
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

10
:1

8:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Acoustic cavitatio
Department of Chemistry, Physical and The

of Oxford, South Parks Road, Oxford OX

chem.ox.ac.uk

† Electronic supplementary information
spike analysis and particle characterisatio

Cite this: Chem. Sci., 2020, 11, 556

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 19th September 2019
Accepted 22nd November 2019

DOI: 10.1039/c9sc04743c

rsc.li/chemical-science

556 | Chem. Sci., 2020, 11, 556–560
n generates molecular mercury(II)
hydroxide, Hg(OH)2, from biphasic water/mercury
mixtures†

Minjun Yang, Bertold Rasche and Richard G. Compton *

Emulsification of elemental mercury in aqueous solution in the form of grey particles occurs upon

exposure to intense sound fields. We show the concomitant formation of molecular Hg(OH)2 in the

solution phase reaching a saturation limit of 0.24 mM at 25 �C. The formation of Hg(OH)2 is consistent

with the ‘hot spot’ model which suggests the formation of OHc as a result of acoustic cavitation; such

radicals are proposed to combine with Hg to form the Hg(OH)2 species here characterised using

voltammetry.
Introduction

‘Acoustic cavitation’, the formation and collapse of bubbles
suspended in a liquid can occur on exposure to intense sound
elds with frequencies ranging from audible sound to ultra-
sound.1–3 When the bubbles collapse during the cavitation cycle
photons are emitted with energies approximately eleven orders
of magnitude higher as compared to the energy density of the
sound eld;4 this phenomenon, known as sonoluminescence,
sparked interest throughout scientic community with over
1000 papers published between 1990 to 2005.5 The bubbles
collapse near adiabatically, generating a ‘hot spot’ in which the
temperature can reach 1000–10 000 K with a pressure >107 N
m�2.5–8 Under these extreme conditions water molecules pyro-
lytically cleave to Hc and OHc.9–11

Separate studies report OHc radicals, generated via photol-
ysis of nitrate ormethyl nitrite, can react with atomicmercury in
both gaseous12 and aqueous13 phases as inferred indirectly from
kinetic data with the possible formation of HgOHc and/or
Hg(OH)2 suggested. Direct spectroscopic or other evidence for
Hg(OH)2 is sparse; an infra-red spectrum of Hg(OH)2 deposited
on solid neon and argon at 5 K has been reported14 and is
thought might play a role in the transport of inorganic mercury
through lipid bilayer membranes.15,16

Metallic mercury at room temperature is immiscible with
water. However, within tens of seconds of exposure to ultra-
sound sonication, a grey ‘cloud’ of particles is seen emanating
from the mercury–water interface into the aqueous phase.17–20

The particles in the resulting mercury emulsion sediment
oretical Chemistry Laboratory, University

1 3QZ, UK. E-mail: Richard.Compton@

(ESI) available: Experimental scheme,
n. See DOI: 10.1039/c9sc04743c
within hours but do not re-merge with the bulk metallic
mercury. Herein, we investigate the redox behaviour of the
insonated mercury–water system, so as to generate OHc via
acoustic cavitation, and the possibility of Hg(OH)2 formation. In
particular electrochemical methods evidence Hg(OH)2 in the
solution phase which gives a voltammetric signature distinct
from Hg2+ or Hg2

2+.
Experimental
Chemicals

All chemicals used were of analytical grade and were purchased
from Sigma-Aldrich (U.K) with the exception of metallic
mercury purchased from Elgar Phosphors & Chemicals Ltd
(U.K). All chemicals were used without further purication.
Aqueous solutions were made using ultrapure water (Millipore,
resistivity of 18.2 MU cm at 25 �C). The saturated solution of
Hg(OH)2(aq) at 0.24 mM was made by stirring solution con-
taining the equivalent amounts of HgO(s) in 0.1 M KNO3 at an
elevated temperature of 70 �C for 2 hours.21
Electrochemical cell

The electrochemical cell consists of three electrodes; a carbon
microdisc working electrode (diameter ¼ 7 mm, IJ Cambria
Scientic Ltd, UK), a saturated mercury sulphate reference
electrode MSE (ALS, Japan) and a carbon rod counter electrode.
The electrochemical experiments were conducted with
a computer controlled potentiostat (Bio-Logic SP200, France).
The working electrode was cleaned aer each experiment using
alumina slurries of decreasing particle sizes: 1.0, 0.3 and 0.05
mm (Buehler, LakeBluff, IL, USA). All electrochemical experi-
ments were thermostated at 25 �C.
This journal is © The Royal Society of Chemistry 2020
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Mercury emulsion and supernatant separation

The ultra-sound sonication of 1 mL of metallic mercury in
100 mL of aqueous 0.1 M KNO3 was conducted in a SW1H
Clion ultrasonic water bath (37 kHz, Nickel-Electro Ltd, UK).
During sonication, a ‘cloud’ of grey particles is seen emanating
from the mercury–water interface into the aqueous phase. The
grey emulsion (termed a “mercury emulsion” in this article)
was collected at sonication times of 5, 10, 15, 25, 40 and 60
minutes for electrochemical analysis. The grey particles were
separated from the mercury emulsion via centrifugation
(Eppendorf® Centrifuge 5702, Hamburg, Germany) at
4000 rpm for 5 minutes; the clear supernatant was then
separated from the sedimented grey particles for further
electrochemical analysis. An experimental scheme is provided
in the ESI.†
Results and discussion

A 0.1 M KNO3 aqueous solution containing metallic Mercury
was sonicated for times of 5, 10, 15, 25, 40 and 60 minutes and
the resulting mercury emulsion was collected. Fig. 1 shows the
resulting cyclic voltammogram (CV) recorded with a carbon
micro-disc electrode. The voltammograms were swept reduc-
tively from an initial potential of +0.5 V vs. MSE with reversal
from �0.6 V. No faradaic current was observed for 5 minutes of
sonication time although emulsication occurred within tens of
seconds. Aer a sonication time of 10 minutes or longer,
a quasi-steady state cathodic current with a half-wave potential
around �0.26 V vs. MSE can be seen, and approaches �0.9 nA
aer prolonged sonication times. The steady state cathodic
current signals reduction of a solution phase species. During
the reverse sweep, a near-symmetric “stripping” peak is
observed at +0.05 V vs.MSE and the peak height evolves over 60
minutes of sonication time. Furthermore, at higher oxidative
over-potentials ‘spike-like’ voltammetric behaviour sporadically
occurs. Those oxidative signals, the stripping peak and the
Fig. 1 Cyclic voltammograms of the grey mercury emulsions gener-
ated by ultra-sound sonication of an aqueous solution containing
0.1 M KNO3 and metallic mercury for 5, 10, 15, 25, 40 and 60 minutes.
The voltammograms were recorded on a carbon micro-disk electrode
(diameter ¼ 7 mm) at a scan rate of 20 mV s�1.

This journal is © The Royal Society of Chemistry 2020
‘spikes-like’ events, are only seen during the reverse sweep
suggesting oxidation of reduction product(s).

Next, a series of double-step chronoamperometry experi-
ments were conducted; rst, the potential was stepped to
a negative potential of either �0.8, �0.4, �0.2, or 0.0 V vs. MSE
for 30 s followed by a second potential step to a oxidative
potential of +0.5 V for another 30 s. Fig. 2 plots the current–time
transient recorded during the second potential step. As can be
seen, both the magnitude and frequency of the oxidative
‘spikes’ increases with the magnitude of the applied negative
over-potential (see ESI† for spike analysis). Note the electrode
was polished in between experiments to produce a fresh
surface.

In a next step, the emulsion particles were successfully
separated from the mercury emulsion via centrifugation and
both the supernatant and the particles were collected for anal-
ysis. The particles were characterised by X-ray diffraction
showing broad peaks consistent with liquid mercury22–24 and
amorphous HgO(am), see ESI Section 2.† The amorphous
HgO(am) is likely present as shells surrounding Hg droplets
resulting in the matt grey, non-metallic particle appearance. To
the best of our knowledge this is the rst XRD study of an Hg
emulsion and the rst to show that it consists of Hg and
amorphous HgO(am).

Fig. 3 shows the cyclic voltammograms of the supernatant
solutions separated from the mercury emulsions prepared with
different exposure times to sonication. Similar to the case of the
mercury emulsion, presented in Fig. 1, a quasi-steady state
cathodic current is seen and with a magnitude approaches to
�0.8 nA; a subsequent oxidation peak can again be seen at
+0.05 V. Thus, this evidences a soluble mercury(I) or mercury(II)
complex present in the solution phase aer tens of minutes of
sonication and this is independent of the presence of the grey
Fig. 2 Chronoamperogram of the mercury emulsion with sonication
time of 60 minutes. The potential step was first stepped to �0.8 V
(blue), �0.4 V (green), �0.2 V (red) or 0.0 V (black) for 30 s then
immediately to +0.5 V for 30 s. Note the graph shows the current–
time transient during the second potential step.

Chem. Sci., 2020, 11, 556–560 | 557
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Fig. 3 Cyclic voltammograms of the supernatant separated from the
mercury emulsion after sonication. The supernatant solution was
obtained by centrifuging mercury emulsions at 4000 rpm for 5
minutes. The voltammetric experimental conditions are the same as
Fig. 1. Inlay shows an examples of a small spikes (*).
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particles which result from emulsication. The near symmetric
oxidation peak at +0.05 V is attributed to the oxidation of Hg0 at
the electrode surface. Small oxidative spikes are seen and occur
less frequently compared to the CV obtained in the mercury
emulsion (Fig. 1).

Fig. 4 shows the voltammograms of a ‘transfer’ experiment
where a reductive sweep (black line) was rst conducted in the
supernatant. The electrode was then rinsed with deionised
water and subsequent transferred to a 0.1 M KNO3 only elec-
trolyte solution for “oxidative stripping” (red line). Both the
stripping peak (Epeak at +0.05 V vs. MSE) and the ‘spike’ events
Fig. 4 Transfer experiment conducted with the supernatant separated
from a mercury emulsion after 60 minutes of sonication. Black line
shows the reductive linear sweep voltammetry (LSV) recorded in the
supernatant. Subsequently, the electrode was rinse with deionised
water and transferred to solution of 0.1 M KNO3 for oxidative sweep,
shown as red line. Scan rate was 20 mV s�1.

558 | Chem. Sci., 2020, 11, 556–560
are seen, suggesting both of the oxidation processes resulted
from surface bound reduction products.

The physical origin of the spikes can be deduced from the
above observations. First, the presence of mercury particles
(Hg@HgO core–shell) in solution do not lead to direct oxidative
spikes unless a negative over-potential is rst applied (Fig. 2).
Second, spikes are seen during the re-oxidation sweep in 0.1 M
KNO3 electrolyte (transfer experiment, Fig. 4). Thus, the ‘spike-
like’ events are likely due to incomplete oxidation of surface-
bound bulk mercury, resulting from the loss of small mercury
droplets either into the solution phase, and/or as remnants on
the electrode surface. These lead to sporadically occurring
oxidation spikes as the droplets re-encounter the electrode or
newly make electrical contact. As such these spikes are different
in some respects to those seen in ‘Faradaic impact electro-
chemistry’ notably where nanomaterials are electrolysed.25,26

Furthermore, the size and frequency of the occurring spikes in
CVs recorded in the Hg@HgO core–shell particles containing
emulsion solutions (Fig. 1) are higher than that seen in the
supernatant solutions (Fig. 3), obtained under the same vol-
tammetric conditions. A likely explanation is that the thin
amphorous HgO shell layers surrounding the Hg@HgO core–
shell particles are reduced during the cyclic voltammetry,
contributing their reservoir of core mercury to form more
surface-bound mercury at the electrode surface.

It is evident that, a mercury(I) or mercury(II) complex soluble
in the solution phase, aer exposure to ultrasound, is electro-
chemically visible. The identity of this species is next consid-
ered. Plausible sono-chemical reactions include rst hydroxyl
radicals OHc – formed via cavitation – reacting directly with Hg0

to form soluble Hg(OH)2(aq) via eqn (1)–(3)

Hg0 + OHc / HgOHc (1)

HgOHc + OHc / Hg(OH)2 (2)

HgOHc + O2 + H2O / Hg(OH)2 + H+ + O�
2 (3)

and/or second, oxidation of elemental mercury Hg0, via electron
transfer, by radical derived oxidants [Ox] to form Hg2

2+(aq) or
Hg2+(aq) ions

Hg
����!½Ox� 1

2
Hg2

2þ
����!½Ox�

Hg2þ (4)

where Ox might be OHc, H2O2 or HOOc etc. Accordingly, we next
compare and contrast the redox behaviour of the supernatant
with solutions containing different mercury(I) or mercury(II)
complexes. A solution of Hg(OH)2 is thought to be obtained by
dissolution of solid mercury(II) oxide

HgO(s) + H2O(l) # Hg(OH)2(aq) (5)

The limit of dissolution of solid HgO in water at 298 K is
0.052 g dm�3 which corresponds to a saturation limit of
0.24 mM Hg(OH)2.21 Hg(OH)2(aq) is known not to dissociate to
Hg2+ and OH�.27

Fig. 5 shows four cyclic voltammograms obtained with the
supernatant and three other mercury species; overlaid in the
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Cyclic voltammograms various mercury(I) or mercury(II) ion
containing 0.1 M KNO3 solutions. Black line – supernatant obtained
after 60 minutes of sonication; red line –saturated solution of
Hg(OH)2(aq) obtained via dissolution of 0.24 mM HgO; blue line –
0.24 mM Hg(NO3)2; orange line – 0.24 mM Hg2(NO3)2. The grey
dotted line indicates the half-wave potential at �0.28 V. Inlay shows
examples of small spikes (*).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

10
:1

8:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
top-half are: supernatant obtain aer 60 minutes of sonication,
saturated concentration of 0.24 mM Hg(OH)2 obtained via
dissolution of HgO; overlaid in the bottom-half are 0.24 mM of
Hg2(NO3)2 and Hg(NO3)2. In all cases, the potential was swept
reductively from +0.6 V to �0.6 V vs. MSE. For the supernatant
solution, obtained aer 60 minutes of insonation, a quasi-
steady state cathodic current is seen approaching to �0.8 nA
as mentioned above. Similarly, the steady state cathodic current
for the saturated solution of Hg(OH)2, obtained by dissolution
of HgO, approaches to �0.9 nA with a half-wave reduction
potential seen around �0.28 V vs. MSE (indicated by the grey
dotted line). In comparison, the voltammometric signal for
Hg2

2+(aq) and Hg2+(aq) – at equal concentration of 0.24 mM –

are distinctively different to that seen for Hg(OH)2; rst, the
cathodic steady state current approaches to �0.6 nA and
second, a hysteresis/cross-over in current are seen in the vol-
tammograms of Hg2

2+ and Hg2+. It is likely that deposition of
This journal is © The Royal Society of Chemistry 2020
mercury on a carbon surface changes both the electrode kinetic
and surface morphology during the voltammetric sweep and
thus leading to the reduction of Hg2

2+ and Hg2+ ions at higher
oxidation potential on the reverse sweep. Similar behaviour was
seen on a Pt electrode (see ESI†).

It is evident that, insonation of a mercury–water system
generates soluble Hg(OH)2 which is visible voltammetrically.
The electrode kinetics of Hg(OH)2 is irreversible with a cathodic
transfer coefficient around 0.5. Moreover, the magnitude of the
steady state current Iss recorded on a micro-disk electrode is
directly proportional to the concentration (C) and diffusion
coefficient (D) of the analyte

Iss ¼ 4nFDCr (6)

where n is the number of electrons transferred, F is the Faraday
constant and r is radius of the micro-disc electrode. Thus,
a diffusion coefficient of Hg(OH)2, 1.4 � 10�9 m2 s�1, in
aqueous solution at 298 K can be deduced from the saturated
Hg(OH)2 solution, obtained via dissolution of HgO, with
a known concentration of 0.24 mM.

Conclusions

Insonation of mercury/water system leads to grey emulsions in
which the particles have been characterised as Hg@HgO core–
shell structures. Further, a molecular mercury species in the
solution phase – aer insonation of mercury–water system – is
voltammetrically visible and characterised as that of Hg(OH)2,
a possible intermediate in the sonochemical formation of HgO.
The voltammetric signatures of Hg(OH)2 are distinctively different
to the freely solvated Hg2

2+ and Hg2+ ions, with noticeably
different half-wave potentials and an absence of hysteresis in the
current during the reverse sweep. The formation of molecular
Hg(OH)2 is consistent with the ‘hot spot’ model in which gener-
ation of OHc via cavitation leading to concomitant reactions with
elemental mercury to form Hg(OH)2. Moreover, the cathodic
steady state current of �0.8 nA recorded with the supernatant,
obtained aer 60 minutes of insonation, suggest a concentration
approaching the saturation limit of 0.24 mM at 298 K.
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