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ARTICLE INFO ABSTRACT

Keywords: Mercury pollution is an acute global concern threatening the health of humans and wildlife. Thus, there is a need
Mer_cury removal for new and improved techniques to reduce emissions and remove toxic mercury from aqueous environments.
Platinum Electrochemical alloy formation, specifically between mercury ions in aqueous solution and a platinum elec-
Electrochemical alloy . . . . . .

EOCM trode, emerges as a promising solution. Through analysis of reaction mechanisms and energetics related to the
DFT formation and dissolution of the PtHg, alloy, this study aims to deepen our understanding of the underlying

processes of effective electrochemical mercury removal. Potentiodynamic measurements indicate rapid alloy
formation at a clean platinum surface, proceeding with only trace amounts of metallic mercury on the surface.
However, once the electrode surface has sufficient mercury coverage with an alloy thickness of around 1.5 nm,
clear evidence of metallic mercury on the surface is observed. Furthermore, the amount of absorbed mercury on
the cathode increases linearly in time. The onset potential for the alloy formation is experimentally determined
using electrochemical quartz crystal microbalance with dissipation monitoring to be approximately 0.64 V vs.
SHE, and the alloy dissolution (oxidation) onset potential is found to be approximately 0.98 V vs. SHE, at a
mercury ion concentration of 10 mg/L. Density functional theory calculations are used to provide a theoretical
value for the reversible potential from a thermodynamics perspective, yielding a value of 0.78 V vs. SHE at a
mercury ion concentration of 10 mg/L. This value is in excellent agreement with the experimental results,
suggesting an overpotential of about 0.14 and 0.20 V for the alloy formation and oxidation, respectively. These
findings provide important information on the reaction mechanisms and overpotentials of the PtHgy alloy for-
mation and dissolution, which are key factors for development of large-scale mercury removal based on this
technique, as well as fundamental understanding of the electrochemical alloy formation between mercury ions
and platinum.

1. Introduction Through human activities, it is estimated that 1.5 million tonnes of Hg

were released between the years 1850 and 2010, and current annual

Mercury (Hg) pollution is a serious global concern due to the high
toxicity, potential for bioaccumulation, and pervasive mobility through
ecosystems, posing risks to environmental health and human safety [1,
2]. Although Hg can occur naturally in the environment, human activ-
ities such as coal combustion, mining, and waste disposal significantly
contribute to the elevation of Hg levels both at a local and a global scale.
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emissions are estimated to be around 2000 tonnes [3]. Once Hg is
emitted, it continues to persist and cycle in the environment for cen-
turies, or even millennia, before eventually settling in deep ocean sed-
iments or subsurface soils [4]. Water plays a critical role in the mobility
and spread of Hg, accounting for about 60 % of Hg’s environmental
cycling [5]. As a result, addressing Hg contamination in water is
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essential to curb its extensive spread and protect all living beings from
its harmful effects.

Different techniques have been developed for Hg removal from
aqueous solutions, such as ion exchange, precipitation, solvent extrac-
tion, and membrane filtration [6]. Despite their availability, current
methods have several limitations and challenges, e.g., low selectivity for
Hg and insufficient removal rates. Certain methods are also highly
sensitive to the pH of the solution, which can limit their effectiveness in
removing Hg, as well as the management of secondary wastes and
Hg-laden materials, which can be complex and expensive [6-10]. The
toxic nature of Hg and the shortcomings of existing methods highlight
the urgent need for more effective and efficient removal solutions.

We have recently introduced a method for Hg removal from aqueous
solutions that aims to address some of the limitations of existing Hg
removal techniques [11-14]. This method is based on the electro-
chemical alloy formation between Hg and a metal electrode, and is
suitable for various applications, such as treating concentrated acids,
industrial effluents, and natural waters. The selection of the electrode
material is paramount in forming a stable Hg alloy. When platinum (Pt)
is used as the cathode electrode material, Hg ions undergo electro-
chemical reduction and form an amalgam with Pt. Supporting this, X-ray
diffraction (XRD) analysis of a saturated Pt on glass electrode indicated
that PtHg, is the predominant phase formed [14].

While Pt is often preferred as electrode material, alternative mate-
rials like copper (Cu) and gold (Au) have also been considered. How-
ever, Cu exhibits instability in corrosive solutions, such as oxidizing
acids, and can degrade in water without potential control. Furthermore,
Cu will be oxidized and dissolved at the positive potentials required for
Hg alloy oxidation, rendering Cu-based electrodes unsuitable for reuse
and regeneration [13,15]. Although Au represents a stable alternative
and could serve as a potential electrode material, it is currently more
expensive than Pt [16], and in addition, the most stable Au-Hg alloy
(AugHg) has a significantly lower Hg binding capacity, holding 12 times
less Hg per atom of noble metal than the PtHg4 phase [17]. Using Pt as
the electrode material for Hg removal via electrochemical alloy forma-
tion has been proven highly effective for decontaminating solutions in
both environmental and industrial contexts [12]. The method exhibits a
high selectivity for Hg, efficiently removing Hg ions even in the presence
of various other cations such as calcium, cadmium, copper, iron, mag-
nesium, manganese, sodium, nickel, lead, and zinc, as well as anions like
chloride and nitrate [14]. Notably, the removal efficiency remains
consistent across a pH range of 0 — 6.6 and is unaffected by corrosive
acids [11,14]. In addition, the process is reversible, facilitating safe re-
covery of Hg and the subsequent regeneration of the Pt electrodes [14].
The energy requirements of the method are relatively low, for practical
application, the power requirement is expected to be around 50 pW/cm?
[14].

Past studies have extensively investigated several aspects of the Pt-
Hg system [18-24], focusing on the solid-state interactions of metallic
Hg at the Pt interface, and the characterization of the formed com-
pounds. To further develop the electrochemical alloy formation as a Hg
removal method, it is important to address other aspects and deepen our
understanding of the complex reaction mechanisms at play under elec-
trochemical conditions from metallic Pt and Hg ions. One critical aspect
that has not yet been determined is the reversible potential of the
electrochemical alloy formation. Identifying this potential, along with
the practical overpotentials for both the formation and dissolution of the
PtHg, alloy, is key in the further development for practical applications.
In addition, there are outstanding questions regarding the formation of
specific intermediates, during the alloy formation process, particularly
concerning the formation of metallic Hg on the electrode surface. These
intermediates are important as they may significantly influence the
overall Hg removal efficiency and the subsequent formation of the PtHgy
alloy.

In this work, cyclic voltammetry (CV) is conducted with preceding
potential holds to adsorb varying amounts of Hg on the electrode. The
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absorbed Hg is subsequently stripped during the CV scans to monitor
different forms of Hg on the electrodes, as alloy or metallic Hg as well as
the possibility to oxidize absorbed Hg. Further experiments, using
electrochemical quartz crystal microbalance with dissipation moni-
toring (EQCM-D), identify the onset potentials for both the formation
and dissolution of the alloy. In addition, the dissipation monitoring in
EQCM-D offers insights into the validity of the Sauerbrey equation and
the viscoelastic properties of the film forming on the surface, including
the effects of surface roughness. These aspects are generally not
captured by standard EQCM, thus using EQCM-D can enable deeper
understanding of the alloy properties and formation processes. A com-
parison between experimental findings on onset potentials with Density
Functional Theory (DFT) calculations reveal a significant concordance,
demonstrating strong agreement between the experimental results and
theoretical predictions.

2. Methods
2.1. Working electrode fabrication

For EQCM-D experiments, AT-cut quartz crystal sensors (614 x 0.5
mm, resonant frequency 4.95 MHz + 50 kHz, LAB Analytical) were used
as the working electrode (WE). The sensors were coated with 200 nm of
Pt with 3 nm of titanium (Ti) as an adhesion layer using physical vapor
deposition (base pressure ~1077 mbar, Lesker PVD 225), where a Pt
circle pattern was made using a deposition mask with a diameter of 5
mm and a 1 mm connection strip. For CV measurements, polished fused
silica glass (15 x 30 x 0.5 mm, Mark Optics Inc.) was used as substrates.
The glass electrodes were coated with 100 nm of Pt and 10 nm of Ti
using the same deposition system as for the quartz crystal sensors. Using
a deposition mask, a pattern of Pt and Ti was coated on the electrode
with 15 x 15 mm square at the bottom and a 1 mm connector strip to the
top. Schematic illustrations of all WEs used can be seen in the SI.

2.2. Electrolyte preparation

For EQCM-D experiments, HySO4 (97 %, Suprapur, Merck) was
diluted to a concentration of 0.5 M with pure water (>18 M Q-cm, Milli-
Q EQ 7000) and an initial Hg?" concentration of 10 mg/L using a Hg
standard solution (1000 mg/L, TraceCERT, Merck). For CV, the acid was
prepared in the same way as for the EQCM-D, both with and without
addition of Hg.

2.3. Electrochemical measurements

CV was conducted using a three-electrode setup using 50 mL of 0.5 M
sulphuric acid (H2SO4) as the electrolyte with initial Hg concentration of
10 mg/L. A Pt coated glass plate was used as the WE, a Pt wire as the
counter electrode (CE), and mercury/mercurous sulphate (Hg/Hg»SO4)
electrode (B3610+, SI Analytics) as the reference electrode (RE). CV was
carried out at a scan rate of 50 mV/s on the WE in the electrolyte, both
with and without Hg. Before recording each scan series, the potential
was held at 0.18 V vs. SHE for durations ranging from 1 — 30 min to
induce different amounts of alloy formation [12,14]. In addition, vol-
tammograms were recorded also without any potential holding time (0
min), and in electrolyte with and without Hg. Notably even without a
potential hold (0 min), Hg deposition occurs as the electrode is exposed
to potentials below the Hg ion reduction potential during the scan.

EQCM-D experiments were similarly carried out using a three-
electrode setup with a 0.5 M HySO4 electrolyte solution with initial Hg
concentration of 10 mg/L. A Pt surface of a quartz crystal sensor was
used as the WE, with the aforementioned Pt wire and Hg/HgySO4
electrodes as the CE and RE, respectively. The resonance frequency
changes of the crystal sensor for 3 different harmonics (3rd, 5th, and
7th) were continuously recorded throughout all the experiments. To
determine the onset potential for the formation of the PtHg4 alloy, a
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cathodic potential scan was performed from 0.80 — 0.18 V vs. SHE at a
scan rate of 0.1 mV/s. The potential scan was applied from a high
enough potential (0.80 V vs. SHE), where no alloy formation occurs, and
scanned to a sufficiently reductive potential (0.18 V vs. SHE), where it is
well known that the alloy forms, without reaching hydrogen evolution
reaction (HER) [25]. For determination of the onset potential for the
alloy dissolution (oxidation), the EQCM-D experiment proceeded by
applying a constant potential of 0.80 V vs. SHE to remove metallic Hg
formed on the surface during the alloy formation process. Following this
removal, the potential was scanned anodically from 0.80 — 1.16 V vs.
SHE at a scan rate of 0.05 mV/s. A potential scan, instead of discrete
constant potential experiments, makes it possible to investigate the alloy
formation and its dissolution (oxidation) across a range of potentials in a
single experiment. We argue that at these slow scan rates the system can
be approximated as steady state in potential. Experiments at even slower
scan rate (0.025 mV/s) gave the same results for onset potentials. All
experiments were performed at a controlled temperature of 20 °C and
with active stirring. Detailed illustrations of the experimental setups for
both CV and EQCM-D are available in the SI.

During the EQCM-D experiments, the observed frequency shifts were
recorded and correlated to the mass change on the quartz crystal sensor
using the Sauerbrey equation [26]:

_%on
As\/Palty

where the basic resonant frequency of the crystal sensor prior to any
mass change is denoted by f, the number of overtone (3, 5, 7) is denoted
with n, A is the active area, pq is the density of quartz (2.648 g/cm®),
and yq is the shear modulus of quartz (2.947~1011 g/cm sz) [27]. It can be
noted that the Sauerbrey equation is only valid for determining the mass
change under the condition that the film formed on the surface of the
crystal sensor is rigid and thin, and where the energy losses are constant.
In addition, the mass variation of the film should be relatively small
when compared to the quartz crystal’s initial mass, and uniformly
distributed over the surface [28].

Af = (@]

2.4. Density functional theory calculations

Density functional theory (DFT) calculations were performed using
VASP [29-31] with the optB86b-vdW exchange-correlation potential
[32,33]. The projector augmented wave method [34] was used to model
the interaction between the valence electrons and the core. The
Kohn-Sham orbitals were represented using a plane-wave basis set with
a 450 eV cutoff energy, and a Gaussian smearing of 0.05 eV was applied
to the Fermi-level discontinuity. The Brillouin zone was sampled with at
least 8.2 k-points/;\ in a Monkhorst-Pack grid [35].

Formation energies of PtHgy from solid Pt and Hg were calculated, to
which a correction of 0.007 eV per Hg atom was added for the free
energy difference in solid and liquid Hg [36]. We used this energy as an
approximation for the free energy for the reactions, because: i) heat
capacity and density differences are generally small for solids, meaning
that enthalpy can be approximated as the formation energy [37], ii) the
TAS term is small as the reactions are carried out at room temperature,
and iii) the impact on the relevant reversible potentials is limited.

3. Results and discussion

3.1. Cyclic voltammetry study of PtHgy alloy formation and alloy
oxidation

The electrochemical events occurring at a Pt surface, concerning the
formation and subsequent oxidation of the PtHg, alloy, were studied
through CV. Initially, CV was conducted at a scan rate of 50 mV/s in a
0.5 M HySO4 electrolyte, both in the absence and presence of 10 mg/L
Hg, to establish baseline voltammograms. Additional CV curves were
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then recorded following a potential hold at 0.18 V vs. SHE for durations
ranging from 1 — 30 min. The subsequent cycling after each potential
hold could effectively oxidize the alloy and regenerate the electrode,
however, the number of cycles needed to restore the voltammogram to
its baseline varied depending on the length of the initial potential hold.

Fig. 1a (0 min - 0 mg Hg/L) shows a stable cyclic voltammogram for a
Pt glass WE without Hg, showcasing all the characteristic features
typical of a Pt CV [38], including H' adsorption and desorption peaks,
OH adsorption and an oxidation of Pt at higher potentials, as well as Pt
oxide reduction. The electrochemical surface area (ECSA) was deter-
mined from the peaks associated with H' adsorption, using the charge
between 0.04 — 0.42 V vs. SHE, and found to be 3.36 cm?, assuming the
surface charge of one monolayer of hydrogen on polycrystalline Pt is 210
pC/cmz, and a surface coverage of 77 % [39]. The roughness factor
(ECSA per projected surface area) was calculated to be 1.5 (where the
projected surface area is 2.25 cm?).

Fig. 1b (0 min - 10 mg Hg/L) shows the CV in the presence of Hg,
where H' adsorption/desorption peaks are largely suppressed due to Hg
ion reduction on the surface and formation of a Pt-Hg surface alloy [40].
It is also clear that the oxidation peak is shifted to higher potentials and
becomes much larger than in the absence of Hg ions. This is due to the
fact the new oxidation peak is a combination of Hg oxidation/dissolu-
tion and Pt surface oxidation. In Fig. 1c—-i (1 — 30 min - 10 mg Hg/L), the
oxidation peak is consistently observed at approximately 1.2 V vs. SHE
across all voltammograms, regardless of hold duration. This peak, which
grows over time, is attributed to the oxidation of PtHg, alloy, as detailed
in previous work [12,14]. In Fig. 1d-i (3 — 30 min - 10 mg Hg/L),
alongside the PtHgy alloy oxidation peak, another peak, between 0.6 —
0.7 V vs. SHE is becoming more pronounced and is attributed to metallic
Hg forming on the electrode surface. The metallic Hg is removed from
the surface during the first anodic scan after each hold, whereas the
oxidation of the PtHg, alloy requires multiple cycles to complete. This is
explained by the fact that for longer holding times, the amount of alloy
on the electrode corresponds to several layers, and as the alloy oxidation
occurs at potentials where Pt oxidizes, not all alloy has time to oxidize.
In the subsequent cycles, the Pt oxide is reduced during the cathodic
scan and more of the alloy can oxidize/dissolve again in the next anodic
scan. Thus, an increased number of cycles is needed for electrode
regeneration when a thicker alloy film has been formed. For holding
times of 10 — 30 min, significant differences are observed in the cathodic
sweep after the Pt oxide reduction peak around 0.6 V vs. SHE. These
differences become more pronounced as the holding period increases
and can be attributed to a roughening of the electrode surface resulting
from the relatively fast oxidation of the multi-layered alloy film.

With increasing holding time at 0.18 V vs. SHE, there is a corre-
sponding increase in the total charge stripped from the electrode sur-
face. This charge is related to Hg oxidation and was determined by
integrating the current over time for the potential range indicative of the
electrochemical reactions of both the metallic Hg and the PtHg, alloy
(approximately 0.38 — 1.58 V vs. SHE). In addition, the current over time
was integrated for the potential range of only metallic Hg (depending on
the length of potential hold, it ranges from approximately 0.56 to 0.74 V
vs. SHE). For each voltammogram at holding times from 1 — 30 min, the
charge for each cycle was calculated, adjusted for the baseline voltam-
mogram, and the values summed to obtain a collective measure of the
Hg mass accumulated over time. This charge can be directly related to
the mass of Hg per unit area of the electrode, assuming all stripping
charge is related to Hg oxidation, and all Hg strips as Hg?*[41]. Fig. 2
shows the relationship between the holding time at 0.18 V vs. SHE, and
the accumulated mass of Hg on the electrode. The total mass of Hg
accumulated varies from approximately 900 to 11,000 ng/cm?, over
holding times of 1 and 30 min, respectively. This corresponds to an alloy
thickness ranging from about 0.8 — 9.3 nm, or equivalently the thickness
of about 1.3 — 15-unit cells, considering a surface roughness of 1.5.

This amount of alloy formed is well below the theoretical saturation
limit which is 760 nm if a 100 nm Pt film is fully converted to PtHg4
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1
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Fig. 1. Cyclic Voltammetry (CV) of Pt WE at 50 mV/s scan rate. For 0 min, 0 mg Hg/L (a), the electrolyte is 0.5 M H,SOj4, while for the following 0 — 30 min (b - i),
the electrolyte contains 10 mg/L of Hg. The potential was held at 0.18 V vs. SHE for 1 — 30 min (c - i), to induce PtHg, alloy formation, before performing subsequent
CV scans. The dark blue trace indicates the initial CV cycle post potential hold, the grey trace depicts the following CV cycles, and the magenta trace marks the final

CV cycle.

[14]. A clear linear relationship is depicted, indicating that the rate of
Hg addition on the electrode remains constant over time, consistent with
our previous findings [12]. Linear regression of the data provides an
estimated rate of Hg uptake of approximately 20,000 ng/cm?h for the
total mass accumulated, and 400 ng/cm?h for surface Hg, at a Hg ion
concentration of 10 mg/L. The error bars represent an estimated un-
certainty of around 5 %, primarily arising from the integration process,
influenced by factors such as the choice of integration limits, the inte-
gration method, and the quality of the data.

3.2. Onset potential of the PtHgy alloy formation and alloy oxidation

EQCM-D was utilized to experimentally determine the onset poten-
tials for both the formation and subsequent oxidation of the PtHg, alloy.
Changes in resonance frequency and dissipation were recorded across
three distinct harmonics (3rd, 5th, and 7th) of the crystal sensors, as
shown in Fig. 3. The baseline fluctuations in frequency and dissipation
observed using the EQCM-D were negligible, with changes of approxi-
mately + 0.5 Hz and =+ 1-107, respectively, recorded over a 30-minute
period. Additional details are provided in the SI.

Initially, applying a constant potential of 0.80 V vs. SHE results in no
observable changes in the recorded frequency. After 10 min, a potential
scan from 0.80 — 0.18 V vs. SHE at a scan rate of 0.1 mV/s results in a

decrease in frequency, indicating mass uptake on the WE surface. The
frequency initially decreases exponentially with potential until it begins
to decrease linearly at around 35 min, and 0.60 V vs. SHE. This linear
decrease continues until just before the 1-hour mark at 0.54 V vs. SHE, at
which point divergence among the three harmonics is observed. The
harmonics realign at around 1.6 h and 0.27 V vs. SHE and continue to
decrease linearly until the end of the potential scan at 2h and 0.18 V vs.
SHE. Following the alloy formation, a constant potential of 0.80 vs. SHE
is applied to strip the accumulated metallic Hg from the surface, sup-
ported by CV studies (Fig. 1) and previous literature, indicating that the
PtHg, alloy oxidizes at a higher potential than metallic Hg [41]. After
stripping the metallic Hg, a noticeable increase in frequency by
approximately 100 Hz is observed. The frequency then stabilizes, indi-
cating effective removal of metallic Hg from the electrode surface.
Subsequently a potential scan from 0.80 — 1.16 V vs. SHE is performed.
The frequency recorded exhibits only a slight increase until around 3 h,
when the potential exceeds approximately 0.92 V vs. SHE, leading to an
exponential increase in frequency (loss of mass). This increase can be
attributed to the oxidation and dissolution of the PtHg, alloy. The
exponential growth in frequency transitions to a more linear increase
over time between approximately 1 — 1.1 V vs. SHE. In this region,
oxidation does not depend on potential but proceeds at a constant rate in
time. From 1.1 — 1.16 V vs. SHE, the rate changes, leading to a reduced
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Fig. 2. Net positive charge associated with the stripping of Hg, from integrating
the voltammograms in Fig. 1. The blue line represents the total net positive
charge in the potential range of 0.38 — 1.58 V vs. SHE, and the magenta line
represents the net positive charge in the potential range of approximately 0.56 —
0.74 V vs. SHE multiplied by 10 to make the data visible. Linear regression
reveals a slope of approximately 20,000 ng/cm? h for the total Hg mass, and
400 ng/cm>h for surface Hg.

slope and lower oxidation rate of the alloy.

Initially, when a constant potential of 0.80 V vs. SHE is applied, no
changes in dissipation are observed, and dissipation changes remains
relatively low throughout the alloy formation process. However, a sharp
increase is observed during the divergence of the harmonics, peaking at
approximately 3.5-107° at around 1.38 h and 0.36 V vs. SHE. The
dissipation change then quickly decreases and remain low as the reso-
nance frequencies realign and stabilize towards the end of the potential
scan for alloy formation. Following the stripping of the metallic Hg from
the surface, a smaller but significant reduction in dissipation from about
2:107% - 0.1-107° is observed, further indicating its initial presence on
the surface and effective removal. After this, the dissipation changes
remain low, and minimal changes are observed throughout the
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oxidation of the alloy. The large increase in dissipation during the alloy
formation, as well as the divergence of the three harmonics, suggest a
change of the surface structure on the electrode. It is likely that the
observed phenomenon is due to an increase in surface roughness,
induced by the alloy formation, where more water is trapped on the
rough surface and being dragged as the crystal oscillates. Initially, as the
alloy forms on the surface, it appears as if it presents a smooth texture
that transitions to a rougher state, thereby facilitating more water drag.
However, as the alloy formation progresses, the surface transitions back
to a smoother state [42]. CV of a quartz crystal, in a solution with and
without 10 mg Hg/L, along with SEM analysis conducted prior to alloy
formation and at the peak of the dissipation change, support the for-
mation of a rougher surface. These findings are detailed in the SI.

The first increase in dissipation begins at a mass gain of approxi-
mately 2000 ng/cm? which corresponds to a mean alloy thickness of 1.7
nm on a smooth surface. However, it should be noted that the Pt surface
on the crystals is not perfectly smooth, the ECSA is approximately 3.5
times larger than the projected area, meaning that the actual alloy
thickness on the electrode surface is close to one layer when the notable
increase in dissipation change occurs. Our interpretation is that the alloy
film can form on the Pt surface and grow to about one layer without
significantly changing the roughness of the surface. However, to further
grow the alloy, it becomes necessary to pull out Pt atoms from beneath
the alloy film, causing considerable surface roughening. This rough-
ening continues until a mass gain of approximately 6500 ng/cm? (5.5
nm PtHgy on a flat surface) is reached, at which point the dissipation
change levels off and then decreases again. At a mass gain of approxi-
mately 10,600 ng/cm? (10 nm PtHgg on a flat surface) the dissipation
change returns to almost the same level as during the initial stage of
alloy formation. This behaviour can be explained by the fact that once a
sufficiently thick alloy film is formed, it has enough room to relax and
lower its energy by forming a smoother film.

3.3. Determination of the onset potential of PtHg, alloy formation
Using the measured frequency changes obtained via EQCM-D, as

shown in Fig. 3, and employing the Sauerbrey equation (Eq. (1)), we can
calculate the mass of the PtHgy alloy formed on the crystal sensor. It can

116 oo
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Fig. 3. EQCM-D recorded changes in frequency and dissipation across three harmonics (f3, f5, and f7) of a WE crystal sensor during PtHg, alloy formation scan from
0.80 - 0.18 V vs. SHE at 0.1 mV/s, followed by the removal of metallic Hg at 0.80 V vs. SHE, and an alloy oxidation potential scan from 0.80 — 1.16 V vs. SHE at 0.05

mV/s.
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be assumed that in regions where the three harmonics overlap and
dissipation change remains close to 0, the film is rigid, thereby justifying
the application of the Sauerbrey equation for accurate mass calculation.
A more comprehensive analysis of the relationship between recorded
frequency, dissipation, and the application of the Sauerbrey equation, as
well as Cu deposition from solution to confirm the accuracy of EQCM-D
mass measurements, is detailed in the SI. It can also be noted that two
deposition processes may occur simultaneously, PtHg4 alloy formation
and Hg plating. However, since Pt is already present on the WE, the
observed mass increase is attributed solely to Hg deposition. As a results,
we cannot accurately determine the ratio between these processes based
merely on the frequency shift. Furthermore, the currents associated with
Hg deposition are extremely low due to the low concentrations of Hg.
The current measured during the deposition is dominated by the oxygen
reduction reaction (ORR) from dissolved O, in the electrolyte.

Fig. 4 shows the mass increase during the alloy formation as a
function of potential. The onset potential for the PtHg,4 alloy formation
was determined using the tangent method [25], where linear extrapo-
lation was made of data points where the three harmonics overlap, and
dissipation change is close to 0. Therefore, linear extrapolation between
0.60 — 0.54 V and 0.27 - 0.18 V vs. SHE was made, with the x-axis
intercept of zero mass change taken as the onset potential for PtHg,4 alloy
formation, 0.64 V vs. SHE. More detailed discussion on the tangent
method used is available in the SI.

Notably, the linear fit depicted in Fig. 4 present a slope of 25,000 ng/
cm?h, which closely aligns with the slope derived from the alloy for-
mation process from the CV analysis in section 3.1. and shown in Fig. 2,
which value is 20,000 ng/cm?h. The discrepancy between the two slopes
can be attributed to differences in the roughness of the Pt films used in
CV and EQCM-D, as well as variations in other experimental conditions,
such as continuous cycling vs. slow scanning.

3.4. Determination of onset potential of the PtHg4 alloy oxidation

Similarly to the approach described in section 3.3, we can use the
frequency changes measured through EQCM-D, as shown in Fig. 3, along
with the Sauerbrey equation (Eq. (1)), to calculate the mass of PtHg4
alloy on the crystal sensor. Fig. 5 shows the mass change as a function of
potential during the potential scan ranging from 0.80 — 1.16 V vs. SHE.
By using the tangent method once more and performing a linear

12000

10000

0.8 0.7 0.6 0.5 0.4 0.3 0.2
E [V vs. SHE]

Fig. 4. Mass change as a function of potential during an alloy for-
mationpotential scan from 0.80 — 0.18 V vs. SHE at 0.1 mV/s, for three different
harmonics (f3, f5, and f7) of the WE crystal sensor. Linear extrapolations be-
tween 0.60 — 0.54 V and 0.27 — 0.18 V vs. SHE were made, where the intercept
of zero mass change is taken as the onset potential for the alloy formation, 0.64
V vs. SHE.
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Fig. 5. Mass change as a function of potential, during an alloy oxidation po-
tential scan from 0.80 — 1.16 V vs. SHE at 0.05 mV/s, for three different har-
monics (f3, {5, and f7) of the WE crystal sensor. Using linear extrapolation
between data set ranging from 1.02 — 1.07 V vs. SHE, onset potential of 0.98 V
vs SHE was determined for the oxidation of the alloy.

extrapolation of the data set ranging from 1.02 — 1.07 V vs. SHE, the
onset potential for the oxidation of the PtHg, alloy is determined to be
0.98 V vs. SHE.

3.4. Theoretical calculations of reversible electrode potentials for PtHg,
alloys

Calculations were performed to generate a theoretical value for the
standard electrode potential of PtHg4 formation, for comparison with
the experimental values obtained above. The calculations are based on
nominal concentration of Hg and do not account for potential
complexation with sulphate anions. Given the low mercury concentra-
tions used in our experiments, it can be assumed that Hg,SO4 should be
fully dissolved under these conditions [14,43].

Under a sweep from anodic potentials, PtHg4 may be formed from
divalent mercury ions (Hg>") or mercurous ions (Hg2"):

Pt + 4Hg?*" + 8e =PtHg, (2)

Pt + 2Hg}" + 4e =PtHg, 3

These have the standard electrode potentials (E°, at 1 atm, 25°C, 1 M
and activity 1) [44].

Hg?" + 2e"=Hg,, E = 0.853 (V vs. SHE) 4

Hg?" +2e =2Hg, E = 0.796 (V vs. SHE) )

Accounting for the experimental concentration with the Nernst
equation, we get for the same Hg concentration as in the experiments
(10 mg/L= 5.0-107> M Hg?" or 2.5.107° Hg?*):

AE[Hg*" Hg] = glog[ng*} =-0.127V (6)
AE[Hg" Hg] = glog[Hggﬂ =-0.136V, 7)

so that E[Hg?" Hg] = 0.726 V and E[Hg?",Hg] = 0.660 V vs. SHE. By
setting the potential-dependent Gibbs free energy per Hg for these re-
actions equal,

2(0.726 —E) = 0.660 — E, ®
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and solve for the potential, we get E[Hg?", HgZ"| = 0.793 V vs. SHE for
the equilibrium potential between the different Hg ions. Thus, >0.79 V
vs. SHE, Hg2+ is most stable, <0.66 V vs. SHE metallic Hg is most stable,
and Hg3" is the most stable at potentials between these.

The Gibbs free energy per Hg for PtHg,4 formation (Egs. (2)-(3)) can
be written with the Hg equilibria as:

AG(E) = %

AG[PtHg,] — %AG[Pt] — (AG[Hg)] +2(0.726 — E))(eV) (9)
AG(E) = %AG[PtHg‘J - %AG[Pt] — (AG[Hg) + (0.660 — E))(eV) (10)

Setting the left-hand side of Egs. (9)-(10) to zero and solving for the
reversible potential, we get:

1

E[PtHg,,Hg*'] = 0.726 — §AGPtHg4 (V vs. SHE) an
1

E[PtHg,,Hg3'] = 0.660 — g AGeug, (V vs. SHE), 12)

where AGpyg, = AG[PtHg,] — AG[Pt] — 4AG[Hg,] is the free formation
energy. Using density functional theory, the free formation energy of
PtHg4 from solid Pt and Hg was found to be —0.39 eV, which gives:

E[PtHg,,Hg*'| = 0.775 V vs. SHE 13)
and
E[PtHg,,Hg3'| = 0.758 V vs. SHE (14)

The calculated value of AGpy,, agrees well with —0.35 eV, reported
by Robbins G. and Enke C. 1969 [24]. Guminski C. 1990, however, re-
ported a more exergonic value —0.62 eV, in addition to —0.34 eV for
PtHg, and —0.17 eV for PtHg [23]. By our calculations, we found
AGpug, = —0.13 eV and AGpyg = 0.00 eV. The reason that the values
from Guminski are circa 0.2 eV more favourable to alloy formation than
ours is unclear to us. In Fig. 6, we show the free energy per Hg of all
phases as a function of potential. From cathodic to anodic potentials, the
most stable phase is PtHgs, Hg2', and Hg?", with the equilibrium po-
tentials from Egs. (9)-(10) are marked.

The obtained values for the reversable potential of 0.76 V and 0.78 V
vs. SHE agrees very well with the experimental observed PtHg4 forma-
tion onset of 0.64 V vs. SHE, i.e., overpotentials of 0.12 V and 0.14 V,
respectively, and the observed PtHg4 oxidation onset of 0.98 V vs. SHE,
i.e. an overpotential of 0.20 V and 0.22 V. This suggests that the over-
potential is relatively symmetric (equally large) for the forward and
backward reactions of PtHg4 formation and oxidation, considering
experimental errors and reference electrode potential accuracy.

4. Conclusion

The formation of the PtHgy alloy, from metallic Pt and Hg ions in
solution is a non-spontaneous process. The determined onset potential of
0.64 V vs. SHE suggests that the process takes place close to the ther-
modynamic limit, which DFT calculations determine to be 0.76 V and
0.78 vs. SHE, at a Hg concentration of 10 mg/L in the form of Hg2* and
Hg?*, respectively. The initial alloy formation proceeds without visible
traces of metallic Hg; however, when the alloy coverage on the electrode
surface is sufficiently high, the formation of metallic Hg on the surface is
observed. The PtHg4 alloy undergoes oxidation and subsequent disso-
lution with an onset potential of 0.98 V vs. SHE. Finding the onset of the
alloy’s dissolution is significant, as it enables the recovery of Hg from the
Pt electrode for safe disposal and allows regeneration and reuse of the
electrode. The regeneration process should be effective and time effi-
cient. However, it is important to avoid excessively high potentials that
could lead to unwanted side reactions and potentially damage the
electrode material. It is critical to determine the onset potentials for the
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Fig. 6. Phase diagram for Hg at a concentration of 10 mg/L in the presence of
metallic Pt. Phase transitions between Hg ions and PtHg, are marked with
dashed vertical lines.

formation and dissolution of the PtHg4 alloy, as this knowledge is
essential for improving the Hg removal technique, ensuring its effec-
tiveness, energy efficiency, and practical applicability.
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