux reduction amongst other 
concerns [2,3]. For example, the decrease in the pH of seawater from 8.2 
to 8.1 is thought to have resulted from the Industrial Revolution, and 
arises from the increased formation of carbonic acid due to more carbon 
dioxide emissions (Eqn (1)) [4]. 

CO2 +H2O→H2CO3 (1) 

Conversely, the physical and chemical parameters of seawater can be 
used to track its condition and monitor anthropogenically induced al
terations, which is essential to assist regulating societal and industrial 
development. Usually, seawater contains only a trace of bromide being 
present at ca milli-Molar concentrations, but information about exact 
levels is important for evaluating geological, biological and environ
mental conditions. For example, the levels of bromide ions in the surface 
and ground waters near the sea are greatly changed by and indicative of 
seawater intrusion [5]. Further, bromide can be converted to the reac
tive gas species, bromine (Br2) and to hypobromous acid (HOBr), lead
ing to surface ozone depletion via the chemistry summarised in Fig. 1 
[6]. Note that the sequence of reactions Br + O3 → BrO + O2 followed by 

BrO + BrO → 2Br + O2 indicates a catalytic loss mechanism for ozone 
[6]. Importantly, bromide is naturally present in fossil fuels, notably 
coal, so environmental trends due to fossil fuel activities are reflected in 
concentration changes of bromide in surface seawater [7]. Furthermore, 
as a result of industrial wastewater discharge, bromide can combine 
with organic pollutants forming toxic compounds including bromoace
tonitriles, bromoacetamides and bromonitromethanes [7–9]. Finally, we 
note that a high concentration of bromide itself can be toxic to humans. 
All these factors emphasise the importance of bromide detection in 
seawater [10,11] 

Table 1 shows the essential composition of seawater [12], and that 
chloride is the most dominant anion. In contrast, bromide has a typical 
concentration of just 0.86 mM, which is much lower than that of chlo
ride. Although the local concentrations of chloride and bromide depend 
on location and season [13,14], the ratio between them in normal 
seawater mostly stays relatively constant (being around 300:1 w/w) 
[15,16] and indeed the chloride ion concentration is sometimes used to 
give approximate estimates of bromide levels, although this risks errors 
where usual levels of bromide exist. Thus, to successfully measure the 
concentration of bromide, the potential interference by Cl− present at 
hundred millimolar levels must be considered. 

Current bromide detection and quantification techniques include 
kinetic-spectrophotometric [5,17–23], chromatography [24,25], capil
lary electrophoresis [26–30] and electrochemistry [31–34]. Several 
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studies on bromide detection using the kinetic-spectrophotometric 
method have been reported [5,17–23]. In this approach a strong oxi
dising agent such as chloramine T (CT) is commonly used for the for
mation of OBr− from bromide, followed by a reaction with an indicator 
resulting in a colour change, e.g. from converting phenol red to bro
mophenol blue [17]. However, the presence of other ions that can react 
with the oxidising agent is always a concern. For example, apart from 
hydroxylamine (NH2OH) that can be found in the ground, surface wa
ters, and coastal water albeit with lower concentrations [17,35,36], 
other halide ions, especially chloride in seawater, present significant 
interferences [5,21]. Meanwhile, the sensitivity of some methods is 
temperature dependent [22,23] or the dilution of samples is required 
[5]. 

In addition to kinetic-spectrophotometric method, chromatography 
[24,25] combined with a suitable detector is one of the ‘gold standards’ 
for sample quantification. For example, ion chromatography is specif
ically recommended by CEN and ISO [37] for the analysis of drinking 
water. However, the method requires expensive instruments and 
time-consuming procedures, including repeated calibration and dilution 
of the analyte [38]. Capillary electrophoresis is often applied for bro
mide detection in medicine [26,27] and analysis of human serum [28] 
has been reported, while the application in seawater has been studied by 
Fukushi et al. [29] and Kocatürk et al. [30]. Even though CE is a good 
alternative to IC due to shorter sample preparation and analysis time, 
smaller reagent consumption and cheaper fused silica capillaries used 
instead of chromatographic columns [30], electrochemistry may 
nevertheless prove a better option, offering benefits of low cost, 

simplicity and rapidity with comparable selectivity. 
Potentiometry is widely applied as an electrochemical technique for 

bromide detection. In particular, the use of a bromide ion-selective 
electrode (Br-ISE) has been reported in several studies [31–34]. How
ever, if the electrode is developed from scratch, the fabrication pro
cedure is often complex and a preconditioning step may also be 
required. Zahran et al. reported PVC-membrane cocktails consisting of 
different compositions requiring optimisation [32], while the whole 
process was found to be time-consuming, subject to inconsistent manual 
fabrication methods, difficult for manufacture in small sizes as well as 
the electrodes having short lifetimes [39]. For example, a Br-ISE based 
on a silver bromide membrane needs to be preconditioned by 48 h of 
soaking in 0.01 M KBr solutions [40]. Moreover, though these bespoke 
electrodes reported by Zahran et al. and Rechnitz et al. are nominally 
bromide selective, the selectivity coefficient towards Cl− is about 10− 2 

[32,40], which is not sufficient for seawater with the presence of chlo
ride in hundreds of millimolar in comparison with the sub millimolar 
levels of bromide. Whilst there are many commercially available 
potentiometric sensors [41–43], they are subject to interference from 
other ions, notably and for example Cl− , I− , S2− , CN− and strong 
reducing agents. For example, the description of ECD S80 Bromide 
Sensors [43] emphasises that Cl− , I− and S2− will form insoluble pre
cipitates on the electrode surface diminishing the response. Commercial 
ISEs are also costly. More generally, the logarithmic relation between 
potential and bromide activity results in a change of signal of a mere ca 
60 mV per decade of concentration at 298 K, which makes it challenging 
to deliver a precise and sensitive detection by potentiometry. Mean
while, there is no guarantee of the quantification accuracy, especially in 
complex matrixes with the risk of interference or malfunction/fouling of 
electrodes. However, an amperometric measurement via voltammetry 
provides a possible alternative robust and inexpensive, reagent-free 
method for bromide detection. To be more specific, silver-based elec
trodes are commonly used for bromide, or general halide measurements 
[44–46], based on the chemistry shown in equation (2): 

AgX(s)+ e− ⇌Ag + X− (2)  

where X = Cl− , Br− and I− . Several literature reports [47,48] have stated 
that Cl− , Br− and I− with similar concentrations can be selectively 
detected by using silver electrodes, as the deposition peaks of each silver 
halide occur at different formal potentials (Eqns (3)–(5)) [49]: 

AgCl+ e− ⇌Ag + Cl− ;EAg/AgCl = 0.2223 V vs. SCE (3)  

AgBr+ e− ⇌Ag + Br− ;EAg/AgBr = 0.0711 V vs. SHE (4)  

AgI+ e− ⇌Ag + I− ;EAg/AgI = − 0.1522 V vs. SHE (5) 

However, in real samples, most importantly seawater with chloride 
concentration significantly higher than bromide, the bromide signal is 
masked by the much larger chloride signal as reported below. In order to 
replace the use of silver electrodes in the context of seawater, we explore 
other electrode materials notably a platinum electrode that can selec
tively quantify the bromide concentration despite the high concentra
tion of chloride in seawater. 

2. Experimental Section 

2.1. Chemicals and reagents 

Solutions were prepared using deionised water with a resistivity of 
18.2 MΩ cm at 298 K (Millipore, Millipak Express 20, Watford, U.K.). All 
chemicals were of analytical grade and were used as received without 
any further purification. Following a literature recipe [50], artificial 
seawater (ASW) was prepared with the composition of which is pre
sented in Table 2. Sodium chloride (NaCl, 99.5%), potassium chloride 
(KCl, 99.5%), magnesium chloride dihydrate (MgCl2 . 6H2O, 99.0%), 

Fig. 1. Schematic reaction diagram of bromide. Thin lines indicate gas-phase 
reactions. The thick lines show an aerosol reaction [6]. 

Table 1 
Concentrations of major ions in surface seawater [12].  

Ion Molar Concentration/mM 

Naþ 4.81 × 102 

Mg2þ 5.41 × 101 

Ca2þ 1.05 × 101 

Kþ 1.05 × 101 

Sr2þ 9.20 × 10¡2 

Cl¡ 5.59 × 102 

SO4
2¡ 2.89 × 101 

HCO3
¡ 1.89 

CO3
2¡ 1.89 × 10¡1 

Br¡ 8.63 × 10¡1 

B(OH)4
¡ 8.39 × 10¡2 

B(OH)3 3.42 × 10¡1 

F¡ 7.00 × 10¡2  
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calcium chloride dihydrate (CaCl2 . 2H2O, 99.0%), strontium chloride 
hexahydrate (SrCl2 . 6H2O, 99.0%), sodium sulfate (Na2SO4, 99.0%), 
potassium bromide (KBr, 99.0%), sodium fluoride (NaF, 99.0%) and 
boric acid (H3BO3, 99.5%) were purchased from Sigma-Aldrich, UK, 
while sodium bicarbonate (NaHCO3, 99.7%) was purchased from Acros 
Organics, UK. Potassium nitrate (KNO3, ≥99%) served as a supporting 
electrolyte was purchased from Sigma-Aldrich, UK. 

2.2. Electrochemical apparatus and methods 

Electrochemical measurements were performed using a μAutolab II 
potentiostat (Metrohm-Autolab BV, Utrecht, Netherlands). A standard 
three-electrode set-up was used in a Faraday cage, being thermostated at 
a constant value of 25.0 ± 0.2 ◦C. A graphite rod always served as the 
counter electrode in all experiments. Either a mercury-mercurous sulfate 
electrode (MSE +0.64 V vs. SHE, BASi, USA) and a silver macro-disc 
electrode (diameter of 2.52 mm, homemade) or a saturated calomel 
electrode (SCE +0.244 V vs. SHE, BASi Inc., Japan) and a platinum 
macro-electrode (diameter of 1.66 mm, BASi, USA) were used as com
binations of reference and working electrodes. This is because that a 
slight leakage of chloride from a SCE can lead to AgCl deposition at a 
silver electrode when a corresponding potential is applied. Both elec
trodes were polished using a sequence of 1.0, 0.3 and 0.05 μm alumina 
lapping compounds (Bucher, Germany) prior to use. The electro
chemical setup was thermostated at a constant value of 25.0 ± 0.2 ◦C. 
High purity N2 flow (BOC Gases plc, U.K.) was used to remove oxygen 
from aqueous solutions as needed prior to the electrochemical mea
surements. Cyclic voltammetry (CV) was used to study the electro
chemical behaviour of both working electrodes in either artificial or 
natural seawater. Prior to each voltammetric measurement when using a 
Ag macro-disc electrode, an initial 1-min electrochemical cleaning at 
− 1.45 V vs MSE was conducted [46]. Square wave voltammetry (SWV) 
combined with standard additions was applied to determine the con
centration of bromide using a Pt macro-disc electrode in either solution. 

2.3. Sample collection and ion chromatography analysis 

Three samples of natural seawater were studied. Two samples were 
collected from the L4 Station [51] in the English Channel (50◦ 15.00′ N, 
4◦ 13.02′ W) at a depth of ca. 10 m, with one being collected in 
September 2020 and the other in October 2021. Another sample was 
collected off the coast of Dartmouth, Great Britain (50◦20′N 3◦32′W), at 
a depth of about 1 m in April 2022.500 mL of each sample was filter 
sterilised using 0.22 μm pore size Steritop filter units (Steritop Threaded 
Bottle Top Filter | SCGPS05RE (merckmillipore.com)) and was then kept 
refrigerated in the dark for the time leading up to these experiments. Ion 
chromatography measurements were made using a Dionex (Thermo 
Scientific, Sunnyvale, CA, USA) ICS-5000+ SP instrument. Separations 
were carried out using a Dionex IonPac AS23-4μm analytical column. 
The three samples of seawater were each diluted 200-fold with deion
ised water with a resistivity of 18.2 MΩ cm at 298 K prior to the analysis. 

3. Results and discussion 

In the following sections, we first use cyclic voltammetry to study the 
electrochemical behaviour of a silver macro-disc electrode for bromide 
detection both in chloride-free solutions and in the presence of chloride 
at hundred millimolar levels, the order of magnitude of which corre
sponds to the concentration levels in natural seawater. Whilst an 
amperometric or voltammetric approach for bromide detection is viable 
for pure bromide solutions or in the presence of low levels of other 
halide ions, in the presence of high chloride concentrations the bromide 
oxidation signal is found to be masked and the method fails. As an 
alternative voltammetric approach, the use of a platinum macro-disc 
electrode is explored and shown to be selective and sensitive enough 
for Br− ion detection despite the presence of high levels of Cl− in arti
ficial seawater. Next, a sensitivity analysis is carried out in artificial 
seawater using the method of standard additions, while square wave 
voltammetry (SWV) with optimised parameters was applied to improve 
the sensitivity and precision. Finally, the bespoke method is applied for 
the quantitative analysis of bromide in three samples of natural 
seawater, the results of which are compared with that obtained by ion 
chromatography with good agreement being found. 

3.1. Bromide detection using a silver macro-electrode 

Bromide detection in the presence of the other halide ions, notably 
Cl− and I− , in an aqueous solution has been extensively studied using 
silver electrodes. For example, the selective determination of chloride 
and bromide ions in serum using cyclic voltammetry has been realised 
by Arai et al. who studied the behaviour of a silver macro-disc electrode 
in a PBS buffer with similar concentrations of halides (5 mM for Cl− , 2 
mM Br− and 2 mM I− ) [48]. The measured CV indicated three clearly 
separated and well-defined redox peaks corresponding to the 
Ag/AgCl/Cl− , Ag/AgBr/Br− and Ag/AgI/I− redox couples respectively. 
Meanwhile, silver nanowires [45] or nanoparticles [52] were also re
ported for successful selective halide measurements where voltammetric 
detections were conducted in solutions made of three halide ions with 
equal or similar concentrations, 5 mM in 0.1 M PBS for the former case 
and 80 μM for the latter. Hence as a starting point for bromide detection 
in seawater, we explored the possible selectivity of silver electrodes 
towards bromide in the presence of high chloride concentrations. 

Following a 1-min electrochemical cleaning of a Ag macro-disc 
electrode at − 1.45 V vs. MSE, cyclic voltammetric experiments, in 
which the potential sweep started at − 0.90 V vs. MSE, swept towards 
− 0.05 V before returning back to − 0.90 V were conducted in a cell 
containing 0.1 M potassium nitrate and varying concentrations of po
tassium bromide (0.2, 0.4, 0.8, 1.2 and 1.6 mM). Each experiment was 
repeated three times. A control experiment was performed to analyse the 
behaviour of the silver electrode in the absence of bromide ions as 
shown by the black dashed line in Fig. 2 showing that no voltammetric 
signal was seen in a blank scan. In contrast, one anodic peak (Peak1) 
with its reduction peak (Peak1’) were observed when the measurement 
was conducted in bromide solutions with different concentrations (all 
the lines in Fig. 2 except the black dash line). The redox peaks shifted to 
a more negative positions as the bromide concentration increases. To be 
more specific, when the bromide concentration increased form 0.2 
mM–1.6 mM, the potential of Peak1 moved from − 0.27 V to − 0.33 V vs. 
MSE, and that of Peak1’ moved from − 0.42 V to − 0.50 V vs. MSE. We 
infer that Peak1 and Peak1’ correspond to the following redox reaction, 
either reductive (Peak1) or oxidative (Peak1

’ ): 

Ag+Br− ⇌AgBr + e− (6) 

The formal potential of the Ag/AgBr/Br− redox couple (eqn (6)) is 
reported to be − 0.569 V vs. MSE [49], which allowing for the concen
tration of bromide being 1.6 mM is consistent with the data shown, 
noting that the MSE has a potential of 0.64 V vs. SHE [53]. The inset of 
Fig. 2 shows a plot of peak currents against concentrations of bromide, 

Table 2 
Chemical composition of synthetic seawater [50].  

Composition Molar Concentration (mol dm− 3) 

NaCl 4.20 × 10− 1 

KCl 9.39 × 10− 2 

MgCl2 . 6H2O 5.46 × 10− 2 

CaCl2 . 2H2O 1.05 × 10− 2 

SrCl2 . 6H2O 6.38 × 10− 5 

Na2SO4 2.88 × 10− 2 

NaHCO3 2.38 × 10− 3 

KBr 8.40 × 10− 4 

NaF 7.15 × 10− 5 

H3BO3 4.85 × 10− 5  
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which indicates a linear correlation (R2 = 0.9999) between peak cur
rents and bromide concentrations again consistent with the suggested 
assignment. 

To study the effect of chloride ions, cyclic voltammetry was first 
conducted using a macro Ag electrode in a solution of 644 mM KCl. 
Then, voltammetric measurements were performed in solutions con
taining 0.84 mM Br− ions with either 0.1 M KNO3 or 644 mM KCl and in 
ASW. Note that the bromide and chloride concentrations are the rec
ommended values for artificial seawater [50], as detailed in the Exper
imental Section. As indicated in Fig. 3, the voltammograms started at a 
potential of − 0.90 V vs. MSE with a scan reversal at a potential of − 0.20 
V vs. MSE, back to the starting potential. Peak2 at − 0.34 V and Peak2’ at 
− 0.56 V vs. MSE were observed in a solution containing KCl only (red 
line), We assign Peak2 and Peak2’ to the following redox chemistry: 

Ag+Cl− ⇌AgCl + e− (7)  

which is consistent with the formal potential of the Ag/AgCl/Cl− couple 
reported as − 0.418 V vs. MSE [49]. On adding 0.84 mM KBr (green line), 
there was no perceptible change in the peak potentials of Peaks 2 and 2’. 
Voltammetry in ASW (blue line) resulted in a broader redox couple, with 
an oxidation peak at about − 0.32 V and a reduction peak at − 0.60 V vs. 
MSE. Accordingly, the redox peaks labelled Peaks 2 and 2′ in Fig. 3 
recorded with the addition of 0.84 mM Br− are again attributed to the 
Ag/AgCl/Cl− couple, while the broad peak shape obtained in ASW re
flects the deposition from and stripping into the more complex matrix. 
Note that the crossover detected on the back sweep in the three 
chloride-containing solutions results from surface nucleation of the new 
AgCl phase so that increased currents flow after more nuclei are formed. 
Peak1 at − 0.30 V and its back Peak1’ at − 0.45 V vs. MSE were seen in a 
solution consisting of 0.84 mM Br− and 0.1 M KNO3, and are attributed 
to the Ag/AgBr/Br− redox couple as above (black line in Fig. 3). How
ever, for the case of 644 mM chloride ions, and the ASW (green line and 
blue line in Fig. 3), the strong current even at relative low oxidising 
potentials from the formation of AgCl (Peak2) when the potential 
applied was higher than about − 0.38 V fully masked the Ag/AgBr/Br−

signals (Peak1 and Peak1’) on both the oxidative and reductive scans. 
Thus, whilst silver electrodes can be used to detect bromide in the 
presence of similar concentrations of chloride, when an excess of the 
latter is present, Peaks 1 and 1′ cannot be used analytically. It is thus not 
possible to use a silver electrode for bromide detection in seawater. As 
an alternative, the use of a Pt macro-disc electrode was explored as re
ported in the following sections. 

3.2. Electrochemical study of Br− with a Pt macro-electrode 

In this section, a Pt macro-disc electrode is applied to study its 
electrochemical behaviour towards bromide ions, especially in the 
presence of Cl− at hundred millimolar levels in ASW. The study was first 
carried out in a degassed solution of 0.84 mM Br− ions with 0.1 M KNO3 
to fingerprint the bromide peak. Cyclic voltammogram with different 
scan rates of 20, 50, 100, 200 and 400 mVs− 1, of which the potential 
started at 0 V vs. SCE, swept towards 1.7 V before returning to 0 V, were 
recorded as shown in Fig. 4 (a). One oxidation peak at 0.98 V vs. SCE and 
one reduction peak at 0.85 V vs. SCE were observed at different scan 
rates, consistent with the observations of Chen, Kumar et al. [54]. We 
infer that Peak 1 (oxidation) and Peak 1’ (reduction) correspond to the 
following redox reaction: 

Br− ⇌
1
2

Br2 + e− (8) 

Note that at the concentrations of bromide used, the formation of the 
tribromide anion is negligible [54]. The inset to Fig. 4 (a) shows that the 
peak current scales with the square root of the voltage scan rate. The 
linearity confirms a diffusion-controlled electrode process. The diffusion 
coefficient of the bromide ion in 0.1 M KNO3 (see SI, Section 1 and 2) 
was measured based on the Randles–Ševčík equation for a simple irre
versible one-electron transfer oxidation giving a value of 2.1 × 10− 5 

cm2/s which compares well with the literature value of 2.08 × 10− 5 

cm2/s [55]. 
To study the response of Pt electrodes towards bromide in ASW, 

cyclic voltammetric experiments starting at 0 V vs. SCE, swept towards 
1.7 V and back to 0 V were again employed in degassed ASW and ASW 
containing no Br− at a scan rate of 20 mVs− 1 (blue line and red line in 
Fig. 4 (b)). The ASW voltammogram is dominated by the oxidation of 
chloride (Peak 2) and the reduction of Cl2 on the reverse scan. The 
oxidation peak is seen at 1.33 V vs. SCE (Peak 2) with a corresponding 
reduction peak at around 0.96 vs. SCE (Peak 2’), consistent with: the 
mid-potential of which (1.39 vs. SHE) agrees with the literature being 
1.40 vs. SHE [49]. 

Fig. 2. Cyclic voltammograms measured at a scan rate of 20 mV s− 1 using a Ag 
macro-electrode in degassed 0.1 M KNO3 with different concentrations of Br−

(insert: calibration plot of the peak current of Peak1 against the concentration of 
bromide ions). The start potential was − 0.90 V vs. MSE. 

Fig. 3. Cyclic voltammograms at a scan rate of 20 mV s− 1 using a Ag macro- 
electrode in degassed 644 mM Cl− (red line), 0.84 mM Br− with 644 mM KCl 
(green line), ASW containing 0.84 mM Br− and 644 mM Cl− (blue line) and 
0.84 mM Br− with 0.1 M KNO3 (black line). The start potential was − 0.90 V vs. 
MSE. (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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Cl− ⇌
1
2

Cl2 + e− (9) As shown in the insert of Fig. 4 (b), Peak 1 attributed to the oxidation 
Br− was still clearly resolved in ASW (blue line), while it was not seen in 
the absence of bromide (red line). Meanwhile, Peak 2 related to the 

Fig. 4. (a) Cyclic voltammograms in degassed 0.84 mM Br− with 0.1 M KNO3 at variable scan rates of 20, 50, 100, 200 and 400 mV s− 1. The inset shows the plot of 
peak currents of bromide peak as a function of the square root of scan rate. See text for details of the scan range and the start potential. (b) Cyclic voltammograms for 
Br− detection using a Pt macro-electrode at a scan rate of 20 mV s− 1 in degassed 0.84 mM Br− in 0.1 M KNO3 (black line), ASW (blue line) and ASW without Br (red 
line). The inset shows the enlarged CV focusing on bromide redox peaks. See text for details of the scan range and the start potential. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Square wave voltammograms (frequency 50 Hz, step potential 1 mV, and amplitude 10 mV) recorded at a macro-Pt electrode in degassed ASW with original 
bromide concentrations of (a) 0.75 mM and (b) 0.88 mM (the inset shows enlarged SWVs with a potential window from 0.75 to 1.10 V, focusing on the bromide 
peak); see text for details of the scan range and the start potential. Graphical analysis of standard additions to ASW with an original bromide concentration of (c) 0.75 
mM and (d) 0.88 mM with variable total volume. 
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oxidation Cl− obtained in ASW (blue line) has a peak height lower than 
that in ASW without presence of bromide (red line). This is likely 
explained by the following. First, the oxidation of bromide occurs at a 
lower potential (0.98 V vs. SCE) than that of chloride (1.33 V vs. SCE), so 
that the process at peak 1 has consumed some of the silver, causing less 
charge to be passed under peak 2. Secondly, due to the finite surface area 
of the silver working electrode, the blockage of its surface by AgBr in 
ASW results to less area available for the AgCl deposition. 

So, to conclude, importantly, the signal of oxidation of Cl− does not 
mask the oxidation peak of bromide when voltammetry is conducted in 
ASW when studied with a Platinum electrode. Thus, a Pt macro-disc 
electrode was evidenced to be suitable for further sensitivity analysis 
of bromide ions in ASW and natural seawater. 

3.3. Sensitivity analysis by standard additions using SWV 

In this section, the electroanalytical responses of bromide ions in the 
presence of high levels of chloride, namely in ASW, were explored on a 
Pt macro-disc electrode. Standard additions were used since it is rec
ognised as especially appropriate when the sample composition is un
known and/or complex and affects the analytical signal [38]. To obtain 
the best-defined square wave voltammograms for sensitivity analysis, 
the optimisation of SWV parameters, including frequency, step potential 
and amplitude, was implemented in a degassed ASW (SI, Section 3). The 
optimised SWV with a frequency of 50 Hz, amplitude of 10 mV and step 
potential of 1 mV was then applied in two ASW solutions with different 
concentrations of bromide corresponding to the usual extreme limits of 
0.75 and 0.88 mM encountered in natural seawater [5,56] to explore the 
sensitivity of detection. As shown in Fig. 5a and b, voltammograms were 
performed starting at a potential of 0 V vs. SCE, and stopping at 1.7 V vs. 
SCE for an oxidative scan. The insets show enlarged SWVs with a po
tential window from 0.75 to 1.10 V, focusing on the bromide peak. 
Additions of 0.1–0.5 mM KBr to two ASW solutions were conducted. The 
measurements in the mixture with each addition were repeated three 
times. There are two oxidation peaks, namely of bromide (0.94 V vs. 
SCE) and of chloride (1.26 V vs. SCE), observed at similar potentials as in 
the CVs (Fig. 4b). To analyse the data, the oxidation peak currents of the 
bromide were recorded. The plots of peak current against the concen
tration of bromide added to original ASW samples with 0.75 mM and 
0.88 mM Br− are shown in Fig. 5c and d respectively. Both showed good 
linearity. The intercept on the x-axis corresponds to the unknown initial 
concentration of the analyte [38]. Therefore, the intercepts of − 0.72 ±
0.03 mM obtained from Fig. 5c and − 0.93 ± 0.05 mM from Fig. 5d 
provide a good agreement with the original bromide concentrations in 
the ASW samples. 

3.4. Real sample analysis 

As discussed in the last section, SWV combined with the standard 
addition method is appropriate for determining the bromide concen
tration in ASW. To assess the reliability and feasibility of SWV for the 
electrochemical analysis of real samples, the analysis of three different 
real samples was performed. Two samples were collected from the L4 
Station [51] in the English Channel (50◦ 15.00′ N, 4◦ 13.02′ W) at a 
depth of ca. 10 m, with one being collected in September 2020 (Sample 
1) and the other in October2021 (Sample 2). Another sample was 
collected off the coast of Dartmouth, Great Britain (50◦20′N 3◦32′W), at 
a depth of about 1 m in April 2022 (Sample 3). Each sample was filter 
sterilised using 0.22 μm pore size Steritop filter units and was then kept 
refrigerated in the dark in the time leading up to these experiments. Ion 
chromatography measurements were made to independently study the 
composition of the three samples, the results of which are summarised in 
SI, Table S1. The concentrations of bromide obtained by IC are 
compared below with the values measured electrochemically. 

Cyclic voltammetry using a Pt macro-disc electrode was used to 
study the three degassed samples of natural seawater. As shown in Fig. 6, 

the scans start at 0 V vs. SCE, sweep towards 1.7 V before returning to 0 
V. The voltammograms obtained in three natural samples (green, blue 
and orange lines) have the same voltammetric features as were observed 
in ASW (black line). To reiterate, the oxidation peak at ca 0.99 V vs. SCE 
corresponds to bromide oxidation (see insert) and the one at 1.33 V vs. 
SCE corresponds to chloride oxidation, with a reduction peak seen at ca 
0.93 V vs. SCE. 

Then, three independent analyses were performed for each sample 
using SWV and the method of standard additions as described in the last 
section. SWV with the previously optimised parameters of a frequency of 
50 Hz, amplitude of 10 mV and step potential of 1 mV was applied and 
additions of 0.1–0.5 mM KBr to each of them were conducted. As shown 
in Fig. 7a, b and 7c, voltammograms were conducted starting at a po
tential of 0 V vs. SCE, and stopping at 1.7 V vs. SCE for an oxidative scan. 
There are two oxidation peaks, namely of bromide (ca 0.93 V vs. SCE) 
and of chloride (ca 1.26 V vs. SCE), observed at similar potentials as in 
ASW (Fig. 5a and b). To analyse the data, the oxidation peak currents of 
the bromide were recorded as a function of additions of bromide. The 
plots of peak current against the concentration of bromide added to 
original natural seawater samples are shown in Fig. 7d, e and 7f 
respectively and display good linearity. Table 3 summarises the in
tercepts on the x axis, corresponding to the unknown initial concen
trations of bromide in the three samples, and are compared with that 
measured by IC. Clearly, the developed electrochemical analysis results 
in a good agreement with IC, even for sample 1 containing bromide ions 
with a concentration higher than the expected value in natural seawater. 

4. Conclusions 

Though literature shows that silver electrodes can be used for bro
mide detection in the presence of similar concentrations of chloride [45, 
48,52], the bromide signal obtained in seawater is masked by the much 
larger chloride signal as reported above. Thus, the use of a Pt macro-disc 
electrode as an alternative was explored in artificial seawater first, fol
lowed by analysis of real seawater samples. By employing SWV to 
improve the sensitivity and using the standard addition method, a se
lective quantification of bromide ions can not only be achieved in ASW, 
but also in natural seawater, despite the high concentration of chloride 
and the highly complex matrix that is seawater. The obtained concen
tration of bromide in each sample shows a good match with that 
measured by ion chromatography, which indicates that electrochem
istry may offer a better option with the benefits of low cost, simplicity 

Fig. 6. Cyclic voltammograms for Br− detection using a Pt macro-electrode at a 
scan rate of 20 mV s− 1. The start potential was 0 V vs SCE with measurements 
made in degassed ASW (black line), sample 1 (green line), sample 2 (blue line), 
and sample 3 (orange line); the inset shows the zoomed CV focusing on bromide 
oxidation peaks. (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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and rapidity with comparable selectivity for bromide detection in 
seawater. 
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