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ction reaction at silver electrodes
in high chloride media and the implications for
silver nanoparticle toxicity†

Yanjun Guo, Minjun Yang, Ruo-Chen Xie and Richard G. Compton *

The oxygen reduction reaction (ORR) at neutral pH in various aqueous chloride-containing solutions was

investigated voltammetrically. In particular, the ORR was performed in high chloride containing aqueous

media including authentic and synthetic seawater under oxygen saturated conditions and compared with

that in aqueous nitrate and perchlorate media. The experimental voltammograms revealed a two-

electron process forming hydrogen peroxide in low chloride media. In contrast, high concentration

chloride solutions, including both synthetic and authentic seawater showed an increase of overpotential,

accompanied by a splitting of the voltammetric peak into two one-electron features indicating the

formation of superoxide in the first step and its release from the silver-solution interface. The

implications for silver nanoparticle toxicology are discussed given the markedly greater toxicity of

superoxide over peroxide and the high levels of chloride in biological media as well as in seawater.
Introduction

Provoked by increasing concern over environmental changes
much attention is currently focussed on sustainable energy
investigations. One such focus concerns those fuel cells where
the Oxygen Reduction Reaction (ORR) has been extensively
studied as the cathodic reaction. In general, the ORR can be
either a 4-electron transfer process (eqn (1)) or a 2 + 2 electron –

double step process involving hydrogen peroxide (H2O2)
formation (eqn (2) and (3)).1–5 This production of hydrogen
peroxide as an intermediate or product decreases the overall cell
efficiency, but precious metals (notably Pt) are required as
a catalyst layer to realise the former route, which increases the
capital cost of energy devices.2

O2 + 4e� + 4H+ # 2H2O (1)

O2 + 2e� + 2H+ # H2O2 (2)

H2O2 + 2e� + 2H+ # 2H2O (3)

Accordingly attention has been turned to alternative mate-
rials, among which silver is considered a potential catalyst for
anion exchange membrane fuel cells.6 The replacement of Pt
catalysts usually requires alkaline conditions to achieve lower
overpotentials for the O2/O2

�c redox couple.7–9 In the low pH
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region, the reaction on silver involves both 2e� and 4e� path-
ways with less H2O2 generated as the overpotential increases. In
alkaline solution, however, the overpotential drops signicantly
and reaction follows a 4e� pathway predominately.10–12 The rst
electron transfer to oxygen regardless of pH is recognized as the
rate determining step (RDS).13,14

It is clearly evidenced that H2O2 formation is involved in the
ORR on Ag in neutral solution and the pathways at least in part
follow, proposed by Neumann et al.,15 though the mechanism is
sensitive to the surface oxidation state and morphology as well
as the electrode potential.16 In particular, as a common oxygen
reduction catalyst, the ORR on silver may involve catalytic
decomposition of H2O2 alongside or as an alternative to the
rapid electroreduction of peroxide to water (eqn (4)–(8)).17

O2 + e� # O2
�c (RDS) (4)

O2
�c + H2O + e� # HO2

� + OH� (5)

HO2
� + H2O # H2O2 + OH� (6)

The formation of hydrogen peroxide is followed by catalytic
decomposition

H2O2 ���!Ag
H2Oþ 1

2
O2 (7)

or electroreduction:

H2O2 + 2H+ + 2e� / 2H2O (8)

Note that eqn (5) might occur directly as written or as a CE
(homogeneous chemical reaction followed by an electron
Chem. Sci., 2021, 12, 397–406 | 397
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transfer step) sequence in which superoxide rst reacts with
water to form cOOH and OH� followed by reduction of cOOH.

The European consumption of AgNPs reached 35 tons per
year in 2014 with global demand steadily increasing towards an
estimated value of 600 tons per year in 2020.18 The main
applications of AgNPs exploit their antiviral, antimicrobial and
anti-inammatory properties19–24 but the extensive scale of use
has driven concerns on its toxicity to the natural environment
given the likely release of large quantities of silver nanoparticles
into the environment. At the nanoscale, the ORR on silver is
especially interesting in so far that it concerns the nano-
toxicology of silver nanoparticles (AgNPs). This in turn has led
to mechanistic studies of nanoparticle dissolution and anti-
bacterial behaviour.25

AgNPs kill bacteria via damaging membrane structures and
intracellular biomolecules by possible mechanisms including
AgNPs attachment to the membrane, catalytic formation of
reactive oxygen species (ROS) and silver ion dissolution.26–28 All
of those are sensitive to the local chemical environment. The
oxidative dissolution of AgNPs in aqueous solution can be fav-
oured by the presence of Cl�, I� and phosphate anions29

although the release of Ag+ can however simultaneously be
inhibited by trace amounts of chloride due to formation of AgCl
layers at the nanoparticle surface.30 The combined anion effects
inuencing both thermodynamics and kinetics hint at the
complexity of silver nanotoxicology in natural media where, for
example, it is observed that AgNPs are relative stable with less
Ag+ dissolution and ROS formed in environments such as
authentic human saliva.31

Does size matter? It is generally believed that AgNPs have
higher antibacterial activity32 compared to bulk silver – which is
thought not toxic at all. One explanation of the size dependence
of the toxicity of silver is in terms of the change of ORR path-
ways resulting from competition between the particle-size-
controlled mass transport and the heterogeneous decomposi-
tion rate. Batchelor-McAuley et al.33 proposed a mechanism for
the size dependency based on the insight that the dissolution of
Ag as Ag+ cations is coupled with the reduction of oxygen at the
surface of the dissolving nanoparticle. As noted above in (eqn
(4)–(8)), the ORR on Ag proceeds via the formation of hydrogen
peroxide followed by the further heterogeneous chemical
decomposition of this intermediate to form water. By
comparing the rate of the hydrogen peroxide transformation
into water with the rate of its diffusion away from the particle it
was concluded that a switchover in products occurred when the
two rates matched. Note that the size dependence arises since
the mass transport coefficient (kMT) for the loss of hydrogen
peroxide is given by D/r where D is the diffusion coefficient of
H2O2 and r is the particle radius. Thus, hydrogen peroxide
‘escapes’ more easily from smaller particles than from larger
ones (eqn (9)–(11)).

O2 + 2e� + 2H+ / H2O2 (9)

H2O2 �����!kHET
H2Oþ 1

2
O2 (10)
398 | Chem. Sci., 2021, 12, 397–406
H2O2 ����!kMT
bulk (11)

Cyclic voltammetry data for the ORR on silver provided the
relevant heterogeneous rate constant (kHET ¼ 0.013 cm s�1 at 25
�C) for the formation of water. This allowed estimation of the
particle radius, r, for the switch over from hydrogen peroxide
formation to water formation to be in the region of ca. 10
microns consistent with independent observations.15,33,34

The analysis leading to eqn (9)–(11) proposed by Batchelor-
McAuley et al. assumes that the products of the ORR on silver
are either water or hydrogen peroxide. From a toxicity point of
view, it is to note that, H2O2 is less reactive compared to other
ROS in the absence of light or trace metal ions such as iron and
copper (eqn (12) and (13)).35

FeII + H2O2 / FeIII + cOH + OH� (12)

CuI + H2O2 / CuII + cOH + OH� (13)

In contrast the superoxide radical ion. O2
�c, although not as

reactive as its protonated form, cOOH (pKa ¼ 4.8), is highly toxic
at physiological pH; the reaction of O2

�c with H2O2 and reac-
tions with nitric oxide radical (eqn (14)–(16)) can lead to
formation of a short-lived and highly aggressive ROS, hydroxyl
radicals cOH.36–38 The cOH radical, with a reduction potential
reported at 2.31 V,39 is a strongly oxidizing reagent and can kill
a diverse range of single-cellular phytoplankton at a near-mass-
transport limited rate.40

cON + O2
�c / ONOO� (14)

ONOO� þHþ/�OHþNO
�

2 (15)

H2O2 + O2
�c / O2 + cOH + OH� (16)

Moreover, superoxide O2
�c and hydroxyl radicals cOH react

with most biomolecules in its path including lipids, proteins,
and DNA. In reactions with saturated compounds, hydroxy
radicals cOH can abstract hydrogen atoms from carbon–
hydrogen bonds forming a stronger OH bond and radical
propagation (eqn (17) and (18)).35–37,41 An example is the lipid
peroxidation, the product of which is harmful to membrane-
associated proteins,42 causing damage to cell structures and
their functionality until the reaction terminates.43

RH + cOH / Rc + H2O (17)

RC(O)H + cOH / RC(O)c + H2O (18)

Given the enhanced reactivity of O2
�c and cOH as compared

to hydrogen peroxide H2O2, it is interesting to focus further on
the nature of the chemistry involved in the ORR at silver since
this lies at the heart of Ag nanoparticle toxicology. In particular
the issue of whether the process leads to H2O2 or O2

�c
(protonated or otherwise) may have toxicological implications.
In this paper we generate a fundamental understanding of the
ORR in chloride containingmedia including seawater to explore
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Oxygen reduction on glassy carbon in simple synthetic
seawater (0.42 M NaCl, 9.39 mM KCl and 54.6 mM MgCl2). (a) Vol-
tammograms from 0 V to �1.5 V at 0.02 V s�1, 0.05 V s�1, 0.1 V s�1,
0.2 V s�1 and 0.4 V s�1, the inlay shows the peak current varied with
square root of scan rate for the first step (C) and the second (;); (b)
the Tafel analysis for 0.02 V s�1 (red), 0.1 V s�1 (yellow) and 0.4 V s�1

(purple).
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the possible fate of silver nanoparticles in those media. We
recognise also that biological systems contain high levels of
chloride, for example saliva (10 to 43mM)44 and blood (96 to 106
mM),45 and focus on the likely associated chemistry.

Thus, this paper aims to explore ORR in aqueous chloride
media including seawater on bulk silver electrodes, compare it
with other aqueous salt solutions and assess any implications
for the nanotoxicology of silver nanoparticles. To our knowl-
edge, it is the rst paper of the ORR mechanism study on silver
in seawater. Furthermore, the change of mechanism and of
overall chemistry revealed below has implications for the effects
of the silver in biological media which typically contain high
chloride levels as well as in seawater.

Results and discussion

We explore the ORR at both glassy carbon and silver electrodes
considering aqueous electrolyte ranging from chloride free to
high chloride media such as seawater. The presence of chloride
is shown to profoundly alter the mechanism of the reaction at
silver electrodes with the formation of superoxide rather than
hydrogen peroxide. The implications for nano-toxicology are
assessed in the light of the inferred changed chemistry.

O2 reduction on glassy carbon electrodes

Reduction of oxygen saturated solution (CO2
¼ 1.26 mM)46 was

performed on a glassy carbon macroelectrode in a simple
synthetic seawater. The composition of the latter is given in
Table S1 in ESI Section 2† along with the composition of
authentic seawater47,48 from which it can be seen that the
solution studied contained the major components of seawater
but that minor components were excluded. Voltammograms
were recorded for scan rates varying from 0.02 V s�1 to 0.4 V s�1

(Fig. 1) and revealed broad irreversible reduction peaks at
�0.5 V and �1.0 V at 0.05 V s�1 measured relative to a Ag/AgCl
([Cl�] ¼ 3.5 M) reference electrode indicating the probable
formation of hydrogen peroxide and water respectively in the
two voltammetric features. This rst voltammetric wave in
seawater solution is consistent with the fully electrochemically
irreversible Randles–Ševč́ık equation, assuming that the rst
electron transfer is rate determining, where the variation of the
peak current (Ip) with the square root of the scan rate (v) is:

Ip ¼ 2.99 � 105neffa
1/2ADO2

1/2CO2v
1/2 (19)

where neff is the effective number of electrons; a is the transfer
coefficient of the rate determining rst electron transfer step; A
is the area of electrode surface; CO2

is the concentration of
oxygen and DO2

is the diffusion coefficient of oxygen. The square
root dependence (Fig. 1a inlay) suggests that the wave is
a largely diffusional in character. The solubility of pure oxygen
was taken as 1.26 mM (ref. 46) and the transfer coefficient was
evaluated as 0.61 (Fig. 1b), giving the product of effective
number of electrons transferred and square root of diffusion
coefficient (neff � DO2

0.5) a value of 1.50 � 10�5 m s�0.5. The
inlay of Fig. 1a suggests that the second voltammetric wave is
also largely diffusional.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The diffusion coefficients of oxygen in various aqueous
media are given in Table S2 (ESI Section 2†). The values vary
widely discouraging further quantitative analysis including the
separation of the number of electrons transferred and the
diffusion coefficient. Moreover and in particular, comparison of
experiment with the literature on the basis of GC electrodes is
challenging due to the complexity of the pH dependency and
the surface sensitivity of ORR pathways on glassy carbon elec-
trode. The inuence of carbon centres at the electrode surface
on mechanism and its pH responses has been reported by
Zhang et al.,49 which not only presents the vital importance of
the amount and oxidative condition of adsorption sites but also
the possibility of parallel mechanisms under different pH
conditions. In particular for synthetic seawater during the
reduction process, hydroxide ions are generated near the elec-
trode and since no buffer is present the local pH can be mark-
edly changed which likely alters the mechanism as a function of
both potential and possibly scan rate. Thus, quantitative anal-
ysis based on the simple Randles–Ševč́ık equation and associ-
ated Tafel analysis is potentially misleading. In the following
section we consider silver electrodes where surface adsorption
of reactive oxygen species is less likely.
Chem. Sci., 2021, 12, 397–406 | 399
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O2 reduction on silver electrodes

The study of the ORR in seawater at silver electrodes mixes
a potentially complex electrochemical mechanism, as discussed
above, with a medium containing many different chemical
species as is evident from Table S1.† The rst step towards
examining the reaction in seawater is to simplify the problem by
analysing signals in electrolytes such as alkali metal nitrate and
perchlorate solutions as is discussed in the following section.
O2 reduction on Ag electrodes in 0.1 M KNO3 and 0.1 M
NaClO4

Reductive voltammetry studies in oxygen saturated 0.1 M KNO3

and 0.1 M NaClO4 were performed on a silver macroelectrode
with varying scan rates from 0.02 V s�1 to 0.4 V s�1 (Fig. S2, ESI
Section 3†). Voltammograms for 0.5 V s�1 are plotted in Fig. 2.

Consistency was found between the irreversible (voltam-
metrically and chemically)50 peak for perchlorate and for
nitrate; both achieved a maximum current at �0.3 V vs. Ag/
AgCl([Cl�]¼ 3.5 M). Transfer coefficients were evaluated as 0.75
� 0.03 and 0.69 � 0.04 in KNO3 and NaClO4 respectively. The
dependence of the peak current on scan rate followed the irre-
versible form of Randles–Ševč́ık equation (Fig. 2 inlay). Analysis
using the diffusion coefficient of 1.96 � 10�9 m2 s�1 (ref. 15)
and oxygen solubility (CO2

¼ 1.26 mM) whilst noting the wide
range of values in Tables S2 and S4 (ESI Section 2†) suggests
a likely 2e� transfer for the rst reductive peak.

The results are consistent with a proposed mechanism with
a rate determining step producing superoxide followed by its
fast reaction with water (eqn (4) and (5)) with a further electron
transfer. Interestingly, whilst the use of pure oxygen to saturate
the solution leads us to infer the operation of a two electron
process we note that in air saturated solutions, containing
roughly one h the level of dissolved oxygen, a larger number
of electrons, neff ¼ 3.3,15 is observed. A heterogeneous dispro-
portionation of hydrogen peroxide leads to some water forma-
tion.15 The difference may reect different levels of proton
release or a change in the silver surface the morphology of
Fig. 2 Oxygen reduction voltammograms at 0.05 V s�1 on bulk silver
electrode. Cyclic voltammetry in 0.1 M KNO3 (black) and 0.1 M NaClO4

(red), inlay shows the peak current variation with square root of scan
rate for 0.1 M KNO3 (-) and 0.1 M NaClO4 ( ).

400 | Chem. Sci., 2021, 12, 397–406
which is likely to markedly inuence the heterogeneous
disproportionation.

On the basis of the investigations obtained from simple
electrolyte solutions, explorations of the ORR in authentic and
synthetic seawater were next carried out.
O2 reduction in seawater

To investigate the ORR mechanism in seawater, reduction of
oxygen on a silver macro-disc electrode was carried out in
standard synthetic seawater and ltered authentic seawater
from Scotland (see Table S1† for chemical compositions) with
varying scan rates from 0.02 V s�1 to 0.4 V s�1 (Fig. S3 in ESI
Section 4†). Voltammograms for 0.05 V s�1 are plotted in Fig. 3.
The synthetic seawater suitably mimics the authentic seawater
sample. However, in comparison with the reduction wave
observed in nitrate and perchlorate solutions, both voltam-
metric signals here are shied to a higher overpotential by ca.
0.1 V and most interestingly split into separated peaks at�0.4 V
and �0.6 V vs. Ag/AgCl([Cl�] ¼ 3.5 M).

Tafel analysis of the initial part of the voltammetric waves
gave transfer coefficients of 0.71 � 0.05 in authentic seawater
and 0.68 � 0.01 in synthetic seawater. This is in excellent
agreement with Neumann et al.15 who found that a ¼ 0.7 in
0.1 M NaClO4. Comparison of the magnitudes of the peak
currents for oxygen saturated solutions between Fig. 2 and 3
suggests that the two-electron feature seen for the simple
nitrate and perchlorate electrolytes has split into two partly
overlapping one electron features in addition to being shied to
higher overpotential. The rst peak, necessarily approximately
given the overlapping with the second peak, was analysed using
the Randles–Sevcik equation. Using the above estimates of DO2

¼ 1.96 � 10�9 m2 s�1 (ref. 15) and CO2
¼ 1.26 mM together with

the transfer coefficient values above a single electron transfer
process at �0.4 V in seawater was inferred. Similarly, values of
neff ¼ 1.05 � 0.07 (authentic seawater) and neff ¼ 1.05 � 0.04
(synthetic seawater) for the second reduction reaction were
inferred. Thus the two electron voltammetric wave seen for
nitrate and perchlorate electrolytes splits into two waves in
Fig. 3 Oxygen reduction on silver in seawater. Voltammograms
measured at a scan rate of 0.05 V s�1 in Scottish seawater (black) and
synthetic seawater (red). Inlay figures present peak current varied with
square root of scan rate for the first peak in (a) and the second in (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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seawater and seawater-like media with the formation of super-
oxide inferred as the product of the rst wave.

Digisim modelling of the voltammetry in synthetic seawater

The split peak seen for seawater was next tted with the
commercial simulation soware DigiSim51 to conrm the
inferences of the last paragraph. Experimental cyclic voltam-
mograms as presented in Fig. 4 for synthetic seawater were
modelled using the mechanism in eqn (4) and (5).

The transfer coefficient and standard electrochemical rate
constant data reported in Table 1 correspond to the best-t
approximation of the cyclic voltammograms obtained over the
full scan rate range in Fig. 4 using these parameters to t each
voltammogram. Notice that the second reduction process is
irreversible and modelled within the Butler–Volmer formalism
the current response is described by a combined parameter

k0 exp
�
aE0F
RT

�
52,53 where k0 and E0 are the electrochemical

constant and formal potential for each reduction step.
A satisfactory t of experimental (solid line) and

simulated (dot line) is obtained with standard electron
transfer rate constants k0 of 1.0 cm s�1 and

k0 exp
�
aE0F
RT

�
¼ 4:9� 1:8� 10�11 cm s�1 for the 1st and 2nd

peak respectively. The signicant error in the latter value was
from simulation of voltammogram at 0.02 V s�1. In particular
Fig. 4 Digisim analysis of ORR in seawater. The fit of synthetic
seawater cyclic voltammetry of scan rate at 0.02 V s�1, 0.05 V s�1, 0.1 V
s�1, 0.2 V s�1 and 0.4 V s�1, Digisim fitting is plotted in red and
experimental data in black.

Table 1 Electron transfer kinetics of the oxygen reduction at bulk
silver at 298 K in synthetic seawater. * k0 and E0 refer to the kinetic
constant and the formal potential of each step ** The values of k0 and
a for the first step are set as arbitrarily large tomodel a quasi-reversible
behaviour

Step 1 Step 2

a 0.5
k ¼ k0 exp

�
aE0F

RT

�
cm s�1 4.9 � 1.8 � 10�11

k0/cm s�1 1.0
E0/V �0.4

© 2021 The Author(s). Published by the Royal Society of Chemistry
for the rst wave, the high rate constant gave an apparent
electrochemically quasi-reversible behaviour so that the value of
0.5 in Table 1 simply reects the modelling of the voltammetry
rather than being a measurement of the Tafel coefficient.
Herein, the precise value of transfer coefficient used is less
important since in the limit of full reversibility the apparent
transfer coefficient tends to unity.54 The combination of a high
k0 and the assumed transfer coefficient gives a qualitatively
good t and the peak potential was well described by the set
formal potential i.e. �0.4 V vs. Ag/AgCl, especially during fast
scan rates. A consistent value of E0(O2/O2�c) ¼ �0.395 V vs. Ag/
AgCl was reported by Baxendale et al.,55 similarly, E0(O2/O2�c)¼
�0.385 � 0.02 V vs. Ag/AgCl was determined for neutral solu-
tions by Hoppenol et al.56 Noticeably, the value of E0(O2/O2�c)
applied here is pH independent, and the follow up chemistry
results in proton consumption.

Overall the voltammetry is consistent with the interpreta-
tion, as suggested in the previous section, of two partly over-
lapping diffusional voltammetric peaks corresponding rst to
the formation of superoxide and second to peroxide. The
possible chemical cause for the split is considered in the next
section which focusses on the role of the chloride ions present
in seawater.
The Cl� concentration effect on the ORR at Ag electrodes

In the light of the differences between the data shown in Fig. 2
and 3 in which the solution composition varied from chloride
free to chloride rich, the reduction of oxygen on a silver macro-
disc electrode was carried out rst in aqueous potassium
chloride solutions of 0.1 M and 0.42 M. Second the solution
containing 0.42 M NaCl and 9.39 mM KCl was studied and third
a solution containing 0.42 M NaCl, 9.39 mM KCl and 54.6 mM
MgCl2. The latter corresponds to the levels of chloride, sodium,
magnesium and potassium in seawater. Finally, oxygen reduc-
tion was conducted in 0.54 M KCl solution corresponding to the
total chloride level seen in seawater so as to clarify the role of
chloride in the absence of Mg2+.
Fig. 5 ORR on silver in potassium chloride solutions voltammograms
measured at different scan rates in 0.1 M KCl (black) and 0.42 M KCl
(red), inlay shows peak current varied with square root of scan rate for
the signal.
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Table 2 Cl� effect on Ag ORR reduction step

Solution composition [Cl�]/M a neff Number of peaks

0.1 M KNO3 0.00 0.75 � 0.03 1.64 � 0.03 1
0.1 M NaClO4 0.00 0.69 � 0.04 1.65 � 0.02 1
0.1 M KCl 0.10 0.65 � 0.02 1.47 � 0.02 1
0.42 M KCl 0.42 0.66 � 0.05 1.33 � 0.15 1
0.42 M NaCl, 9.39 mM KCl, 54.6 mM MgCl2 0.54 0.70 � 0.04 0.93 � 0.04 2
0.54 M KCl 0.54 0.67 � 0.02 1.07 � 0.10 2
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Voltammograms in KCl solutions were recorded with varying
scan rates from 0.02 V s�1 to 0.4 V s�1 as plotted in Fig. 5. Where
in both solutions, despite the different chloride concentrations
the reductive currents were essentially the same although there
is a broadening of the peak at the higher chloride concentra-
tions. Tafel analysis gives almost identical transfer coefficients
of the two concentration as listed in Table 2. Using the values of
CO2

¼ 1.26 mM and DO2
¼ 1.96 � 10�9 m2 s�1 (assuming these

are salinity independent in this modelling), the effective
number of electrons transferred in 0.42 M KCl is noticeably
smaller (1.33 � 0.15) as compared to 1.47 � 0.02 in 0.1 M KCl.
Apart from decrease in electrons transferred, the peak shied to
higher overpotential in 0.1 M KCl (�0.42 � 0.02 V) and 0.42 M
KCl (�0.44� 0.03 V) as compared to the value of�0.30 � 0.05 V
as observed in 0.1 M KNO3 and�0.29 � 0.02 V in 0.1 M NaClO4.
Consequently, the clear split of the voltammetric peak seen in
seawater was inferred to relate to additional species present in
Fig. 6 ORR at Ag electrodes for compositions approaching those of seaw
(c) for 0.42 M NaCl, 9.39 mM KCl and 54.6 mM MgCl2, measured at scan
figures show the peak current variation with square root of scan rate for th
s�1 for (a and c) respectively.

402 | Chem. Sci., 2021, 12, 397–406
the latter in addition to 0.42 M NaCl. Hence seawater level
concentrations of KCl and MgCl2 were added stepwise into
0.42 M NaCl solution.

Firstly, experiments were conducted in solution consisting
0.42 M NaCl and 9.39 mM KCl (Fig. 6a) and then with addition
of 54.6 mM MgCl2 (Fig. 6c) under the same scan rate range as
above. As can be seen, a single reductive peak was recorded for
all scan rates in the rst solution whereas the further addition
of magnesium chloride caused the splitting into two peaks.
Given that the transfer coefficient is almost a constant in both
cases (Fig. 6b and d), the only change observed in the voltam-
metric response was the decrease in effective number of elec-
trons transferred at the potential of the rst peak, neff at �0.4 V
(from 1.35 � 0.13 to 0.93 � 0.04).

Table 2 summarises the above described ORR results on silver
and correlates the progressive increase in the chloride concen-
tration with a decrease in the effective number of electrons
ater. (a) Voltammograms recorded in 0.42 M NaCl and 9.39 mM KCl or
rates of 0.02 V s�1, 0.05 V s�1, 0.1 V s�1, 0.2 V s�1 and 0.4 V s�1. Inlay
e signal, (b and d) show the Tafel analysis at 0.2 V s�1, 0.1 V s�1and 0.4 V

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transferred. Note that the transfer coefficient remains approxi-
mately constant throughout and suggestive of the quasi-reversible
formation of superoxide. The apparent number of electrons
transferred drops steadily with increased chloride concentration
again signalling the developing formation of the superoxide ion
ultimately in a distinct one electron wave. Overall, data in Table 2
is consistent with a quasi-reversible formation of superoxide
(reaction (4)) prior to the slowing of the reaction (5) followed up
until the extent that in seawater two peaks appear. Interestingly
the voltammetric waves seen in nitrate and perchlorate media are
seen at less negative potentials than in chloride media. This
suggests that the following chemical step occurs very rapidly
under these conditions and the voltammetric reduction wave is
shied to less negative potentials.52,53

Lastly, control experiments in chloride concentrations equiv-
alent to Fig. 6d (ca. 0.54 M KCl) were conducted in Fig. 7 to clarify
if the peak splitting is due to the increased chloride level or to the
presence of Mg(II). Importantly, the splitting of the reduction
wave and the potential of the rst electron transferred in pure
KCl solution are in line with that in the mixed solution (Fig. 6d).
The transfer coefficient is comparable in 0.54 M KCl solution
(0.67 � 0.02) to that in the magnesium containing solution (0.70
� 0.04), and the effective number of electrons transferred has
a value of 1.07 � 0.10 at �0.4 V. Moreover, possible effects from
Fig. 7 ORR at Ag electrodes in 0.54 M KCl. (a) Voltammograms
recorded in 0.54 M KCl measured at scan rates of 0.02 V s�1, 0.05 V
s�1, 0.1 V s�1, 0.2 V s�1 and 0.4 V s�1, inlay shows the peak current
variation with square root of scan rate for the signal. (b) The Tafel
analysis for 0.02 V s�1 (red), 0.1 V s�1 (yellow) and 0.4 V s�1 (purple).

© 2021 The Author(s). Published by the Royal Society of Chemistry
high ionic strength were excluded by performing the reduction of
oxygen in 0.54 M KNO3 at 0.02 V s�1 and 0.4 V s�1 where only
a single two electron wave was seen at a silver electrode (data not
shown).Overall these experiments conrms that the presence of
two peaks on silver is due to the chloride rich conditions rather
than the presence of magnesium cations.

Physicochemical origins of the peak splitting

The peak splitting requires the presence of very high concen-
trations of chloride for silver electrodes. We note that chloride
adsorption on silver has been widely reported.57–60 The chloride
can form adlayers on the silver electrode surface and signi-
cantly increase the double layer capacitance.58 Hence it is not
surprising to nd voltammetric signals at silver electrodes
affected in concentrated chloride solutions like seawater (ca.
0.54 M Cl�). However, but since capacitive effects are apparent
even at low concentrations of 1 mM, the simplest explanation of
the effect is a slower follow up reaction57–60 and the escape of the
superoxide from the interface. The superoxide is formed at
electrode potentials immediately negative of the thermody-
namic reduction potential consistent with the quasi-reversible
character of the observed voltammetry of the rst peak in the
split wave. The new peak at ca. �0.6 V in cyclic voltammetry
reects the change of the electrodemechanism.We suggest that
eqn (5) involves rst a chemical step in which superoxide reacts
with water to form hydroxide and cOOH radicals followed by
electron transfer to cOOH. If this chemical step is slowed at the
chloride rich interface then this is consistent with the obser-
vation of electrochemically reversible superoxide formation. It
is also consistent with the development of an overpotential as
compared to chloride free media (since the follow up reactions
which shi the reversible oxygen/superoxide wave to less
negative potentials occur more slowly with high chloride
concentrations). Finally the absence of cOOH (and OH� (ref.
61)) in the vicinity of the electrode prevents the second step
leading to hydrogen peroxide. Rather a different route to the
formation of the latter occurs, at a more negative potential
possibly as given in eqn (22) and Fig. 8.

O2 + e� # O2
�c (�0.4 V) (20)

O2
�c / bulk (diffusion) (21)

O2
�c + H2O + e� # HO2

� + OH� (�0.6 V) (22)

Implications for silver nanoparticle toxicology

The above experiments show that the reduction of oxygen on
silver results in most electrolyte solutions in an overall two elec-
tron process leading to the formation of hydrogen peroxide.
However in seawater which contains high levels of chloride the
formation of superoxide ions has been evidenced. This in turn
suggests the likely formation of superoxide in seawater when Ag
nanoparticles dissolve. We note that a previous study conrmed
that the high concentration of chloride not only promotes
dissolution of AgNPs by forming AgClx

(1�x) (ref. 33) but also
Chem. Sci., 2021, 12, 397–406 | 403
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Fig. 8 Indicative mechanism of ORR on silver in chloride rich
solutions.
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correlates to higher nanoparticle toxicity consistent with super-
oxide formation rather than generation of the less toxic hydrogen
peroxide. In addition, the dissolution of AgNPs under UV irradi-
ation conrmed higher bacteria death rates in 0.5 M chloride
solution as compared to solution containing less chloride.62

Despite fast aggregation of particles reported under high chloride
concentration, the higher oxidative stress observed by Li et al. is
thus possibly attributed to the increased production of super-
oxide, the major precursor of rest ROS. Overall, silver nano-
particles in the presence of concentrate chloride may likely be
more toxic, in consistent with above-discussed experiments in
seawater, though interpretations should be of course, made very
carefully when considering nanotoxicology in real cases.
Conclusions

The mechanistic study of oxygen reduction reaction in neutral
chloride solution in particular seawater was conducted on
a silver macrodisc electrode via cyclic voltammetry. Compared
to alkaline metal nitrate solution, the reduction in seawater is
shied to higher overpotential and split into 2 steps. Simulation
results from Digisim suggest the mechanism in seawater
involves quasi reversible formation of the superoxide ion.
Depending on the concentration of chloride present, further
reduction of superoxide was slowed at least locally to the extent
that superoxide escapes from the interface before it can react
further on the voltammetric timescale, thus, ultimately for
chloride levels above 0.5 M two peaks emerge signalling the
formation of superoxide. Unlike ORR in nitrate or perchlorate
solutions, the proposed mechanism implies superoxide
formation in seawater, and indicates the likelihood of enhanced
nanotoxicology of AgNPs in marine and in biological systems,
which are typically of high chloride concentration.
Experimental
Chemical reagents

All chemicals were used as received from Sigma Aldrich unless
stated otherwise. Filtered Scottish seawater was purchased from
404 | Chem. Sci., 2021, 12, 397–406
SAMS (Scottish Marine Institute, Argyll, UK). Solutions were
degassed with nitrogen gas (N2, 99.998%, BOC Gases plc,
Guildford, UK) or oxygen gas (O2, BOC Gases plc, Guildford, UK)
for 15 min prior to each voltammetric experiment. The gas ow
during degassing is sufficiently fast such that the voltammetric
features corresponding to a saturated level of N2 or O2 is
consistently observed or each experiment. All the solutions were
prepared using deionised water with a resistivity of 18.2 MU cm
at 25 �C (Millipore).

Electrochemical analysis

All electrochemical measurements were performed in
a conventional three-electrode cell consisting of a platinumwire
counter electrode, a Ag/AgCl reference electrode (in 3.5 M KCl
solution) and a working electrode (WE). A glassy carbon macro-
electrode (GC, radius 1.49 mm, BAS, Technical, UK) and a silver
macro-disc electrode (Ag, homemade, radius 1.36 mm) cali-
brated as described in ESI (Fig. S1, ESI Section 1†) were used as
working electrodes. Both electrodes were polished using
a sequence of 1.0, 0.3 and 0.05 micron alumina lapping
compounds (Bucher, Germany). Measurements were performed
using a mAutolab II potentiostat (Metrohm-Autolab BV, Utrecht,
Netherlands) under 25 �C. A constant temperature of 25 �
0.5 �C was maintained by a thermostated water bath.

Oxygen reduction reaction on macro-electrodes

Cyclic voltammetry at various scan rates was performed to
measure the kinetics of oxygen reduction on a macro glassy
carbon and amacro silver WE. The experiments were conducted
in the following freshly prepared solutions; oxygen saturated
0.1 M sodium perchlorate, 0.1 M potassium nitrate, 0.1 M and
0.42 M potassium chloride, simple synthetic seawater solution
(0.42 M sodium chloride, 9.39 mM potassium chloride and
54.6 mMmagnesium chloride) and synthetic seawater prepared
using a standard recipe in literature.47,48 The analysed potential
range was 0 V to �0.7 V for the potassium nitrate solution and
0 to �1.0 V for other solutions.
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Nanobiotechnol., 2017, 15, 65.

33 C. Batchelor-McAuley, K. Tschulik, C. Neumann, E. Laborda
and R. G. Compton, Int. J. Electrochem. Sci., 2014, 9, 1132.

34 F. W. Campbell, S. R. Belding, R. Baron, L. Xiao and
R. G. Compton, J. Phys. Chem. C, 2009, 113, 9053–9062.

35 J. Lee, N. Koo and D. B. Min, Compr. Rev. Food Sci. Food Saf.,
2004, 3, 21–33.

36 R. A. Larson and J. M. McCord, Crit. Rev. Environ. Sci.
Technol., 1978, 8, 197–246.

37 A. M. Pisoschi and A. Pop, Eur. J. Med. Chem., 2015, 97, 55–
74.

38 H. J. Forman and N. Haugaard, Trends Biochem. Sci., 1982, 7,
279.

39 M. B. Koryckadahl and T. Richardson, CRC Crit. Rev. Food
Sci. Nutr., 1978, 10, 209–241.

40 M. Yang, C. Batchelor-McAuley, L. Chen, Y. Guo, Q. Zhang,
R. E. M. Rickaby, H. A. Bouman and R. G. Compton, Chem.
Sci., 2019, 10, 7988–7993.

41 G. Buonocore, S. Perrone and M. L. Tataranno, Semin. Fetal
Neonatal Med., 2010, 15, 186–190.

42 J. C. M. Riley and H. R. Behrman, Proc. Soc. Exp. Biol. Med.,
1991, 198, 781–791.

43 B. Kalyanaraman, Redox Biol., 2013, 1, 244–257.
44 J. H. Thaysen, N. A. Thorn and I. L. Schwartz, Am. J. Physiol.,

1954, 178, 155–159.
45 H. K. Walker, W. D. Hall and J. W. Hurst, in Clinical Methods:

The History, Physical, and Laboratory Examinations, ed.H. K.
Walker, W. D. Hall and J. W. Hurst, Butterworths, Boston,
3rd edn, 1990, ch. 197.

46 K. Shimizu, L. Sepunaru and R. G. Compton, Chem. Sci.,
2016, 7, 3364–3369.

47 F. M. M. Morel, J. G. Rueter, D. M. Anderson and
R. R. L. Guillard, J. Phycol., 2008, 15, 135–141.

48 N. M. Price, G. I. Harrison, J. G. Hering, R. J. Hudson,
P. M. V. Nirel, B. Palenik and F. M. M. Morel, Biol.
Oceanogr., 1989, 6, 443–461.

49 H. Zhang, C. Lin, L. Sepunaru, C. Batchelor-McAuley and
R. G. Compton, J. Electroanal. Chem., 2017, 799, 53–60.
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