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Although liquid mercury (Hg) has been known since antiquity, the formation of stable solid nano forms of Hg
at room temperature has not been reported so far. Here, for the first time, we report a simple sonochemical
route to obtain solid mercury nanoparticles, stabilized by reduced graphene oxide at ambient conditions.
The as-formed solid Hg nanoparticles were found to exhibit remarkable rhombohedral morphology and
crystallinity at room temperature. Extensive characterization using various physicochemical techniques
revealed the unique properties of the solid nanoparticles of Hg compared to its bulk liquid metal phase.
Furthermore, the solid nature of the Hg nanoparticles was studied electrochemically, revealing distinctive
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Introduction

Mercury is one of the few metal elements in nature that exist as
liquids under ambient conditions, challenging material scien-
tists to explore Hg nanoparticles (NPs).! Nanoparticles usually
have different properties from the bulk material and often lead
to significant technological applications.”® Previously, there
were a few reports on the synthesis of colloidal amalgams of
silver and gold nanoparticles, which revealed the UV-absorption
spectrum of nano-mercury and is responsible for the theoreti-
cally calculated surface-plasmon absorption in colloids.”™*®
Although nano-mercury colloids have been synthesized using
laser irradiation and chemical reductions methods, stable
nano-forms of mercury were not observed in these studies.
Radhakrishnan et al. reported the fabrication of stable mercury
nanodrops by in situ reduction of Hg-ions inside a polymer
film."™ However, the stabilized nanodrops did not show any
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fields of electroanalytical chemistry and electrocatalysis.

nanocrystalline characteristics under ambient conditions,
unless frozen to —120 °C." Previously, we reported the forma-
tion of core-shell particles of mercury by thermolysis of
dimethyl mercury in which liquid mercury drops were encap-
sulated in a carbon shells using a RAPET (Reaction under
Autogenic Pressure at Elevated Temperatures) synthesis.'
However, these studies were limited to micro-level mercury
core-shell particles and the mercury did not solidify. The large
surface area and absence of counteractive repulsive forces
between any two metal nanoparticles always leads to coales-
cence that minimizes the surface energy, thermodynamically
favouring a bulk phase. Nanoparticles can be stabilized by
either electrostatic or steric stabilization using capping
agents.”* Graphene-based nanocomposites have been
synthesized for various potential applications, due to their
remarkable properties such as high thermal and electrical
conductivity, high surface area and inertness. In addition, they
can serve as nucleation sites for nanoparticle growth and serve
as substrates for depositing metal nanoparticles.*®'® Thus,
grafting of nanomaterials onto graphene sheets can reduce
agglomeration without affecting the inherent properties of the
metal nanoparticles."® It should be also noted that extensive
research on the sonochemistry of low-melting-point metals has
been conducted in our laboratory.'”*®

Here, for the first time, we report a facile synthetic route that
forms highly stable crystalline mercury nanoparticles supported
on solid carbon supports such as reduced graphene oxide
(RGO), graphene, graphite oxide, graphite, etc., using ultra-
sonication under ambient conditions. Unlike previous reports
on the synthesis of nanoparticles,''* we utilized liquid mercury

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as the starting material thereby avoiding the use of reducing
agents for the formation of mercury metal nanoparticles.
Similarly, no molecular linkers were used to bridge between the
Hg nanoparticles and the graphene matrices. The Hg nano-
particles supported by RGO were characterized by various
physicochemical techniques. Due to their remarkable sensi-
tivity and selectivity, liquid Hg and its amalgams have been
extensively used in the fields of basic and applied electro-
chemistry.”* To understand the electrochemical behaviour of
solid mercury nanoparticles, we performed comparative elec-
trochemical measurements with liquid Hg electrodes using
ferro/ferricyanide ([Fe(CN)s]*~/>7) couple as a red-ox probe.?
Similarly, possible electrocatalytic activity of the composite
structures containing Hg solid nanoparticles was explored
using the hydrogen evolution reaction (HER) as a probe.** As the
surface of mercury electrodes usually impedes HER, it was
interesting to explore to what extent the solid structure changes
the behaviour of mercury nanoparticles towards HER.

This paper provides several proofs and an explanation for the
new finding, namely, apparently stable solid state mercury
particles at ambient conditions, based on a comprehensive
analytical work. The preliminary characterization of their
unique electrochemical properties presented herein, promotes
further intensive studies on the practical/analytical conse-
quences of this discovery.

Experimental
Materials

Analytical high pure grade chemicals, namely, mercury (Hg,
99.9%), potassium hexacyanoferrate(u) trihydrate (K,[Fe(CN)g]-
3H,0, =99.0%), potassium hexacyanoferrate(m) (Ks[Fe(CN)s],
=99.0%), potassium chloride (KCl, 99.9%), zinc nitrate hexa-
hydrate (ZnNO3),-6H,0 =99.0%, 20 wt% Nafion solution, conc.
sulphuric acid (H,SO4, 98.0%), sodium nitrate (Na(NOs),
=99.9%), hydrogen peroxide (H,O,, 30% (w/w) in H,0), and
hydrogen chloride (HCl, 99.99%) were received from Sigma
Aldrich™ and used without further purification. In addition,
Graphite KS-25 (LONZA), potassium permanganate (KMnO,,
=99.9%) (Bio-Lab. Ltd.,) and double distilled (DD) water
prepared in the laboratory was used.

Synthesis of RGO

Reduced graphene oxide (RGO) used for the synthesis of solid
Hg nanoparticles in this paper was prepared by the following
two stages as shown in Scheme S1.1 In the initial stage, graphite
oxide (GO) was synthesized from graphite by the well-known
modified Hummers method.” For the synthesis, 92 ml of
H,S0, (98 wt%) was transferred into a 500 ml conical flask and
placed in an ice bath. 2 g of graphite powder and 2 g of NaNO;
were then added. The conical flask was then removed from ice
bath and naturally allowed to reach room temperature. 6 g of
KMnO, was then slowly added to the mixture and continuously
stirred for 2 h at room temperature. To the above mixture, 92 ml
of DD water followed by 9 ml of H,O, was added carefully. The
formed yellow product of graphite oxide (GO) was separated by
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filtration and washed with 5% HCI and DD water to remove
impurities. The solid GO obtained after drying in a vacuum
oven at 60 °C for 24 h was subjected to thermal exfoliation in the
later stage by keeping it in a preheated furnace at 450 °C
temperature under ambient conditions.**** We can observe
about a tenfold increase in volume of the sample within a few
seconds, indicating the formation of thermally exfoliated
reduced graphene. The formed RGO was removed from the oven
and used as is for the further synthesis of solid Hg nano-
particles. The formation of RGO was confirmed by XRD, FTIR,
ESEM, XPS and Raman spectroscopy as shown in Fig. S11-513,
S19 and S20,7 respectively.

Fabrication of Hg solid nanoparticles

To prepare the stable solid Hg nanoparticles at ambient
conditions, metallic liquid Hg and RGO were taken in weight
ratio of 3 : 1, respectively. In the typical synthesis, 75 mg of
liquid mercury was placed in a clean beaker to which a well
dispersed 15 ml aqueous solution containing 25 mg of RGO was
added. The above mixture was sonicated for 1 h in a water bath.
A black precipitate of Hg nanoparticles stabilized by RGO was
obtained at the end of the sonochemical reaction with complete
disappearance of the liquid mercury. The obtained black solid
product was washed with DD water followed by ethanol and
dried in a desiccator under vacuum at room temperature and
was further investigated using different physicochemical char-
acterization techniques.

Characterization techniques

Ultrasonic transducer model no. 51-05-290, Ultrasonic Power
Corporation, Free Port, Illinois was operated using an ampli-
tude of 36%. The X-ray diffraction (XRD) of all the samples was
examined using Bruker Inc. (Germany) AXS D8 ADVANCE
diffractometer (reflection q—q geometry, 40 kV and 30 mA using
a Cu Ko (A = 1.5418 A) radiation source, receiving slit of 0.2 mm,
and a high-resolution energy-dispersive detector). The
morphology of the samples was characterized by high-
resolution scanning electron microscopy (HRSEM) with an FEI
Megallen 400 L microscope, environmental scanning electron
microscopy (ESEM) with INSPECT-FEI microscope. The
elemental composition of the samples was examined by EDAX
supported in the ESEM and HRSEM. Elemental analysis of the
synthesized HgNPs (two different batches) were carried out
using the ICP technique (ICP-AES, spectrometer Ultima-2 from
Jobin Yvon Horiba). Images of RGO and Hg nanoparticles
distributed and incorporated into RGO were measured using
high-resolution transmission electron microscopy (HRTEM)
JEOL 2100 microscope at an acceleration voltage of 200 kV. The
aberration corrected scanning transmission electron micros-
copy (AC-STEM) Z-contrast imaging using high-angled annular
dark field (HAADF) detector is performed in FEI Titan G2 80-
200 kv ChemiSTEM operating at 80 kV. The high-resolution
TEM imaging was performed at 60 kV using gun mono-
chromated electron beam in a Titan Themis 60-300 kV TEM/
STEM microscope. STEM elemental mapping was performed
using Super-X EDX system. EELS measurements were carried
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out using Gatan Energy Filter Quantum. Optical absorption
studies were carried out using Ultraviolet-visible (UV-Vis) model
Cary Bio100 spectrophotometer with the integration sphere
(varian), operated by Lab Sphere software. Differential scanning
calorimetry (DSC) measurements were performed using
NETZSCH instrument model 200 F3-MAIA using liquid nitrogen
as a cooling system. XANES spectra of Hg-based samples were
measured in transmission mode at 20-BM beamline of
Advanced Photon Source (APS). The liquid Hg XANES was
measured in fluorescence using the single element Canberra
under grazing angle conditions on a liquid mercury surface
under reducing atmosphere (He/3.5% H,) at 20-ID beamline of
APS. Electrochemical studies were carried out using a Solartron
model SI-1287 electrochemical interface and a 1255 HF
frequency response analyser and Autolab PGSTAT302N
(AUT83352) electrochemical workstation with conventional
three-electrode cells in Swagelok systems (as shown in Fig. S27).
Saturated Ag/AgCl in KCl and Pt foil and graphite rod electrodes
were used as reference and counter-electrodes, respectively.

Calculations of ab initio density functional theory

The total energies calculations are performed using ab initio
density functional theory within numerical atomic basis set as
implemented in the SIESTA package.”” The valence and core
electrons are represented within pseudopotential approxima-
tion and norm-conserving pseudopotentials*® were used which
were obtained from PseudoDojo.*” The exchange-correlation
energy of the electrons is approximated by the PBE functional
within the generalized gradient approximation and van-der
Waals (vdW) interactions are included within the DFT-D2
method of Grimme.** The change density cut off of 300 Ry
and double-¢ and single polarization function (DZP) basis
functions of the electron were used. The atomic relaxation was
carried out using the conjugate gradient (CG) method until the
forces on each atom and the total energy are less than 0.04 eV
A~'and <107 eV, respectively. To study the interaction between
the Hg-particle and graphene sheet, we have considered 32 and
122 atoms of Hg-particle on top of 7 x 4 x 1 (112 atoms of C)
and 10 x 6 x 1 (240 atoms of C) rectangular supercell of the
graphene (Cg) structure (as shown in Fig. 3 and S87). To avoid
self-interaction from periodic images of the structure, a vacuum
of 15 A is applied to the simulation system. The Brillion zone
was sampled with 3 x 3 x 1 and single points I'-centered
Monkhorst-Pack k-grid** for structure consist of 32 atoms of Hg
particles and graphene comprised of 112 atoms of C
(32Hg+112Cg) and 122 atoms of Hg particle and graphene sheet
constitute of 240 atoms of C. To model RGO, 12 oxygen and 3
hydrogen atoms were added to the graphene sheets comprised
of 240 atoms of C: 9 epoxy and 3 OH groups per 240 carbon
atoms.

Electrochemical studies

Electrode fabrication. Glassy carbon (GC) electrodes were
made of glassy carbon rods (diameter of 3 mm), polished
carefully with 0.3 and 0.05 um alumina particles on polishing
cloth, then cleaned with a mixture of ethanol and water under
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mild sonication. For the fabrication of modified GC electrodes
with RGO (neat), Hg, solid HgNPs, RGO (neat) or solid HgNPs
were mixed with 10 wt% activated carbon dispersed in 1 pl of
Nafion containing 10 ml of isopropanol under sonication. A 10
ul solution was drop casted on a cleaned GC electrode and
subsequently dried at room temperature for 30 min. For Hg/GC
electrodes, liquid Hg drops were placed on GC electrodes. The
redox couple of Fe(u)/Fe(m) was prepared by mixing 1 ml of
10 mM K,[Fe(CN)g], 1 ml of 10 mM K;[Fe(CN)¢] and 8 ml of 1 M
KCl. For deposition and dissolution of Zn, a 10 mM Zn(NOj3),
solution containing 1 M KCI was used.

A three-electrode cell configuration (Swagelok configuration,
Fig. 3c and Scheme S2at) was used for the electrochemical
characterization (CV, EIS) including the GCE, RGO/GCE, Hg/
GCE, and HgNPs/GCE working electrodes, Ag/AgCl/KCl and Pt
foil served as reference and counter electrodes, respectively in
the aqueous solutions containing [Fe(CN)]* /*~ red-ox moieties
(or) Zn(NOj3), solution. The voltammograms of the four working
electrodes were recorded at different scan rates from 5 to
100 mV s~ " within the potential window —0.1 to 0.5 V vs. Ag/
AgCl, as shown Fig. S14-S17.1 These peak current values are
measured by extrapolation of the baselines of anodic and
cathodic peaks (see Fig. S217) for the calculation of diffusion
coefficient.§ For all four electrodes, the electrochemical
impedance spectra (EIS) were measured under similar condi-
tions (cells, solutions, equilibrium at OCV) in the frequency
range 1000 kHz to 0.01 Hz with 5 mV amplitude in the aqueous
solutions containing [Fe(CN)e]* ">~ red-ox moieties.

All of the electrochemical measurements (LSV) for hydrogen
evolution are carried out in acidic medium of 0.5 M H,SO, on
bare GC, liquid Hg, RGO and HgNPs in conventional three-
electrode cell (shown in Fig. 4d, Scheme S2b and Videos S4-
$8t1) under ambient conditions at a scan rate of 10 mV s~ vs.
Ag/AgCl. Here, saturated Ag/AgCl electrode and graphite rod are
used as reference and counter-electrodes, respectively. The
electrolyte of electrochemical cell was purged with N, gas for
15 min to remove dissolved air and all the studies are carried
out under air-conditioned room temperatures of 22 + 2 °C (as
shown in Video S4+t). The recorded video of HER reaction for all
the electrodes are given in supplementary information (Videos
S4-S8).t All the potentials are referred to the reference hydrogen
electrode (RHE) potential, by an appropriate translation of the
potentials actually measured vs. Ag/AgCl RE.q

Handling Hg during the experimentation

Throughout the study, extra precautionary measures were taken
during handling of Hg and HgNPs. All the synthetic procedures
and heating experiments were carried out in a fume hood.

Results and discussion

Molten metals that undergo sonication in liquid media experi-
ence pronounced shear forces after the collapse of the cavita-
tion bubbles, that rapidly disperse the liquid metal drops into
small spheres, resulting in the formation of micro or nano-
spheres.'”*® For metals such as Ga, In, Pb, Bi, Sn and Zn, the as-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formed microspheres do not coalesce to give bulk metal, even
under temperatures much higher than its melting point.
Instead, nano-micro solid particles precipitate at these high
temperatures. This is due to the presence of a carbon layer that
coats the spheres as a result of the reaction of metal with the
non-aqueous liquid (such as dodecane, ethylene glycol, etc.,)
under the extreme local conditions of pressure and temperature
that develop during the short time of the bubbles collapse. In
the case of liquid Hg, we observed that after sonication in water
for a long time, tiny spheres ultimately recombine to give bulk
liquid Hg once the sonication is stopped (Scheme S3a and Video
S1f). On the other hand, sonication in the presence of non-
aqueous solvents such as hexane and dodecane results in the
formation of mercury microspheres at the end of reaction
(Scheme S3b and Video S2t). The microspheres were around 10
to 50 um in size and the reason they do not coalesce was that the
spheres were separated from each other by layers of carbon
which coat the liquid Hg spheres (core-shell structure), as
shown in Fig. S1 and S2.f The possibility of in situ carbon
coating that restrict recombination of micro and even nano
droplets of mercury was inspiring, leading to the work reported
herein, in which the precursors for carbon coating were gra-
phene moieties. In order to increase possible interactions
between micro/nano droplets of mercury and graphene,
reduced graphene oxide (RGO) sheets were used.

We discovered that sonicating mercury in an aqueous
medium containing RGO sheets forms solid mercury nano-
particles (HgNPs) as displayed in Scheme 1a. It is well known
that sonication is one of the most effective synthetic routes for
the formation of nanosized crystalline materials by breaking
chemical bonds and for depositing metals, metal oxides onto
various substrates.**** A possible mechanism for HgNPs
formation consisting of the stages is shown in Scheme 1b
(further substantiated below). In the initial stage, liquid Hg
metal in an aqueous medium containing RGO sheets undergoes
fine dispersion upon ultra-sonication during which the silvery
liquid metal is emulsified and surrounded by layers of RGO. In
the later stage, shockwaves and micro-jets generated after the
collapse of the acoustic bubble induce structural changes in the
nanoscale dispersions of Hg, forming solid crystals through
a process known as sonocrystallization.*****¢ Suslick argues that
sonication generally yields small crystals with a narrower size
distribution than conventional crystallization.**** Following
this step, the micro-jets move at a very high speed towards the
solid RGO, “throwing” the crystalline solid mercury nano-
particles onto the RGO sheets, thereby embedding the solid
particles in RGO. The solid nano-Hg particles thus formed are
adsorbed onto the surface of RGO and a few particles are even
entrapped between the RGO layers and stabilized as shown in
Scheme 1b. Here RGO acts as a 2D solid template and stabilizes
the dispersed solid Hg nanoparticles without aggregation.

Fig. 1a depicts the X-ray diffraction (XRD) patterns of bare
RGO and HgNPs. The XRD pattern of RGO (black-line, (i)) ob-
tained after the reduction of graphene oxide (GO) is confirmed
by (002) reflection at 26 = 23.8°.>*° The red line (ii) corresponds
to diffraction pattern of HgNPs with reflections at 26 = 32.7,
40.3, 53.1, 63.3, 68.5 77.9 and 86.6°, with corresponding planes

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(101), (003), (110) (104), (113), (015), and (211), respectively,
indicative of the rhombohedral crystalline phase of mercury.
The obtained peaks are in agreement with the standard pattern
(PDF No. 01-077-2681) of Hg rhombohedral phase (blue line,
(iii)) with diffraction angels at 26 = 32.6, 40.2, 52.7, 63.3, 68.3,
77.7 and 86.9°. Bulk Hg metal at ambient temperature exists in
the alpha phase (liquid) and so does not provide any diffraction
pattern. However, when Hg metal is frozen to —38 °C, it
undergoes a phase change from alpha to rhombohedral phase
(solid) providing crystalline diffraction patterns.'>'”*” Interest-
ingly, in the present study, we were able to obtain rhombohe-
dral diffraction peaks for Hg nanoparticles entrapped in RGO at
ambient temperature. This provides strong evidence for the
formation of solid Hg nanoparticles (rhombohedral structure)
supported by RGO. The broadness of diffraction peaks obtained
for HgNPs may be due to the small size of the solid mercury
particles as well as their semi-crystalline nature. The
morphology of the HgNPs samples was determined using basic
and advanced microscopy imaging tools. Fig. 1b1 displays
a representative environmental scanning electron microscope
(ESEM) image of HgNPs (circled), visualizing that the nanosized
mercury particles are entrapped and supported on the RGO
sheets. The mercury particles entrapped on the RGO sheets
range from 50-250 nm in size, showing a rhombohedral
morphology (Fig. 1b2). These particles are stable under the
electron beam of the ESEM (HV - 20 keV). In addition, the
quantification and uniform distribution of Hg nanoparticles
among RGO layers was confirmed by elemental mapping and
energy-dispersive X-ray spectroscopy (EDS) supported by high-
resolution scanning electron microscopy (HRSEM) (Fig. S37).
It was confirmed by ICP analysis that the properties of the solid
HgNPs were not affected due to a formation of amalgams with
sodium and potassium (see the ESI file and Fig. S3(i)7).

TEM and HRTEM imaging (Fig. 1c-e) are fully in line with
the above description (concluded by HRSEM). Fig. 1d shows
a high-magnification image of one edge of a Hg nanoparticle
entrapped in RGO; the 115.9° angle indicating a rhombohedral
shape. Crystalline Hg particles are clearly resolved in Fig. 1e,
representing (101) and (003) planes with a d-spacing of 2.74 and
2.24 A, respectively, and the corresponding Fourier-filtered
transform (FFT) is shown in the inset. In Fig. le, the angle
between (101) and (003) plane is 115.1°, which is very close to
the angle calculated near the edge of the Hg particles. These
results are in a good agreement with the obtained XRD patterns
of HgNPs showing a rhombohedral phase. Further morpho-
logical studies were carried out using AC-HAADF-STEM Z-
contrast imaging, STEM elemental mapping and electron
energy-loss spectra (EELS), as presented and discussed in
Fig. S4-S6.F

All of these structural and morphological studies by HR
electron microscopy and XRD clearly confirm the solid state of
the HgNPs in contact with RGO sheets and do not fit a possi-
bility of a liquid state (with a droplet, round shape morphology).
According to the literature mercury has four solid phases under
high pressure, such as a, B, vy and 3.*® The a phase (rhombo-
hedral structure) is obtained from the liquid mercury either by
pressurizing above 1.2 GPa at room temperature or cooling it

Chem. Sci., 2021, 12, 3226-3238 | 3229
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below 234 K at atmospheric pressure. The transformation of
B phase (body-centred tetragonal structure) from o phase occurs
only at 3.4 GPa. The other two phases, y-quasi close-packed (16
GPa) and d-hexagonal-close-packed (>37 GPa), only exist under
very high pressure. Thus, it is evident that simple rhombohe-
dral structure favours at low pressures compared to the other
solid phases of mercury. In the current study the formation of
the rhombohedral phase of HgNPs under acoustic pressure in
an aqueous medium is well correlated with the theoretically
calculated pressure® created during the propagation of ultra-
sonic waves in a liquid medium (water) where the pressure is in
the order of 1 GPa, achievable for air nano bubbles collapsing
close to solid surfaces. Thus, from the above explanation, the
possible conclusion that we could draw is that there is high
probability of formation of rhombohedral phase (alpha) at the
acoustic pressures developed during sonication, rather than
other phases, which requires much higher pressures.

To reveal the unique physical properties of the as-formed
HgNPs at room temperature, thermal behaviour studies were
performed by DSC measurements. In all the DSC measure-
ments, the melting and freezing temperatures were considered

3230 | Chem. Sci,, 2021, 12, 3226-3238

[llustrative (a) synthetic procedure and (b) mechanism of formation of solid Hg nanoparticles under sonication.

at the onset of the signals.*” The DSC thermogram shown in
Fig. 2a reveals that, upon heating from room temperature to
400 °C, the as-synthesized sample of HgNPs shows two endo-
thermic peaks. The first endothermic peak is detected at 215 °C
(onset signal started at 155 °C), which may correspond to the
melting of the Hg nanoparticles entrapped in RGO. Another
peak around 313 °C (onset signal started at 257 °C) is observed,
which may correspond to the boiling point of liquid
mercury.'”*” Fig. 2b represents the DSC thermogram with heat-
freeze cycles of a solid HgNP sample. In segment 1 (Fig. 2b,
black curve), samples containing solid HgNPs were heated from
room temperature to 250 °C, which revealed an endothermic
peak around 215 °C. In the process marked as segment 2, upon
cooling from 250 °C to —60 °C (Fig. 2b, red curve), a small
exothermic peak at —40.7 °C was observed, which corresponds
to the crystallization/solidification of the Hg microspheres
formed by the escape of melted Hg nanoparticles from the RGO
moiety in the first heating segment. Later, after cooling the
samples to —60 °C they were reheated to 250 °C in segment 3
(Fig. 2b, blue curve) during which an endothermic peak around
—35.2 °C was observed, corresponding to melting of crystallized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns of a typical RGO sample (black line, i), HgNPs (red line, ii) and standard Hg patterns (PDF No. 01-077-2681) (blue line, iii),

(b) ESEM images of Hg nanoparticles on RGO at different magnifications, (c) TEM image of HgNPs (magnified rhombohedral Hg particle in the
inset), (d) HR-TEM images of HgNPs showing zoomed edge of the particle and (e) HR-TEM image of Hg cluster along with the Fourier-filtered

transform in the inset.

mercury microspheres obtained by the cooling process of
segment 2. The exo- and endo-peaks can be assigned to crys-
tallization and melting of mercury at —40.7 °C and —35.2 °C
respectively and is in agreement with the freezing and melting
temperatures of Hg liquid microspheres formed in organic
solvents, as shown in Fig. S2.1 This thermal analysis provides
further strong evidence for the formation of solid mercury
nanoparticles stabilized by RGO at room temperature. It is
important to note that the size distribution of the HgNPs should
affect the sharpness of the DSC response. The microscopic
measurements seem to show that the size distribution of the
HgNPs reported herein is relatively narrow. Indeed, the DSC
response includes sharp peaks, coherent with a relatively
narrow size distribution.

As additional support to the DSC analysis (Fig. 2a), HgNPs
were heated from room temperature (27 °C) to various higher
temperatures (150, 250 and 350 °C) under ambient conditions.
The heated samples were analyzed using ESEM supported by
elemental mapping and XRD patterns (Fig. 2¢ and d and S77).
Fig. 2c2 shows the microscopic image of HgNPs heated to
150 °C, revealing the formation of a few nano-sphere droplets of
Hg within RGO, along with stable solid HgNPs, indicating the
initiation of melting of HgNPs. On heating the sample to 250 °C,
Fig. 2¢3, bigger spherical micro-droplets of Hg were observed as
a result of melting of the mercury particles are indeed released
from its cage in the RGO, which then coalesce. At that
temperature, the Hg moieties escape from the graphene layers,
as shown in Fig. S7c1-c6.t On further heating to 350 °C, the
disappearance of the Hg microspheres was observed, indicating
their evaporation since that temperature is close to the boiling
point of metallic mercury, Fig. 2c4. In addition, the XRD

© 2021 The Author(s). Published by the Royal Society of Chemistry

patterns obtained from the HgNPs samples heated to various
temperatures provide strong validation of the scenario
described above, which involves melting of the solid Hg nano-
particles. In curve (iii) of Fig. 2d, the appearance of crystalline
peaks at 20 = 41° demonstrates the crystalline nature of the
HgNPs samples, even after heating up to 150 °C. After further
heating to 250 and 350 °C, the characteristic crystalline peaks of
the solid Hg nanoparticles disappear and, simultaneously,
a broad peak starts to appear towards lower 20 = 29°. Therefore,
the thermal study of HgNPs by DSC and XRD, SEM analysis at
different temperatures reveal significant stability of the solid Hg
nanoparticles, even at elevated temperatures up to 150 °C.
Furthermore, the HgNPs are highly stable under ambient
conditions in the laboratory and there is no noticeable change
even after one and a half year time (Fig. S7(e)7).

Synchrotron based X-ray absorption near-edge structure
(XANES) spectroscopy measurements were performed in order
to understand the reason for the existence of the solid nature as
well as the chemical state of the as synthesized HgNPs
dispersed on RGO.*"** Fig. 3a and b shows significant variations
in Hg Ly-edge XANES spectra and the inflection point of
difference (IPD) at their first derivative curves. The inflection
points related to the mercury pre-adsorption edge are less
pronounced for the Hg" species (Hg,Cl,), and more pronounced
for the Hg”" species (HgO, HgCl, and Hg(AC),). None of the
XANES data for the Hg/RGO composites displays the obvious
pre-edge features of the reference standards, indicating the
significant different Hg local structure and bonding chemistry
compared to any of the reference species. The HgNPs spectra
looks more or less similar to elemental liquid Hg®, but with
a slight deviation in the energy shift and more oscillation at the

Chem. Sci., 2021, 12, 3226-3238 | 3231
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Fig.2 DSC thermogram of (a) RGO (i) and HgNPs (ii) heated to 400 °C and (b) DSC curve of HgNPs segment 1, heating from 27 to 250 °C (black
curve), segment 2, cooling from 250 to —60 °C (red curve), segment 3, heating from —60 to 250 °C (blue curve) with temperature scan rate of 5

K min~L. Note that positive values in the ordinate of these charts means

heat flow into the system (i.e. endothermic processes). (c) ESEM images

of HgNPs, heated at 27 °C (c1), 150 °C (c2), 250 °C (c3) and 350 °C (c4), and (d) Powder XRD of RGO (i), HgNPs at 27 °C (i), 150 °C {iii), 250 °C (iv),

and 350 °C (v).

post-edge than liquid Hg®, indicating partial oxidation of Hg
due to charge transfer between RGO and Hg. Such a partial
charge transfer between the Hg and the RGO sheets is clearly
supported by the extended theoretical study (see below). As
shown in Fig. 3b and Table S1,t the magnitude of the IPD for
the HgNPs (8.2 eV) is lower when compared to HgO (13.3 eV)
and other oxidized mercury species, which confirms that during
the sonochemical synthesis there is no formation of HgO in the
aqueous media (more details are provided in the ESIt).

To further examine the atomistic origin of the Hg/RGO
composites stability, ab initio density functional theory calcu-
lations (fully discussed in the ESI{ and Experimental section)
were carried out as summarized in Fig. 3c-e and S8.f We used
models of Hg particles of 122 atoms and RGO sheets consisting
of graphene sheet of 240 C atoms, and 12 oxygen and 3
hydrogen atoms added to the graphene sheets to obtain 9 epoxy
and 3 OH groups per 240 carbon atoms. It was found that 10.95
e (0.042 e per atom (RGO)) is transferred to the RGO from the Hg
particle in the model. The interactions between Hg and RGO

3232 | Chem. Sci., 2021, 12, 3226-3238

composite moieties lead to the stabilization of the system
(relative to isolated Hg and RGO) of —0.22 eV per atom for each
Hg/RGO cluster. The nano-dispersed mercury droplets formed
during the sonication process are compressed onto the RGO
surfaces and undergo electronic interactions with the RGO.
There are obvious electronic interactions with a slight charge
transfer between the mercury (donor) and the graphene
(acceptor), as obtained from the experimental work (XANES)
and the calculations. These ionic interactions give rise to elec-
trical polarization and together with the van der Waals inter-
actions explain the additional stabilization, the solid-state
formation of these HgNPs and explain the relatively high
melting point. The whole synthesis of such moieties should be
facilitated by the nature of sonication: dispersing materials,
forming nano-droplets in solution phase and the cavitation
phenomena that can promote highly energetic, high pressure,
local interactions on the nano-scale. More on the mechanism of
the formation and embedment of the solid HgNPsin RGO and
their stabilization is explained in the ESL{

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The optical properties of HgNPs were identified by
measuring their absorbance using UV-Vis reflectance spec-
trometry. The spectrum (Fig. S9,f curve (i)) displays an
absorption peak at A,.x ~ 284 nm assigned to nanoscale solid
mercury particles, and agrees well with the calculated UV-
absorbance values and the measured plasmon resonance of
Hg.”"* Additional spectral characterizations of bare RGO and
HgNPs samples were performed using FTIR, XPS and Raman
spectroscopies, presented in Fig. S10-S13.t

Electrochemical measurements

The electrochemical behaviour of electrodes comprising HgNPs
were explored for reversible oxidation and reduction reactions,
electrochemical hydrogen reduction, and reversible electro-
deposition, and were compared with bare GC electrodes and
GC electrodes loaded with RGO or liquid mercury (electro-
chemical cell setups shown in Scheme S2+). Fig. 4 describes the

comparative electrochemical response (CV, EIS) of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

electrodes in aqueous solutions containing [Fe(CN)]* >~ red-
ox moieties. The Fe(u)/Fe(ur) red-ox couple serves as a best
electrochemical benchmark probe for characterization of elec-
trodes, due to its close-to-ideal outer sphere reversible behav-
iour. Measuring these electrodes with the appropriate probe
provides qualitative information about heterogeneous electron-
transfer rates, the nature of red-ox behaviour of the electrodes
and their electrochemical interactions with solution species.”***

The cyclic voltammograms (CV) of the four working elec-
trodes (GCE, RGO/GCE, Hg/GCE and HgNPs/GCE) were recor-
ded at various scan rates from 5 to 100 mV s~ within the
potential window —0.1 to 0.5 V vs. Ag/AgCl, as shown in
Fig. S14-517.1 The RGO/GC electrode in Fig. 4a shows excellent
redox behaviour (oxidation peak potential E, = 0.29 V, reduc-
tion peak potential E, = 0.24 V, A[E, — E,] = 0.053 V of the
Fe(i)/Fe(ur) couple compared to the bare GC electrode (A[Ep, —
E, ] = 0.086 V), probably due to their high specific surface area
and fast charge and diffusion kinetics (see data in Tables S2, S3,

Chem. Sci., 2021, 12, 3226-3238 | 3233
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on electrodes (GC, RGO/GC. Hg/GC and HgNPs/GC) at scan rate of 5 mV

s~ 1 vs. Ag/AgCL, and their corresponding Randles—Sevcik plots of linear dependence of the anodic and cathodic peak current values vs. the
square root of the scan rate, (b) corresponding electrochemical impedance spectra (EIS) presented as Nyquist plots and (c) presentation of the
three-electrode cell configuration with GC rods as the substrates for the working electrodes, Ag/AgCl/KCl and Pt foils reference and counter
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and dissolution for these electrodes at scan rate of 5 mV s~ vs. Ag/AgCL: bare GCE and GCE-modified electrodes in 1 M aqueous KCl solutions
containing 10 ml of Zn(NOs),. Ag/AgCl/KCl and Pt wire served as reference and counter electrodes respectively.

Fig. S14 and S157). The liquid Hg/GC electrode shows oxidation
and reduction peaks at 0.115 V and 0.036 V respectively, thus
exhibiting a pronounced cathodic shift (>0.2 V) in the electro-
chemical reaction potentials, with A[E, — E,]=0.079 V (Fig. 4,
see also data in Fig. S16T) and Table S41 which complete the
comparison among the various electrodes). HgNPs/GC elec-
trodes (Fig. 4a, S17 and Table S51) show red-ox peaks at nearly
the same potentials as the liquid Hg/GC electrodes. The
cathodic peak appears at around 0.025 V, 0.01 V lower than the
Hg/GC electrodes. Despite the very small amount of mercury in
the HgNPs/GC electrodes, the electrochemical behaviour is
dominated by Hg nanoparticles rather than RGO. RGO/GC
electrodes show the red-ox response of the probe at higher
potentials, but this response is very small compared to that of
the Hg nano-particles in these electrodes. It is also significant
that the peak currents of the HgNPs/GC electrodes are only five
times smaller than that of the Hg/GC electrodes, while each
electrode typically contains 5-10 ug of mercury compared to
around 0.5-1.0 g of mercury in the Hg/GC electrodes. The four
types of electrodes exhibit somewhat different A[E, — Ep]
values, however, they are comparable and reflect nearly revers-
ible behaviour of the Fe(u)/(m) red-ox couple.

3234 | Chem. Sci., 2021, 12, 3226-3238

The effect of scan rate on the electrodes’ voltammetric
behaviour is presented in Fig. S14-S17, suggests a diffusion-
controlled kinetics. This is clearly demonstrated by the linear
dependence of the CV peaks currents on the square root of the
scan rates, as shown in Fig. 4a. The diffusion coefficient for all
the samples was calculated using the Randles-Sevcik (RS)
equation® (for more detailed calculations, see materials and
methods). The diffusion coefficients obtained for the GC, RGO/
GC, Hg/GC, HgNPs/GC electrodes for the anodic reaction (8.7 x
1077,2.8 x 107%,1.95 x 107 ° and 4.2 x 10~° cm?® s, respec-
tively) and for the cathodic reaction (8.3 x 1077, 2.9 x 10,
1.55 x 107>, 3.7 x 107>, respectively) (see Tables S2-S6 in the
ESI{) are comparable and demonstrate the general reversible
character of the Fe(CN)s* >~ red-ox reaction. The significance
of the calculated diffusion coefficient values cannot be dis-
cussed on the quantitative level because the actual relevant
active surface area of these electrodes is not clear. Hence, these
values can be discussed only on the qualitative level (as pre-
sented in the ESIf). The calculated diffusion coefficient for
HgNP electrodes is very high and distinct, because it may
demonstrate a fast kinetics due to the possible unique electro-
catalytic behaviour of the solid mercury nano-particles which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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influences the response. The catalytic and electrocatalytic
properties of the solid HgNPs confined in RGO sheets reported
in the present work is aimed at their general characterization
and proof of their solid state as its main purpose.

The electrochemical impedance spectra (EIS) of these elec-
trodes provide a further information about the dominant time
constants of their reactions.* Fig. 4b shows their comparative
Nyquist plots, measured under the same conditions (cells,
solutions, equilibrium at OCV) in the frequency range 1000 kHz
to 0.01 Hz with 5 mV amplitude. The spectra of the GC and Hg/
GC electrodes are similar, showing well developed and sepa-
rated semicircles and linear domains (Fig. 4b and S187%),
reflecting the fact that the electrodes’ surface for the electro-
chemical reaction is nearly their plane geometric area. Hence,
the electrochemical response for the classic probe we used is
simple, reflecting a nice separation between the major reaction
time constants (interfacial charge transfer and diffusion). There
are interesting differences between the impedance spectra of
the GC and Hg/GC, however, they cannot be discussed here. The
spectra of RGO/GC and the HgNPs (confined in RGO)/GC are
also similar but differ from the spectra of the GC and Hg/GC
electrodes. They exhibit a linear shape and do not show
a developed semi-circle at the high frequency domain, reflecting
dominating mass transport control, probably due to the very
high surface area and catalytic properties. As shown in
Fig. S18,f the low-frequency domains in all the impedance
spectra can be considered as Warburg-type impedances which
reflect mass transport (diffusion) behaviour. We further
demonstrate the electrochemical uniqueness of the HgNPs
electrodes using voltammograms of the Zn*'/Zn couple in
solutions containing 10 mM Zn(NOj;), in the potential range
—0.1 to 0.5 vs. Ag/AgCl/KCl, at scan rates range between 5 and
100 mV s~ ' (Fig. 4d). The Hg-containing electrodes show an
electrochemical response related to a reversible deposition and
dissolution of Zn, while the GC and RGO/GC electrodes do not
show any pronounced electrochemical response. The response
of the HgNPs/GC electrodes is very pronounced, showing
currents three times higher and total reaction charges nearly
ten times higher than the Hg/GC electrodes. This comparative
response seems to confirm the electro-catalytic properties of the
solid HgNPs and encourages further detailed electrochemical
investigation.

Furthermore, the unique electrochemical response of the
solid Hg nanoparticles was confirmed by preliminary studies of
hydrogen evolution reactions (HER). Inspired by the pioneering
work of Frumkin and Bockris,**® comparative HER studies
were conducted for the electro-reduction of protons (H') at bare
GC and modified GC electrodes with liquid Hg, RGO and
HgNPs. In 1950, Bockris*® demonstrated the effect of the Hg
substrates on the rate's nature of HER, working at —70 °C and
+20 °C (hence with both solid and liquid states of mercury).
These studies demonstrated a clear difference in over-potential
for HER between solid and liquid Hg. The over-potential at
a current density of 10~* A cm ™2 decreased by about 15 mV at
the freezing point of mercury. In turn, o in the Tafel equations
related to these measurements increased pronouncedly at the
melting point of the Hg electrodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 presents preliminary results of comparative studies of
HER by linear sweep voltammetry (LSV) in 0.5 M H,SO, solution
at a potential scanning rate of 10 mV s~ ' using GC, Hg/GC, RGO/
GC and HgNPs/GC working electrodes. Ag/AgCl and graphite rod
were used as quasi-reference and counter-electrode in the three-
electrode cell shown in Fig. 5d. Fig. 5a-c display the potentio-
dynamic behaviour, relevant Tafel plots of HER and comparative
bar graph showing the over-potentials required to obtain HER at
five different current densities with the four electrode systems.
The results presented in Fig. 5a-c¢ demonstrate the kinetic
superiority, indicating pronounced electro-catalytic properties of
the active mass comprising solid Hg nano-particles confined in
RGO sheets, in terms of lowest HER onset potentials, better Tafel
plot and I vs. E response. The onset potential for bare GCE, Hg,
RGO and HgNPs are —900, —550, —306 and —210 mV vs. RHE
respectively. These onset potentials were measured at the points
where the current density reaches 1 mA cm ™2 (Fig. 5a and $221).
The over-potentials are 1120, 872, 670 and 472 mV vs. RHE for
bare GCE, Hg, RGO and HgNPs. Their values at different current
densities are shown in Fig. S22.f These values are in good
agreement with literature values for GCE, Hg and RGO.

In the present study, the possible electro-catalytic mecha-
nism of the HER process was revealed using Tafel slope anal-
ysis.*>*3® Tafel plots of the over-potentials versus logarithmic
current density are shown in Fig. 5b and are useful for the
quantitative kinetic analysis of the HER. The Tafel slopes were
determined by fitting the linear portions of the Tafel plots to the
Tafel equation (n = b log j + a, wherej is the current density, a is
the empirical coefficient and b is the Tafel slope). In theory, the
mechanism of (conversion of H' to H,) HER process in aqueous
acidic solutions follows three basic steps, two electrochemical
and one chemical. In the first step, the electrochemical
hydrogen adsorption reaction takes place (H;0' + e~ — H,qs +
H,O0) and is referred to as the Volmer reaction. The second step
follows the electrochemical desorption path (Hugs + H;O" + €~
— H, + H,0) and is referred to as the Heyrovsky reaction. The
final step involves the recombination path H,gs + Hags — H,
and is referred to as the Tafel reaction. The evolution of
hydrogen follows either the Volmer-Heyrovsky or the Volmer-
Tafel reaction mechanisms. In light of previous reports, the
Tafel slope values of =30 mV dec™', =40 mV dec ' and
~120 mV dec ' represents the Tafel, Heyrovsky and Volmer
reactions, respectively as the rate determining steps of HER.
The Tafel value obtained for Hg and HgNPs at higher negative
potentials is close to the theoretical value of 118 mV dec !,
which indicates that HER proceeds via a Volmer-Heyrovsky type
mechanism, while the Tafel step is negligible.*>~*%>

In Fig. 5b, a straight line with slope of 117 and 105 mV dec™
is obtained for Hg and HgNPs, respectively, at 30 to 40 mV above
the onset potentials. The Tafel value obtained for Hg and
HgNPs at higher negative potentials is close to the theoretical
value of 118 mV dec™ ", which indicates that HER proceeds via
a Volmer-Heyrovsky mechanism, while the Tafel step is negli-
gible.”**#> These kinetic studies indicate that the rate of HER is
controlled by the Volmer step mechanism at low negative
potentials, a discharge step that converts protons into adsorbed
hydrogen atoms on a catalytic surface. The remarkable

1
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(d) photograph of the electrochemical cell configuration for HER study.

electrocatalytic activity of hydrogen evolution of HgNPs (onset
472 mV and Tafel slope of 105 mV dec™ ') are comparable with
metal nanoparticles (Pd, Ru, Au, Co, No, Cu, etc.) loaded in
carbon in 0.5 M H,SO, solutions, as shown in Table S7 of the
ESI.7 It is important to note that the extent of HER catalysis by
the HgNPs described herein requires further intensive studies
in order to quantify the effect and examine the practical hori-
zons of these new composite matrices in electro-catalysis.

Hence, three independent studies of electrochemical reac-
tions: the Fe**/Fe** couple, reversible electrodeposition of zinc,
and proton reduction to hydrogen gas, clearly showed unique,
favorable and promising behavior of the new electro-active
composite materials containing solid mercury nanoparticles
developed in this work.

Conclusions

In the present study, we were successful in preparing for the
first time solid Hg nanoparticles stabilized by RGO sheets which
are stable at room temperature, using a relatively simple
synthesis by applying ultrasonic radiation. The analytical work

3236 | Chem. Sci,, 2021, 12, 3226-3238

presented herein fully proves this conclusion. XANES
measurements confirmed a partial charge transfer between the
HgNPs and the RGO sheets, what explains their solid state at RT
and their high melting point. The possible charge transfer
between Hg and RGO and the stabilizing partial ionic interac-
tions between them are substantiated by ab initio calculations
that clearly confirm the possibility of stabilization by electrons
transfer from the HgNPs and the RGO sheets. Hence, the
sonication and resulting cavitation phenomenon lead to a very
fine dispersion of the mercury in the aqueous solutions and
promote collisions between nano-droplets of mercury and RGO
sheets. A partial charge transfer during such collisions forms
stabilized Hg-RGO clusters that enables the crystallization of
the partially ionized HgNPs. Various characterisation tech-
niques were employed to study the properties of the newly
synthesized nanomaterials. The as-formed solid Hg nano-
particles show X-ray diffraction patterns with crystalline peaks
at room temperature revealing a rhombohedral phase of
mercury. The solid mercury nanoparticles exhibit a clear
rhombohedral morphology with a particle size ranging from
50-100 nm characterised by SEM and HRTEM. The optical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties of the as-synthesized solid Hg nanoparticles reveal
UV plasmon absorption at 284 nm wavelength. The DSC results
related to the HgNPs are well correlated to the XRD and SEM
analyses of the HgNPs measured at different elevated temper-
atures, revealing significant stability of mercury nanoparticles
up to 150 °C. It is important to note that while we provide herein
clear evidences about the formation of a new, apparently stable,
solid state form of mercury at ambient conditions, there are still
several interesting open mechanistic questions. A most impor-
tant point left for close examination is the effect of particles size
on the stability and thermal response of the Hg nanoparticles.
Also, it is important to understand the impact of the substrate's
nature on the possible stabilization of SSHgNPs. Work in these
directions are in progress, but its description is beyond the
scope of this paper, which main focus is to provide strong
enough evidences for the phenomenon we report herein. Elec-
trochemical studies in three independent routes: exploring
a simple reversible outer sphere reaction of the Fe’*/Fe** red-ox
couple, reversible Zn deposition/dissolution reaction and
hydrogen evolution reaction in an acidic solution, reveal unique
electrochemical behaviour of the solid-state Hg nanoparticles
stabilized by the RGO nano-sheets with clear electrocatalytic
properties. Since this paper is aimed at the first presentation of
these new composite materials, the electrochemical studies
were limited to preliminary qualitative analyses. However, they
indicate that these materials may have very important and
useful catalytic activity, what makes them very promising and
should promote further intensive basic scientific and practical
studies.
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Notes and references

§ Calculation of diffusion coefficient. The diffusion coefficient for all the samples
was calculated using the Randles-Sevcik (RS) equation as follows:*

Ip _ kn3/2ADl/2Cvl/2 (1)

71/2)

where k is a constant of 2.69 x 10° (mol ™' V , n is the number of electrons

transferred in the half-reaction for the redox couple, 4 is the electrode geometrical

area (0.283 cm?), D is the diffusion coefficient (cm® s™*) and v is the rate at which

the potential is swept (V s™'). C is the concentration of red-ox moieties (2 x
10~° mol dm ™). Diffusion coefficient is calculated from the slope of the plots of
the current (;,) versus the square-root of the scan rates as shown in Fig. 3a, S14-
S$17 and S21.7

I, = 2.69 x 10°0*24D"*Cv'? (2)

where n = 1, A = 0.2829 cm” (3 mm diameter GCE), C is the concentration of the
red-ox moieties (Fe(u)/Fe(m)) = 2 mM = 0.002 mol L' = 2 x 10~®* mol dm™*, D is

the diffusion coefficient (cm* s™") is calculated using the slope of I, vs. square root

of scan rate (v).
Substituting the values in eqn (2), we obtain

I =2.69 x 10° x 0.2829 x D'? x 2 x 10°° (3)

with the slope = 1.52 x 107 'D"? so that D = (slope/1.52 x 10~ ).

¢ Standard potential conversion in hydrogen evaluation reaction. All the poten-
tials are referred to the reference hydrogen electrode (RHE) potential, by an
appropriate translation of the potentials actually measured vs. Ag/AgCl RE as
follows.

Erng) = ERen + ERen T 0.059pH (4)

In 0.5 M H,SO, solution, pH = 0, then

Erur) = E(Ref) + E°(Ref), where Efag/aqciy = 0.198 V vs. SHE(5)

Egrug) = E(Ref) + 0.198 (6)

The onset potentials were measured at the point where the current density reaches
1 mA ecm 2 (Fig. $227).
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