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van der Waals pressure assisted synthesis of solid
state nanomercury from mercury salts under
ambient conditions: a sustainable approach for
effortless Hg(i) removal from wastewater and safe
storage thereof+t
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The synthesis and characterisation of stable solid mercury nanoparticles (HgNPs) face significant hurdles,
as the physical properties of the material under ambient conditions limit the fabrication and characteris-
ation of the element in the nanoregime. Extremely stringent conditions (1.2 GPa or —38 °C) are mandatory
for achieving mercury in the solid state. Here crystalline mercury stabilized in turbostratic nitrogen-doped
graphenic matrix (t-NG) is achieved from aqueous H92+ at room temperature, using a simple procedure
involving N-doped graphene oxide quantum dots (NGOQDs). Solid crystalline nanomercury formation in
graphenic layers is verified by transmission electron microscopy (TEM), atomic force microscopy (AFM),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), which is further backed by Raman
spectral analysis. The solid mercury lattice exhibited rhombohedral a-phase and showed considerable
crystallinity at room temperature. Excellent stability of the HgNPs lasting for months under ambient lab-

oratory conditions warrants the scope of the system for further applications. Furthermore, the strategy
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furnishes a novel and efficient method for the detection and removal of the highly soluble mercury ions
Hg(i) from waste water using NGOQDs. The method also offers a provision for safe storage of the species
in the solid state, thus claiming advantage over traditional adsorptive removal methods, where the man-
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1. Introduction

van der Waals forces existing between 2D structures have been
a hot topic of discussion recently, due to the scope of design-
ing novel materials with tailored properties."”> When nanoen-
closures are created in interlayer spaces of these 2D materials
at room temperature, high pressure is built up within these
confined spaces, which is extremely high in the sub-nanometre
regime." These forces are expected to generate unusual pro-
perties in molecules/species enclosed in interlayers of such
materials. Graphene falls in the category of such 2D materials,
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agement of adsorbed ions remains a hurdle.

where the above-mentioned nanoconfined spaces are utilised
for various technical applications.** Herein, we report the util-
isation of van der Waals pressure operating in graphenic layers
for the room temperature synthesis of solid state mercury, Hg(0),
which otherwise exists in the liquid phase under ambient
conditions. Mercury, featuring atypical physicochemical
characteristics, claims numerous unique and advantageous
aspects as well as a dark side, where the element is utmost
fatal to mankind and the environment.” The physical pro-
perties of this element under ambient conditions hamper the
fabrication and characterization of the element in the nanore-
gime, making it one of the least explored members among the
metal nanoparticles. Only a few studies are available that
showcase the synthesis of nanoscale mercury, as detailed
below. Colloids formed via ultrasonic dispersion® and chemi-
cal reduction”® have shown UV-visible absorption peak corres-
ponding to nanomercury,” though a stable solid state was not
identified. Majumder and co-workers have identified cubic
mercury nanoparticles embedded in a plasmid DNA
scaffold."®'"  Attempts have also been made to trap
liquid mercury nanodrops by embedding the nanoparticles in
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suitable matrices. In this line, polymer matrix entrapped
liquid mercury nanodrops were attained under normal con-
ditions."” Apart from this, carbon shell encapsulated nano-
drops of liquid mercury were achieved by the thermolysis of
dimethyl mercury, using RAPET (reaction under autogenic
pressure at elevated temperatures) synthesis."

Realization of solid state nanomercury is even harder, and
requires extremely harsh conditions. Mercury can exist in four
solid phases, namely, a, B, y and 8. The least harsh conditions
requirement is for the a phase with a rhombohedral structure,
and is obtained either by pressurizing liquid mercury above
1.2 GPa at room temperature or by cooling it below 234 K at
atmospheric pressure. Further higher pressures/lower tempera-
tures are mandatory for achieving other solid phases.™* At this
context, it is noteworthy that Ramesh et al. could achieve
polymer matrix entrapped solid state mercury when the temp-
erature was lowered to —120 °C."* The liquid-solid phase tran-
sition of the element has been an interesting topic of study for
researchers. The effect of restricted geometry of the host
matrix on the melting-crystallization phase transition of
mercury was revealed by investigating mercury confined in
nanospaces. In this line, NMR signals corresponding to solid
mercury were identified in the nanopores of activated carbon
and silica gel at temperatures below 230 and 225 K, respect-
ively."® Borisov and co-workers have probed the role of pore
geometry of the matrices in favoring the solidification of the
element using porous glass.'®'” However, in this case, solidifi-
cation was noted only at temperatures far below the ambient
conditions. To the best of our knowledge, only two reports are
available on the synthesis and characterization of stable solid
crystalline nanoform of mercury to date. It is worth mention-
ing that this is achieved on layered 2D lattices, which stabilize
the nanoparticles in the solid rhombohedral a-form of the
element.'®'? In the first report, Harika et al. achieved reduced
graphene oxide (rGO) stabilized solid HgNPs from liquid
metallic mercury through a sonochemical route.'® The high
acoustic pressure during the propagation of ultrasonic waves
provides a suitable environment for the solidification of liquid
mercury (1.2 GPa).***" The stability of HgNPs on rGO was
attributed to the electronic interactions with slight charge
transfer that exists between the mercury (donor) and the
oxygen functionalities of rGO (acceptor), irrespective of the
size of the nanoparticle.'® Eventually, this is based on the role
of graphene to perform as an excellent substrate by serving as
nucleation sites and dispersion centers for metal nano-
particles, thus reducing aggregation, keeping the innate pro-
perties of the latter intact.>*** To be specific, the oxygen func-
tionalities/structural defects on rGO serve as active centers
here.?*° In the second report, Kana et al. have shown solid
state HgNPs of size 2.4 nm, trapped in a turbostratic boron
nitride (BN) matrix.'® However, the poorly developed solid
rhombohedral o-phase exhibited Braggs diffraction peaks
corresponding to only (101) and (003) planes. Well-defined
peaks characteristic of the rhombohedral form are identified
only at liquid nitrogen temperature. Apart from the atomic
scale ordering in ultra-small HgNPs, the stability of the solid
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state is attributed to the low compressibility of the host matrix
of high mechanical strength and the turbostratic structural
form. An apparent crystalline nature is observed only with the
concomitant evolution of discernible peaks of turbostratic BN,
which hints at the decisive role of misaligned matrices in pre-
venting the coalescence of individual particles through appro-
priate trapping.’® Such detention of HgNPs in interlayer
spaces of rGO sheets is observed in the report of Harika et al.
also."™®

Herein, we show solid state lattice formation of mercury
atoms when confined/intercalated in interlayers of a turbostra-
tic nitrogen-doped graphene (t-NG) matrix under ambient con-
ditions. The synthesis route involves the conventional
reduction strategy in which the mercury ions are coverted to
Hg(0) by nitrogen doped GOQDs. Metal ion induced self-
assembly of NGOQDs weaves up the t-NG matrix, through the
concomitant involvement of pH?”?® and the oxygen functional
groups,>” and effectively confines Hg(0) in the 2D solid lattice.
The harsh conditions mandatory for mercury solidification at
room temperature (1.2 GPa pressure) are realised through the
intercalation of the HgNPs in the graphene layers, which
exerts sufficient van der Waals pressure to keep the element in
the solid state.»”*3° The solid crystalline nature and the stabi-
lity of mercury nanoparticles are confirmed through TEM,
AFM, XRD analyses, energy dispersive X-ray (EDX) analysis,
XPS, and Raman spectroscopy techniques. The crystallinity of
the solid HgNPs was significantly higher than that in the
reports mentioned earlier."®'® The highlight of the report is
the effortless synthesis strategy involved in attaining nanomer-
cury crystals under ambient conditions from mercury salts.
This study underlines the advantage of van der Waals pressure
developed in layered lattices of high mechanical strength for
achieving materials with distinct features, which are otherwise
feasible only under stringent environments.

The result further furnishes an efficient method of detection
and removal of the highly soluble toxic mercury ions Hg(u)
from waste water using NGOQDs, as mere treatment of the
former with NGOQDs leads to solid residue (nanomercury
trapped in graphenic matrix) which can be filtered off effort-
lessly upon centrifugation. The method also offers a provision
of storing the species in the solid state, and claims advantage
over traditional adsorptive removal of analyte ions, where the
management of adsorbed ions still remains a hurdle.

2. Results and discussion
2.1. Characterisation of NGOQDs

The experimental details on the synthesis and characterisation
of NGOQDs and the stabilised nanomercury are provided in
the ESI (sections 1 and 2).T Hydrothermal treatment of ortho-
phenylenediamine yielded a yellowish solution of carbon par-
ticles (NGOQDs) that show yellow luminescence under UV illu-
mination (Fig. 1a). The morphology and size of the NGOQDs
were analyzed using TEM images (Fig. 1b-d). The TEM image
provided in Fig. 1b validates the spherical morphology of par-
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Fig. 1 Physical characteristics of NGOQDs. (a) Photographs of NGOQD aqueous dispersions under day light and 365 nm UV light, (b) HR-TEM
image of NGOQDs; the inset shows lattice fringes, (c) size distribution histogram of NGOQDs obtained from the TEM image, and (d) SAED pattern of

NGOQDs.

ticles. Lattice fringes with a d-spacing value of 0.19 nm are dis-
cernible in the high-resolution TEM image given in the inset.
An average particle size of 2.2 nm is evident from the particle
distribution histogram provided in Fig. 1c and the polycrystal-
line nature of the system is shown by the SAED pattern in
Fig. 1d. The XRD study provides additional evidence for the
crystalline nature of the sample (Fig. Sla, ESIf). The most
intense peak is noted at a 26 value of 8.5°, signifying the (001)
lattice plane, corresponding to the d-spacing value of 1.03 nm,
while the second peak is observed at 17.5°, which corresponds
to 0.51 nm, representing the (002) plane.?"*> Both the peaks
indicate a highly oxygen functionalized basal plane in the
carbon framework, analogous to a graphene oxide structure.
One more peak is observed in the XRD pattern of NGOQDs at
44.4° with a d-spacing value of ~0.2 nm corresponding to the
(100) lattice plane of carbon (JCPDS File 41-1487). The
d-spacing value calculated from the SAED pattern matches well
with the interplanar distance of the (100) plane obtained from
the XRD of the system (Fig. S1a, ESIT).

The distinct wide band between 3100 and 3800 cm
observed in the FTIR spectrum of NGOQDs (Fig. Sib, ESI})
shows the presence of hydroxyl functionalities in the carbon
matrix. The presence of C=N group is indicated by the band
noted at 2339 cm™".** The weak stretching vibration of C=C is
envisaged by the broad absorption band centered at
2084 cm™".** This type of bonding is reported when the gra-
phene sheet is cut along an armchair line.*>® The band located
at around 1636 cm™ " is associated with the C=C vibrations
present in the aromatic carbon framework. Vibrations of
various other functional groups contribute within this range.
These include the C=O vibrations of imide bands, non-aro-
matic double bonds, the C=0 group in ketones and quinones
involved in H-bonds, and the symmetrical stretching of the
COO™~ group. The band observed at 1439 cm™" can be ascribed
to symmetrical deformations of CH; and the in-plane defor-
mation of O-H, while the one at 600 cm™" results from angular
deformations outside the C-H aromatic rings.** The peak
observed at 1032 cm™" is assigned to the C-O vibration within

-1
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C-0O-C groups.®® The peak observed at 1383 cm™"
stretching modes of C=N/C-N bonds.?’

Further proof for the nature of the carbon core and func-
tional groups is provided by the XPS results (Fig. Slc and
Fig. S2a-c, ESIf) of NGOQDs. Three peaks at 300.8, 414.1 and
547.3 €V seen in the XPS survey spectrum of the system
(Fig. Sic, ESIT) are assigned to the C 1s, N 1s, and O 1s
signals, respectively. Relative molar concentrations of 79.24,
12.57, and 8.19%, respectively are indicated for the C, N, and
O elements, from the binding energy values and relative areas
under the peaks. The C 1s spectrum (Fig. S2a, ESI) shows five
distinct peaks at 283.8 eV for C=C,*® 284.7 eV signifying
C=C/C-C groups, 285.5 eV indicating the C-N bond, 286 eV
originating from the —-C-O bond, and 287.3 eV characteristic of
the -C=0 bond.?® The N 1s spectrum (Fig. S2b, ESI) reveals
two distinct peaks at 396.6 eV (pyridinic Ns) and 397.9 eV
(pyrrolic N).*° The O 1s spectrum (Fig. S2c, ESI{) is fitted with
two peaks, at 529.8 and 531.5 eV, that correspond to -C=0O
and C-OH/C-O-C moieties, respectively.*'

Fig. S1d, ESIt shows the Raman spectrum of the NGOQDs,
offering insights into the conjugated and carbon-carbon
double bonds that result in intense peaks in the Raman spec-
trum. Specifically, the G band is situated at 1516 cm™", corres-
ponding to the E,; phonon of sp? carbon atoms, while the D
band is positioned at 1391 cm™", which signifies the breathing
mode of k-point phonons with A;, symmetry. The D and G
bands are attributed, respectively to vibrations in sp® and sp>
carbon atoms. The G band is linked to the vibration of sp>
carbon atoms within the graphitic lattice. The D band signifies
disorder, which could stem from defects like vacancies, grain
boundaries, and amorphous carbon species. The ratio of
intensities between these two bands, Ip/Ig, holds the key for
predicting the defects in the carbon lattice. In this case, the
band intensity ratio is 0.80, decisively indicating the preva-
lence of sp® carbon domains in contrast to sp® carbon
structures.”>** An additional peak at 1239 cm™'
evident, denoted as D*, which emerges from the vibrations of
carbon atoms constrained by oxygen-containing groups.**

signifies the

is also
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Fig. S3a, ESIT shows the UV-vis absorption spectrum of the
NGOQD system. The peaks at 205 and 235 nm signify the m—*
transitions of aromatic C=C bonds, whereas the peak at
288 nm is attributed to n-n* transitions of C=0 groups.*>*°
The broad absorption observed at around 413 nm is attributed
to the n-n* transition of C=0 bonds, and it also indicates the
presence of amine groups. Thus distinct absorption states
arise from variations in the n-conjugated electron system.*”*?
Furthermore, this observation serves as an additional confir-
mation for the existence of oxygenated groups within the
NGOQDs. The excitation (4.« = 370 nm) and emission spectra
(Amax = 562 nm) of NGOQDs are shown in Fig. S3b, ESLt A
thorough fluorescence emission spectral examination using
several excitation wavelengths is shown in Fig. S3c, ESL{ It is
noted that the fluorescence emission peak at 562 nm does not
change when the excitation wavelength is increased from 370
to 420 nm. The excitation-independent emission behaviour is
thought to be connected with smaller surface flaws and size
uniformity of the particlces.** These observations are consist-
ent with the TEM results. The fluorescence lifetime of
NGOQDs at room temperature is evaluated using the TCSPC
method. The average lifetime (z,,) is noted as 2.35 ns (Fig. S3d,
ESIt). Considerable photostability is also attributed to the
system (Fig. S3e, ESIt), where the emission intensity showed
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only a marginal change even after continuous UV irradiation
for 3 h.

2.2. Interaction of NGOQDs with mercury ions

An interesting observation was made from the interaction of
Hg>" ions with NGOQDs. A visible change was observed in the
NGOQD solution after adding the Hg(u) solution. An initial
turbidity was noted within minutes, which ended up in pre-
cipitate formation that settled down within ~20 min (Fig. 2a).
The solid and liquid fractions were collected separately and
analysed further. The solid material, supposed to be a
NGOQD-Hg mixture, was subjected to detailed analysis using
XRD, TEM, EDX, XPS, FT-IR spectral analysis, Raman spectral
analysis, and AFM study. XRD analysis of the solid revealed the
crystalline nature of the system. Major peaks are noted at 21.3,
28, 32.8, 40.3, 43.7, 46.3, 52.7, 63.1, 68.3, and 76.2° (Fig. 2b).
Among these, a striking feature was the absence of peaks at 8.5
and 17.5°, when the peaks characteristic of the carbon
material are analysed, in comparison with the starting NGOQD
system. At the same time, additional peaks are observed at 22,
28, 43.1 and 46.3°. The absence of the first two peaks indicates
that the interplanar distance between the basal planes of
carbon frameworks is now reduced, presumably due to the
lesser number of functional groups involved. Changes in the
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Fig. 2 (a) Initial turbidity and precipitate formation after the addition of Hg?* to NGOQDs. Comparison of the (b) XRD pattern and (c) the XPS survey
spectrum of NGOQDs and the HgNPs/t-NG matrix. (d) Deconvoluted Hg 4f XPS spectra of HNPs on the t-NG matrix.
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carbon framework from graphene oxide to reduced graphenic
form is thus evident. The peak at 26 ~ 22° is characteristic of
graphene layers with turbostratic disorder.”® The interlayer
spacing here is far larger (0.411 nm) than that of the Bernal
stacking (0.334 nm) and indicates rotationally misoriented
layers or increased interlayer distance.’® Along with this, the
peak at around 43° also justifies the turbostratic array of gra-
phenic layers.” In addition, the peak near ~28° is also indica-
tive of misaligned or disoriented graphene layers.>® Excluding
the other peaks corresponding to the carbon host matrix
(peaks at 20 values of 22, 28, 43.1, and 46.4°), new peaks are
observed in the XRD pattern at 32.8, 40.3, 52.7, 63.1, 68.3, and
76.2°. These are identified as peaks that originate from the
rhombohedral o form of solid mercury with the corresponding
(101), (003), (110), (104), (113) and (015) planes, and are in
agreement with previous reports.'>'®'® The result proves the
formation of solid crystalline mercury, as bulk liquid mercury
does not give an XRD pattern. In the XPS spectra (Fig. 2c and
d), along with the usual peaks of the carbon core, oxygen and
nitrogen, additional peaks are observed in the system, arising
from mercury species. Peaks originating from Hg (0) are noted
at 359, 378 and 577 eV, signifying Hg (4ds),), Hg (4ds/,) and Hg
(4ps/,) states. The one centred at ~100 eV upon further split-
ting yielded peaks at 99 and 103.6 eV corresponding to the Hg
(0) state (Fig. 2d) assigned, respectively to Hg (4f;,) and Hg
(4fs5).>® The additional pair of peaks found at 101.3 and 105.2
eV are indicative of the presence of excess Hg>" species in the
adsorbed state. The peak corresponding to chlorine supports
this argument.

TEM images of the solid material separated (Fig. 3a and b)
show a drastic change in morphology when compared to the
precursor NGOQDs, revealing sheet like structures. Extended
sheet lattice, intercalating darker shades corresponding to
metal species, is quite evident from the images, indicating
that the NGOQDs have been subjected to metal ion induced
face to face as well as edge to edge aggregation, in the presence
of Hg>". The observation matches well with the studies con-
ducted by Suter and coworkers, who have explored the metal
ion induced aggregation of GO and GOQDs, and confirmed
the decisive role of pH of the solution and C:O ratio in the
carbon matrix in finalizing the morphology of the aggre-
gates.”® The distance between the graphene oxide flakes is
highly decisive in the interaction of metal atoms with the
former. At an interlayer distance of 0.8 nm < d < 1.8 nm, the
metal ion species is an “intercalated” environment.>®

The dark regions signifying metal dispersion, appearing to
be in continuous pattern, show distinct lattice fringes corres-
ponding to atomic arrangements in solids in the high-resolu-
tion image (Fig. 3c), with a separation of 0.27 nm (Fig. S4(a),
ESIf), agreeing with that of solid crystalline mercury.'®
Misaligned graphenic layers, characteristic of the turbostratic
structural form,>* are evident in Fig. 3d. Furthermore, from a
zoomed version (Fig. 3e), the discontinuity in the carbon
matrix is evident, that arises due to N-doping in the graphenic
matrix, as is well established.’>>® The d-spacing value calcu-
lated from the SAED pattern (Fig. 3f) matches that of the (110)

This journal is © The Royal Society of Chemistry 2025
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plane of the solid rhombohedral a mercury phase, and is in
agreement with the XRD analysis results. The results thus
confirm the formation of 2D crystalline mercury intercalated
in the t-NG matrix. The reductant role of NGOQDs makes
them potential candidates for metal nanoparticle synthesis
from salt precursors, paving the way to the abovementioned
result.”*”° Participation of oxygen functional groups
anchored on a carbon framework in the said reduction process
eventually leads to a decrease in the interplanar distance of
carbon layers. Obviously this substantiates the absence of XRD
peaks at lower 26 values corresponding the graphene oxide
nature, and clearly indicates the conversion of the carbon
matrix to reduced graphene oxide (rGO). A comparison of
FT-IR spectra of the NGOQDs and the HgNP/t-NG system is
provided in (Fig. 4a). A close similarity is observed in the spec-
tral pattern, except for the reduction in the intensities of
bands corresponding to functional groups, especially oxygen-
containing groups.'® Commendable reduction of the intensity
of carboxylate and hydroxyl functionalities is striking here.
The normalised FT-IR spectra show that no additional peak
originated in the HgNP/t-NG system when compared to
NGOQDs (Fig. S4 (b), ESIf). The Raman spectrum provides
additional information regarding the defect structure of gra-
phitic systems (Fig. 4b). The D and G bands were noted at
1367 and 1516 cm™*, and the ratio of intensities of the peaks,
an Ip/I value of 0.80 noted for NGOQDs changed to 1.4 in the
HgNP/t-NG composite and this can be justified by the
increased number of defect states in porous graphene sheets,
compared to the former. The Raman spectral data provide
strong support for nanoparticle dispersion on graphene layers,
from the strain induced in the layers. Apart from the Raman
peaks seen in NGOQDs, a new band is generated by G band
splitting, the D’ band, located at 1563.7 cm™, ascribed to
bending strains resulting from the curvature of the carbon
framework.®® It is established that metal nanoparticle dis-
persion over the graphene sheet, eventually leads to strain
induced sheet wrinkling.®** Besides, the spectrum was dis-
tinct due to the presence of a discernible wide 2D band, posi-
tioned at ~2700 cm™ ", which confirms the few layer graphenic
system. Usually, it is accepted that the 2D band (G’ band) can
be fitted with a single Lorentzian peak with a larger full width
at half maximum (FWHM) value for the turbostatic systems.®?
However, it is quite obvious that, though less intense, the
above-mentioned peak originates from multiple peak com-
ponents here, which can be justified by the dispersed metal
nanoparticles. Folded few layer graphene is implied by this
observation.®* The 2D band broadening under strain, paving
the way to multiple peaks in the 2D region is reported. Both
experimental and theoretical proof was gained for this obser-
vation.®® The broad band near 2200-3200 cm ™', which can be
split into components, explains a non-planar structure of gra-
phene layers, and is generally found in metal nanoparticles
entrapped in graphene.®® A curve fitted second order Raman
region presented in figure (Fig. S5, ESIt) shows four constitu-
ent bands upon curve fitting using Gaussian, positioned at
2485, 2734, 2883 and 3050 cm™", designated as G*, 2D, D + G
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Fig. 3 (a) Formation of graphene sheets. (b) Formation of solid mercury intercalated in graphene sheets. (c) Lattice fringes of solid state mercury,
indicating a continuous lattice; inset shows a closer view of lattice fringes. (d) TEM image of the extended sheet structure, showing misaligned few-
layered graphene. (e) Closer view of discontinuity in the N-doped graphenic matrix. (f) SAED pattern of the HgNP/t-NG system.

and 2D, modes.®” Evolution of D + G (3000 cm™") and 2D,
bands is attributed to the strained state of the graphene layer
that is wrapped around metal nanoparticles.®® Hence, a situ-
ation where the HgNPs are clad in randomly arranged gra-

16842 | Nanoscale, 2025, 17,16837-16847

phene layers can be visualised in the HgNP/t-NG system. The
low intensity bands noted at 1650-2250 cm ™", the combination
Raman bands, are characteristic of the turbostatic layer
structure.’®®®7° A shift in Raman spectral data of graphene is
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Fig. 4 Comparison of FT-IR spectra (a) and Raman spectra (b) of NGOQDs and HgNPs on the t-NG matrix. (c) UV-vis absorption spectrum of the

HgNP/t-NG system.

also noted, which is often associated with metal nanoparticle
dispersion on sheets.” Thus Raman spectral data concludes
HgNPs clad in graphenic layers in the system. Fig. 4c displays
the UV-vis absorption spectrum of the HgNP/t-NG system. The
spectrum is characterised by an absorption peak at ~280 nm,
that matches well with that of nanoscale mercury, and is in
agreement with previous reports.’>'® The reduction of the GO
form and partial restoration of © conjugation in the carbon
matrix is established by the absorption peak at 260 nm, which
is characteristic of graphenic systems.”””® The absorption
peak at 420 nm justifies the n-n* transition in the carbon
framework. Electron dispersive X-ray (EDX) analysis of the
solid sample shows peaks corresponding to Hg, in addition to
C, N and O elements present in nitrogen doped graphene
(Fig. S4 (c), ESIT).

2.3. Formation of HgNP/t-NG matrix

TEM images have confirmed extended few layer graphenic
matrix formation upon Hg*" addition to NGOQDs. pH and
degree of oxidation are found to be decisive in controlling the
final morphologies of metal ion induced aggregation of GO
and GOQDs. pH dependent colloidal aggregation of GOQDs to
expanded lattices in the presence of divalent metal ions is
explored in detail by researchers.’””*® Tang et al. used mole-
cular dynamics simulations and density functional theory cal-
culations to unveil the pH dependent aggregation mechanism
of small GO flakes.”® The study using different metal ions of
variable valencies has shown that the GO flakes aggregate in
the edge-to-edge mode independent of the ionic strength and
nature and valency of cations in the pH range of 5-9. At pH >
6, the deprotonated carboxyl groups located on the peripheral
carbons are engaged in interactions with metal ions,?® leading
to an edge to edge assembly, and directs lattice expansion in
the plane leading to sheet morphology, as realized here at a
pH value 7. It is established that the carboxyl groups are
located at the edge carbon atoms in the graphenic layer. The
drastic reduction in the intensity of carboxylate groups (that
are established to be anchored on the edge carbons), as shown

This journal is © The Royal Society of Chemistry 2025

by the FT-IR spectrum after mercury ion incorporation justifies
this assumption. However, the stacked layers observed in the
TEM image (Fig. 3d) indicate the presence of face to face aggre-
gation also, which can be substantiated by the lower oxygen
content in the graphene matrix, as reported by Suter and co-
workers.”® Apart from pH, the extent of oxidation of GO/GOQD
flakes plays a role in the final morphology of the matrix in the
case of metal ion induced aggregations in aqueous solutions,
as indicated by the molecular simulation studies conducted by
them.>® Lower oxidation functionalities (high C: O ratio)
always favoured face-face aggregation in a stacked arrange-
ment (H-type aggregation). More than 90% exists in the face to
face aggregation for a C:O ratio >5 for divalent ions. A C: O
ratio of ~10 can be assumed in the present case, neglecting
the minor percentage of nitrogens present in the framework,
as evident from the XPS data. The divalent ions remain bound
to the nearest carboxylate ion, forming bridges between the
carboxylate groups on different flakes and effectively reducing
the repulsion between sheets, and also facilitating the face-
face mechanism. This results in partial overlapping of flakes
and edge-edge interactions via cation bridging.”® While the
face-face interactions require the flakes to remain approxi-
mately planar, the edge-edge interactions do not, in the end,
resulting in a more open 3D structure with planar face-face
aggregates joined together by cation bridging, which matches
well with the observation collected from the TEM image
(Fig. 3d). The charged end groups in the assembly at higher
pH values cause misaligned flakes due to sheared alignment,
so as to orient the former in sufficiently larger distances. The
disoriented flakes prevent further layer stacking, preserving
the few layer lattice structure. The same observation is valid
here from the presence of turbostratic graphenic planes. The
metal atoms are confirmed to be in the intercalated form
when the GO flakes are 0.8 nm < d < 1.8 nm,? and this adds
strength to the argument of metal ion induced face to face
aggregation of GO flakes. Subsequent to hydroxyl species
mediated reduction, Hg(u) to Hg(0) conversion is realized. The
reducing role of carbon nanodots and graphene quantum dots
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is well documented in the literature, where they play a role in
metal nanoparticle synthesis from corresponding metal ion
precursors.**>7:8

The situation thus indicates the formation of mercury in
the solid state in interlayers of graphene. The existence of
mercury nanoparticles in the solid form requires high pressure
or low temperature (1.2 GPa pressure/—38.83 °C temperature)
as already mentioned, which is not provided under the present
experimental conditions. The generation of van der Waals
pressure on species trapped in interlayers of 2D materials
comes into the scenario here. In order to further substantiate
this, the AFM image of the system is used, as adopted by the
previous researchers." The AFM image (Fig. 5a) is indicative of
arrays of misaligned graphene nanoflakes. This observation is
in agreement with TEM data (Fig. 3d). A zoomed version
shows the layer structure and the height profile along the
marked line, which show sharp changes in the layer heights as
the tip scans the rotationally misaligned layers in the turbos-
tratic graphene matrix. The distance between individual nano-
flakes was found to be normal <1 nm (Fig. 5b). This is further
supported by XRD analysis which showed an interlayer dis-
tance of 0.71 nm in the HgNP/t-NG system. The metal atoms
are confirmed to be in the intercalated form when the GO
flakes are 0.8 nm < d < 1.8 nm in the initial state.®® The
entrapment of metal nanoparticles in the graphenic matrix is
already confirmed the present case. The decrease in oxygen
functionalities upon reduction further brings the interplanar
distance down, as observed in the HgNP/t-NG system, which
further adds pressure to the intercalated species in the inter-
layer space.”* van der Waal pressure build up on molecules
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trapped between graphene layers is discussed in detail by the
researchers, as already mentioned.">?° This pressure developed
in such layer lattices is expected to generate two-dimensional
crystals of the materials trapped in interlayers." It was estimated
that molecules confined in the interlayers of graphene of ~1 nm
distance is subjected to 1.2 + 0.3 GPa pressure, which is
sufficient to modify the properties of a trapped material, and
can even force the crystallization of a liquid well above its
normal freezing temperature, which is realized in the present
case. Thus, the criterion of ultra-high pressure requirement for
mercury solidification is met, stabilizing the metal in solid
form, and is well supported by precedented works."” The for-
mation of the system is illustrated in Scheme 1.

The t-NG matrix effectively prevents the coalescence of indi-
vidual ones to bulk liquid form. Previous work exploring the
stability of HgNPs on rGO using theoretical modelling has con-
firmed that there exist electronic interactions with a slight
charge transfer between the mercury that acts as the donor
and the oxygen functionalities of rGO (acceptor), leading to
the stabilization of the HgNPs on rGO, and enabling them to
remain solid even at 150 °C temperature.'® They have also
shown that this stabilisation existed irrespective of the size of
HgNPs. Such a charge transfer from the Hg atoms in the par-
ticles to the oxygen functionalities of graphene moieties
creates ionic interactions between the Hg particles and the gra-
phene sheets, together with van der Waals interactions.
Analysis of the effect of the oxygen-containing groups on the
graphene sheets show that this partial charge transfer is
favored more on rGO compared to the unsubstituted graphene
sheet. Enhanced stabilization of HgNPs with an increase in

102.7 m 4027 nm
8.7 nm
B00 nm
00 nm
-85.2 nm

135.1 nm 3

-182.5 nm ni 6 . : L) nm

2 4 6

Fig. 5 (a) Graphene misaligned nanoflakes. (b) Zoomed version of the image to show the interlayer distance with the concerned plot.
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Scheme 1 Illustration of HGNP/t-NG formation.

oxygen functionalities was also proved by them, as the inter-
action of metal particles with the carbon framework occurs
through oxygen functional groups of the latter. The involve-
ment of hydroxyl groups and epoxy groups was apparent.'®
The reduction in FTIR spectral bands at ~3500 cm™ and
1032 cm™" in the HgNP/t-NG system supports this proposal.
Apart from the oxygen functional groups, the heteroatom
nitrogen also contributes to the stable dispersal of the metal
nanoparticles over the carbon framework. It is observed that
framework nitrogen in the form of the pyridinic group over-
power the oxygen functionalities in the system in providing the
abovementioned stabilization sites.>* Pyrrolic groups also act as
good anchoring sites for the deposition of metal
nanoparticles.”>”® The pyridinic and pyrrolic groups observed
in t-NG further validate the superior stability of HgNPs in the
present scenario. This is confirmed by the involvement of nitro-
gen containing moieties, as evident from the curve fitted N 1s
XPS data (Fig. S6, ESIt), indicated by the shift in binding ener-
gies® of pyridinic and pyrrolic groups (397.5 and 399 eV respect-
ively), when compared to the parent NGOQDs. In addition, as
already mentioned, the less compressible host matrix of excep-
tional mechanical strength in its turbostratic alignment favors
the stability of the formed nanoparticles, by effective trapping of
the HgNPs in the interlayer space.'® The turbostratic structure
of the matrix with misoriented sheets does play a role in disper-
sing the HgNPs over the matrix with appropriate steadiness,
thus preventing the coalescence of the particles in the bulk
liquid form. The stability of the solid state mercury achieved
over time is confirmed from the stable XRD pattern corres-
ponding to the material, collected after 6 months (Fig. S7, ESIT).
Peaks corresponding to solid state mercury are retained, sup-
porting the excellent stability of the sample.

2.4. A sustainable approach for toxic mercury ion detection
and removal from wastewater

No introduction is needed on the toxicity of mercury(u), a
highly soluble priority pollutant that poses extensive harm to

This journal is © The Royal Society of Chemistry 2025
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human health and the environment. The conventional method
followed for the abatement of mercury ions from the aqueous
environment is adsorption using suitable adsorbents. Reverse
osmosis using membranes is also practised. However, the
management of the adsorbent/membrane after the analyte ion
adsorption is another issue that is to be addressed. The
present method of solid mercury formation on the t-NG matrix
offers an effortless strategy for the detection, removal and safe
storage of this toxic species using NGOQDs. Mere addition of
NGOQDs to mercury ion containing aqueous solution realizes
the separation of solid mercury entrapped in the t-NG struc-
ture within minutes (Fig. 2a). The results of the method using
various other mercury precursors are shown in Fig. S8, ESIL.}
Solid separation after mercury salt addition is clearly visible.
The solid mass separated can be easily filtered of using an
ordinary filter paper after centrifugation, enabling the removal
and safe disposal of the contaminant from the aqueous
medium. As long as trapped in the graphenic matrix, the
system retains the stable solid state, as illustrated by the XRD
pattern collected after six months. To the best of our knowl-
edge, this constitutes the most simple, efficient and green
attempt at addressing mercury contamination in aqueous
media. Fig. S9a, ESIf shows that the system is potent to
perform excellently in real water samples (Fig. S9b, ESIf).

3. Conclusion

In this report, the synthesis of crystalline nanomercury con-
fined in interlayers of nitrogen doped turbostratic graphenic
matrix is presented. The reduction capability of NGOQDs,
making them strong contenders for metal nanoparticle syn-
thesis, is the key underpinning factor behind this finding.
Concomitant involvement of pH and surface functional groups
lead to the fabrication of misaligned graphene nanoflakes
from NGOQDs, which restricts the metal in the solid state
through nanoconfinement. Hg>* induced aggregation of
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NGOQDs, directed by the solution pH and functional groups,
weaves up the t-NG matrix, which evolves in a turbostratic
fashion. Excellent stability of the material lasting for months
warrants the scope of the system for further fine applications.
The scope of layered 2D lattices in this direction is unveiled
through this work. Furthermore, the strategy can be used for
the detection, removal, and safe storage of mercury ions from
contaminated aqueous solutions.
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