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Abstract: The adsorption and electroadsorption of bromide from natural water has been studied
in a filter-press electrochemical cell using a commercial granular activated carbon as the adsorbent.
During electroadsorption experiments, different voltages were applied (2 V, 3 V and 4 V) under
anodic conditions. The presence of the electric field improves the adsorption capacity of the activated
carbon. The decrease in bromide concentration observed at high potentials (3 V or 4 V) may be due
to the electrochemical transformation of bromide to Br2. The anodic treatment produces a higher
decrease in the concentration of bromide in the case of cathodic electroadsorption. Moreover, in this
anodic electroadsorption, if the system is again put under open circuit conditions, no desorption of
the bromide is produced. In the case of anodic treatment in the following adsorption process after
24 h of treatment at 3 V, a new decrease in the bromide concentration is observed as a consequence
of the decrease in bromide concentration after the electrochemical stage. It can be concluded that
the electroadsorption process is effective against the elimination of bromide and total bromine in
water, with a content of 345 and 470 µg L−1, respectively, reaching elimination values of 46% in a
single-stage electroadsorption process in bromide and total bromine. The application of the electric
field to the activated carbon with a positive polarization (anodic electroadsorption) increases the
adsorption capacity of the activated carbon significantly, achieving a reduction of up to 220 µg L−1

after 1 h of contact with water. The two stage process in which a previous electrochemical oxidation
is incorporated before the electroadsorption stage significantly increased the efficiency from 46% in a
single electroadsorption step at 3 V, to 59% in two stages.

Keywords: electroadsortion; granular activated carbon; thrialomethanes; bromides

1. Introduction

Disinfection and elimination of pathogens is a fundamental part of water treatment
for human consumption, with chlorination being the most widespread method in the
world due to its low cost, among other favorable conditions. To ensure water quality,
a concentration between 0.2 and 1 mg L−1 of free residual chlorine is necessary in the
entire drinking water distribution network. When chlorine is combined with some con-
taminants present in the water, disinfection by-products can be generated. These water
disinfection by-products (DBPs) are substances that are formed as a result of the reaction
between disinfectants and some compounds present in water, such as natural organic
matter. Organic matter dissolved in raw water is one of the main causes of the forma-
tion of DPBs, since it reacts with chlorine giving rise to the formation of halogenated
trihalomethanes [1]. Trihalomethanes are disinfection by-products (DBPs) formed by the re-
action of chlorine derivatives in drinking water with their precursors, which can be organic
matter or bromide. The most common THMs are chloroform trichloromethane (CHCl3),
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bromodichloromethane (CHBrCl2), dibromochloromethane (CHBr2Cl), bromoform, and
tribromomethane (CHBr3) [2].

Environmental legislation regarding the presence of trihalomethanes (THMs) in drink-
ing water is becoming increasingly restrictive. In accordance with current regulations, the
need to control the concentration of these compounds in water for human consumption is
established, since their presence can cause serious damage to human health [3].

In this sense, drinking water, or sources of water intended for human consumption
(potable and/or pre-potable), usually have a low concentration of bromide. However,
sometimes they can be generated during the purification process and lead to compounds
of high toxicity for humans [4–7].

The presence of bromide is of special interest because, unlike chloride, bromide
favors the formation of THMs, producing compounds such as bromoform (CHBr3), bro-
modichloromethane (CHCl2Br) or chlorodibromomethane (CHCIBr2), among others. [8,9].
Bromide is found naturally in seawater and in coastal areas, which is a problem of special
interest in the waters for human consumption in the Mediterranean basin.

Conventional water treatment processes (coagulation, flocculation, and sedimentation)
remove organic precursors from water in the range of 20%–60% [10–12], but they are not
effective in removing inorganic precursors [13–17]. Bromide, arsenic, phosphate, nitrite and
selenium are available in water as anions. Therefore, the removal is strongly dependent
on the hydrophobic character of the sorbent (in essence it is about the isolectric point
and/or point of zero charge) and the properties of the anions (in this sense, the speciation
that encompasses the charge and the changes are important with respect to electrostatic
interaction with the adsorbent). Thus, adsorption is favored in hydrophobic materials, such
as activated carbons, for hydrated anions with a low degree of hydration, when comparing
anions with the same charge [18,19]. In this study, we focus on the removal of bromide
in waters with elevated bromide levels. This results in an increase in the Br-/DOC ratio
and promotes the formation of brominated DBPs with higher toxicity [20]. Thus, new and
advanced treatment technologies are needed to remove inorganic precursors.

Until now, the existing treatment systems for the removal of Br−, I−, and Cl− ions
are based on the use of different types of ion exchange resins, although they are not very
efficient due to their high cost and the low selectivity of the exchange process [21–25].
Activated carbons are the alternative for the removal of organic and inorganic pollutants
from polluted waters due to the combination of high surface area, chemical and physical
stability, adjustable surface chemistry and reduced production costs. Thus, adsorption
treatments using these porous carbon materials are known to combine a high degree of
efficiency with a reasonable cost [26,27].

GAC has a number of properties, such as high surface area, large porosity, well
developed internal pore structure consisting of micro-, meso- and macropores, as well as a
wide spectrum of functional groups present on the surface of AC, which makes it a versatile
material that has numerous applications in many areas, but mainly in the environmental
field [28]. The efficiency of ACs as adsorbents for diverse types of pollutants is well
reported [29,30]. It is well known that activated carbon has been found to be very efficient
in removing organic compounds than metals and other inorganic pollutants. Efforts
are ongoing to substantially improve the potential of carbon surface by using different
chemicals or suitable treatment methods [31], which will enable AC to enhance its potential
for the removal of specific contaminants from the aqueous phase. The use of granular
activated carbons in organic DBP precursors removal has been widely reported. [32]
However, the influence of carbon surface tailoring on Br removal has not been extensively
investigated, and very few studies have explored Br removal by the tailored AC surface at
practical adsorbent doses [33], along with the control of brominated DBPs in natural waters.

In this sense, activated carbon treatments with silver ions deposited on their sur-
face have been used for selective adsorption of Br−, I−, and Cl− anions, although their
adsorption efficiency is not very important due to the dissolution of silver during the
process [34,35]. The use of granular activated carbon (GAC) adsorption is beneficial from a
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standpoint of controlling disinfection by-product (DBP) formation and associated toxicity
in water impacted by bromide and iodide. GAC has been used as an effective mate-
rial to control DBP formation on a large range of bromide (20–1000 µg L−1) and iodide
(<5–100 µg L−1) concentrations [36]. There are many reports in the literature on the use
of carbon adsorbents for the removal of metals and metal compounds, but generally not
for low µg L−1 levels [34,35,37], which is mainly a consequence of its hydrophobic nature.
Moreover, composite materials based on activated carbons have been used in the removal
of inorganic compounds in water [18,19,38].

More particularly, remediation of metallic ions in concentrations in the range of
parts per million (mg L−1) using activated carbon as the adsorbent has proved to be
feasible [39–41]. Interestingly, under certain conditions, the effectiveness of activated
carbons can be significantly improved by the application of an electric field during the ad-
sorption/desorption process (electrosorption/electrodesorption), which may enhance their
capacity [42,43]. In those cases, the application of a controlled electric potential to the adsor-
bent can enhance adsorption by enabling the formation of an electric double layer in the sur-
face of the activated carbon in contact with the solution. This phenomenon shares the same
fundamentals as the energy storage in supercapacitors [44] and the capacitive deionization
for water purification [42,45], and it is only possible in porous materials with adequate pore
size distribution and acceptable conductivity, such as activated carbons. However, most of
the electroadsorption studies have been done for organic compounds [43,46,47], although
it has also been used in the elimination of inorganic salts in water [48,49]; however, this
electroadsorption methodology has not been used for the elimination of bromide in water
in a low concentration level of µg L−1. The electroadsorption process, under appropriate
conditions, may be effective for the removal of a low concentration of pollutants, and in
addition, it is a non-destructive procedure.

This research studies the removal of Br− ion and total bromine in water by electroad-
sorption and the combination of this process with an electrochemical treatment under
anodic conditions using an activated carbon filter in an electrochemical cell, thus sup-
pressing the possible formation of these brominated compounds. In this sense, the main
objective of this work is to study the reduction in the concentration of bromide and total
bromine in a solution that allows, in subsequent investigations, it to develop/optimize a
procedure for the elimination of bromide to comply with current regulations.

2. Materials and Methods
2.1. Characterization of Granular Activated Carbon

In this study, the activated carbon used was a Granular Activated Carbon (GAC), avail-
able from Waterlink Suctliffe Carbons (Lancashire, UK). It is a high porosity material whose
adsorption was characterized using the Autosorb-6 equipment (Quantachrome, Boynton
Beach, FL, USA). For this, the adsorption-desorption analyses of N2 were performed at
a temperature of −196 ◦C and CO2 adsorption at a temperature of 0 ◦C. Previously, the
sample was degassed under a vacuum for 4 h at a temperature of 250 ◦C. To determine the
apparent surface area SBET, the BET equation was applied to the adsorption isotherm of N2
under the relative pressures region between 0.05 and 0.20. Similarly, for the determination
of the total volume of micropores, the Dubinin Radushkevich equation (DR) was applied
on the adsorption isotherm of N2 in the range of relative pressures between 0.005 and
0.10. Regarding the narrow volume of micropores, it was determined by means of the CO2
adsorption isotherm [50]. Table 1 shows the textural properties of the GAC.

Table 1. Characterization of the porosity of Activated Carbon PQ-0602-04.

SBET (m2/g) VN2 (cm3/g) VCO2 (cm3/g)

865 0.36 0.25
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Granular activated carbon was thoroughly washed using distilled water, filtered and
dried at 110 ◦C in order to clean its internal surface before its characterization and further
use as bromide adsorbent.

2.2. Water Characterization, Bromide and Total Bromine Determination

The drinking water used in this study is a real sample that came from the Alicante
seawater desalination plant (Alicante, Spain). The bromide concentration (Br−) was
345 µg L−1, and this concentration was analyzed by ion chromatography. The Br− and total
bromine (Br) concentrations during the different experiments were measured using induc-
tively coupled plasma-mass spectrometry (ICP-MS) with Perkin-Elmer 4300 DV equipment
(Waltham, MA, USA). For the ICP-MS measurements, each sample was dissolved in 0.5 M
HNO3, followed by filtration using a nylon membrane filter (pore diameter ~350 nm). The
total bromine concentration includes all Br-containing species present in the water.

The water characterization is detailed in the following table (Table 2).

Table 2. Water characterization.

Parameters Value Units

Bromine 470 µg L−1

Total Organic Carbon <0.5 mg L−1

Conductivity (20 ◦C) 562 µS cm−1

pH 8.6 U. pH
Bromate 25 µg L−1

Bromide 345 µg L−1

2.3. Electrochemical Filter-Press Cell

In this study, the filter press electrochemical cell for the electroadsorption of bromide
has been developed. The electrochemical cell has been modified in order to put it in
contact with the contaminated water with a wider activated carbon bed [51]. During the
experiment, the water was circulated by means of a centrifugal pump between the anode
and the cathode and passing through the activated carbon that is found as a bed. In this
way, information can be obtained on the adsorption kinetics in this batch reactor, as well
as the amount adsorbed at the equilibrium. This last data is very important to know the
possible improvement in the adsorption capacity of the activated carbon as a consequence
of the applied potential. Figure 1 shows a diagram of the electrochemical cell and the
device used for the electroadsorption process.

Figure 1. Schematic diagram of the electroadsorption experiments in which the electrochemical
chemical cell together with the current source, water tank and impulsion pump are included.
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It is divided into two compartments that are herein referred to as the anolyte and
catholyte, and each one being composed by (i) a flow distributor with one nozzle that can be
used as a water inlet or outlet, (ii) a mesh for keeping the activated carbon particles and the
electrode pressed altogether, (iii) a joint that provides volume for allocating the activated
carbon particles, and (iv) an electrode. The compartments are tightly connected together
by means of (v) two screwed stainless steel plates, with (vi) a final joint being displayed
between anode and cathode. In this work, the electrochemical filter-press cell was disposed
horizontally without compartment separation (i.e., no selective ionic membrane was used
between the compartments). The cell has a plane electrode area of 20 cm2. The width
of each compartment is 0.9 cm, resulting in a volume of 18 cm3. The external DC Power
supply was Blausonic FA-325 (Promax Test & Measurement, Barcelona, Spain), 30 V, and
2.5 A.

2.4. Operational Conditions

In this study, the following operational conditions were carried out with 4 g of the
washed GAC placed near the cathode or near the anode for the cathodic or anodic electroad-
sorptions, respectively, and contacted with 400 mL of water [52]. While the contact between
the GAC particles and the electrode was slightly loose, in previous research it was proved
that, for a configuration similar to that used in this study, a polarization of carbon particles
is achieved [53]. The adsorption experiments were initiated when real Br-containing water
started circulating inside the electrochemical cell for 24 h in the absence of current, which
was enough time to ensure the adsorption equilibrium (around 250 µg L−1). In order to
analyze the effect of the voltage, different values have been used in different experiments,
with new water, during 24 h in order to reach the equilibrium conditions at each voltage.
Anodic cathodic conditions in other experiments, after the adsorption in the absence of
voltage, at three different voltages, 2.0, 3.0, and 4.0 V, were sequentially applied. Each
voltage step was imposed for 24 h before proceeding to the next electroadsorption stage
in order to reach the equilibrium conditions. In this case, no additional water is used for
electroadsorption in order to achieve the simplest possible bromide removal treatment. In
order to analyze the reversibility of Br− removal in the electroadsorption experiments, one
last step was carried out in the absence of voltage during 24 h. The analysis of the bromide
and bromine were determined, as exposed above, and 1 mL of solution was periodically
taken from the electrochemical cell.

3. Results

The selection of this material, GAC, and the real natural water sample used will allow
us to demonstrate the validity of this method at conditions very close to those available
in a real water treatment plant. The most relevant surface properties of the GAC were
assessed by N2 and CO2 adsorption–desorption isotherms. In this sense, the micropore
volume obtained from CO2 adsorption, compared to the N2 one, indicates that most of
the microporosity has a size of about 0.5 nm (the micropore volumes from N2 and CO2
adsorptions are similar (see Table 1) [50]. Thus, from the point of view of textural properties,
it can be concluded that the selected GAC has a well-developed porous texture, which
makes it a good choice for water treatment.

3.1. Effect of Voltage in the Anodic Electroadsorption

In order to initially identify the amount adsorbed by the activated carbon in the
absence of voltage, and thus check if the presence of electric field produces an increase in
the amount adsorbed, the water (400 mL) was put in contact in the filter-press cell with
activated carbon (4 g) and allowed to reach the adsorption equilibrium for 24 h Figure 2
shows the variation of the concentration with time; in this figure, the initial concentration
of bromide and total bromine are also represented.
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Figure 2. Variation of bromide and total bromine concentration in the absence of voltage. Filter press.

It is observed that the concentration of bromide and total bromine decreases as a
consequence of adsorption on activated carbon until reaching an equilibrium concentration
of approximately 250 µg L−1 for the bromide. Figure 2 also shows the presence of two
regions in the adsorption process. In the first region, the adsorption is very fast, and it
is mainly due to either mass transfer through the stationary liquid boundary layer that
appears over the external surface of the particle or restricted pore diffusion of the adsorbate
in the wider porosity of the carbon particle. A second region is distinguished after 7 h,
where adsorption is slower due to surface diffusion of adsorbed molecules within narrower
pores. The appearance of two zones on the adsorption graph of an activated carbon is very
characteristic of these materials [54,55].

The initial Br- concentration is 345 µg L−1, and the equilibrium concentration reached
is 250 µg L−1. Therefore, the adsorption capacity of the activated carbon in these conditions
is 9.5 µg g−1, which corresponds to a removal efficiency of 29% (Table 3).

Table 3. Bromide concentration at the end of the experiment, % removal and amount adsorbed at the
equilibrium on activated carbon in different electroadsorption experiments at different voltages.

Voltage (V) [Br-] Final (µg L−1) % Removal q (µg/g)

Open Circuit 244 29 9.5
2 V 205 41 14.0
3 V 186 46 15.9
4 V 202 41 14.4

Figure 3 shows the bromide and total bromine concentration during electroadsorption
when different voltages are applied (2 V, 3 V and 4 V) under anodic conditions. It can
be observed that the concentrations of bromide and total bromine decrease with time
for all voltages used and lower values are reached than those obtained in the absence of
the voltage (0 V in Figure 3). These results indicate that the presence of the electric field
increases the amount of bromide and total bromine removal, improving the adsorption
capacity of the activated carbon.
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Figure 3. Variation of the bromide and total bromine at different voltages (2 V, 3 V and 4 V) under
anodic conditions. The adsorption in the absence of voltage is also included. The dashed line
corresponds to the total bromine and full line to the bromide.

We can also observe that, in the case of 4 V, the bromide and total bromine concentra-
tions decrease significantly and with a much higher rate than in the absence of potential,
achieving a reduction of the bromide concentration by 29% after 0.5 h of contact with the
activated carbon. In the absence of voltage, the reduction in concentration after 0.5 h is
14 %. The bromide concentration after equilibrium is 200 µg L−1, which corresponds to
an adsorption capacity of the activated carbon of 14.5 µg g−1 and to a reduction of the
bromide concentration of 42%.

At high potentials, bromide ions can be oxidized to Br2 according to Equation (1), and
the decrease in concentration observed at high potentials (3 V or 4 V) may be due to the
electrochemical transformation of bromide to bromine. At these voltages, values higher
than the standard potential of this reaction are reached in the anode, making the oxidation
of bromide possible. It should be noted that the adsorption of Br2 on activated carbon is a
very favorable process, unlike the anion.

Br2 + 2e− → 2 Br− E0 = 1.08V/ENH (1)

To verify this result, a pure electrochemical treatment experiment in the absence of
activated carbon in the electrochemical cell was carried out by applying a voltage of 3 V,
and the result is shown in Figure 4. This voltage is selected in order to avoid the formation
of bubbles on the electrode.
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Figure 4. Variation of bromide concentration in an experiment in the absence of activated carbon at
3 V.

It can be observed, in Figure 4, that the bromide concentration decreases continuously
over time, indicating that it is oxidized on the electrode, thus decreasing its concentration
in the solution; however, the total bromine after an initial decrease, probably due to some
volatilization, remains constant with time, indicating the conversion of bromide into Br2
according to Equation (1). This oxidation reaction, once the constant value of bromine is
reached, is not producing a change in the total bromine in solution, but an interconversion
of one species into another.

Tables 3 and 4 compare the final bromide and final total bromine concentration
values obtained in the adsorption and electroadsorption experiments after 24 h at different
voltages. The tables also include the percentages of bromide removal and total bromine
removal (with respect to the initial concentration). In addition, the amount adsorbed by
the activated carbon of both bromide and total bromine is shown.

Table 4. Total bromine concentration at the end of the experiment, % removal and amount adsorbed
at equilibrium on activated carbon in different electroadsorption experiments.

Voltage (V) [Br] Final (µg L−1) % Removal q (µg/g)

Open Circuit 255 46 20.0
2 V 248 47 20.7
3 V 252 46 20.3
4 V 198 58 25.7

We can see that the bromide concentration decreases in the absence of potential by
29% [33] and we managed to increase the percentage of elimination by 41% and 46% in the
presence of the electric field, which is 12% and 17% more than just in a process of adsorption
(open circuit conditions). However, the value of total bromine content in adsorption and
electroadsorption is similar (Table 4) to the applied voltage up to 3 V.

However, when the voltage increases to values where the electrode potential reaches
the oxidation of bromide to bromine (4 V), the percentage of total bromine removal in-
creases, which indicates that the adsorption of bromine is more favorable on the activated
carbon increasing the adsorption capacity. However, at this voltage, the formation of
gas on the electrode surface is clearly observed, mainly due to water oxidation. Then, in
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order to avoid the formation of bubbling on the electrode, the effect of polarity on the
electroadsorption, a voltage of 3 V has been selected.

Energy Consumption of Electrochemical Removal of Bromide

The Energy Consumption (EC) per unit volume of treated water was calculated
according to Equation (2):

EC(kWh L−1) = (U·I·t)/(V·1000) (2)

where U is the voltage of the electrochemical cell (V), I is the average current (A), t is the
treatment time (h) and V is the volume of treated water (L).

Then, the EC during the removal of bromide in this laboratory scale is between 1 and
2 kWh L−1.

3.2. Effect of the Polarity of the Electrode (Anodic Electroadsorption and Cathodic Electroadsorption)

In order to study the effect of the polarity of the electroadsorption experiments, the
comparison between the performance of an anodic electroadsorption (the activated carbon
is located in the anode compartment in which the activated carbon is subjected to a positive
polarity) and the cathodic electroadsorption (the activated carbon is located in the cathode
compartment, in which the activated carbon is subjected to a negative polarity) has been
done. In these experiments, the following consecutive steps have been done: (i) adsorption
at open circuit conditions during 24 h, (ii) application a voltage of 3 V during 24 h and
(iii) again open circuit potential during 24 h in order to analyze the reversibility of the
electroadsorption step.

Figure 5 shows the evolution of the bromide concentration during these experiments
at cathodic and anodic conditions during the second step. It can be observed that, after
the adsorption at the open circuit potential (step 1 in Figure 5), the amount of bromide is
similar in both cases; however, after the electroadsorption, the anodic treatment produces
a higher decrease in the concentration of bromide that, in the case of cathodic electro-
adsorption (step 2 in Figure 5). These results can be as a consequence of two processes:
the electroadsorption of the bromide that is favored at a positive polarization of the active
carbon and the oxidation of bromide on the anode according to Equation (1). Moreover,
after the electroadsorption step, if the system is again put at open circuit conditions, no
desorption of the bromide is produced in both polarities, indicating the irreversibility of
the electroadsorption processes.

It can be also seen that, after the anodic electroadsorption treatment (24 h of treatment
at 3 V), in the following adsorption process at open circuit potential (step 3 in Figure 5),
a new decrease in the bromide concentration is observed. These results seem to indicate
that the bromide has been oxidized in anodic conditions to Br2 and a new adsorption
equilibrium of bromide is again reached as a consequence of the different concentration of
bromide in solution.

3.3. Adsorption after an Electrochemical Oxidation Process: Two-Stages Electroadsorption

In order to improve the bromide removal, the following experiment in two stages was
designed: in the first, an electrochemical treatment during 24 h takes place in the absence
of activated carbon (electrolysis stage). During this stage, the bromide is oxidized to Br2,
which can be easily adsorbed on the activated carbon. Then, after this electrochemical
oxidation stage, the water is passed to another electrochemical cell in which a second
adsorption stage during 24 h in the presence of activated carbon is done, but in the
absence of potential (adsorption stage). The water is continuously circulated between both
electrochemical cells and the concentration is taken over time. Figure 6 shows a scheme of
the electrochemical device used.
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Figure 5. Bromide concentration during three steps experiment, the second corresponds to anodic and cathodic electroad-
sorption experiments for 24 h at 3 V. 3 V is applied for 24 h in the second step and then it is left at open circuit again for
24 h.

Figure 6. Scheme of the two electroadsorption stages.

The data obtained after the total treatment are shown in Table 5. We can see that the
concentration of bromide reaches a value similar to that obtained in the pure electroadsorp-
tion experiment in the same conditions of voltage (Table 3); however, the total bromine falls
below 200 µg L−1 and the percentage of elimination of this total bromine increases with
respect to that obtained in an electroadsorption process (Table 4). Then, using two stages in
comparison to only the electroadsorption stage, it is possible to reduce both concentrations,
bromide and total bromine, from the water.
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Table 5. Bromide concentration, bromine and percent removal and amount adsorbed by activated
carbon in a two-stage experiment at the end of the treatment.

[Br-] Final (µg L−1) % Removal q (µg/g)

2 Stages 185 46 16.0

[Br] Final(µg L−1) % Removal q (µg/g)

2 Stages 194 59 25.8

4. Conclusions

It can be concluded that the electroadsorption process is effective against the elimina-
tion of bromide and total bromine in water with a content of 345 µg L−1 and 470 µg L−1,
respectively, reaching elimination values of around 46 % in a single-stage electroadsorption
process in both bromide and total bromine. It has been studied that the better conditions for
removal of bromide in water with a concentration is the application of the electric field to
the activated carbon that produces a positive polarization (anodic electroadsorption). This
treatment increases the adsorption capacity of the activated carbon significantly, achieving
a reduction of bromide of up to 220 µg L−1 after 1 h of contact with water. The removal
percentage of bromide increases from 29% in the absence of voltage (adsorption) to 46% at
3 V (electroadsorption). When the process is carried out in two stages in which a previous
electrochemical oxidation to the adsorption stage is introduced, similar values of removal
of bromide are achieved. In this previous electrochemical oxidation stage, the oxidation
of bromide to Br2, which is easily adsorbed on the activated carbon, is produced, and the
total bromine content of the water is reduced by 59% in the two stages of the experiment,
with this value significantly increased from 46% in a single electroadsorption step at 3 V.
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