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A novel strategy of using hydrostatic pressures to synthesize gold–carbon (Au–C) nanohybrid materials is

explored. The stable face-centered-cubic (fcc) Au undergoes a structural phase transition to a mixture of

primitive orthorhombic and cubic phases as the carbon phase acquires a highly ordered onion-like

carbon (OLC) structure which encapsulates the Au nanoparticles, thereby exerting an additional pressure.

Increasing the pressure results in a one dimensional (1-D) chain-like structure with the primitive cubic Au

nanoparticles contained in an amorphous carbon matrix. The OLC structure allows the formation of

quenchable Au nanoparticle phases with the primitive close packing and Au–C hybrids with new meso-

scopic structures. Under pressure, we observe the formation of a hybrid material composed of a poorly

conducting matrix made of amorphous carbon and conducting OLC-encapsulated Au nanoparticles. The

electrical conductivity of this hybrid material under pressure reveals a percolation threshold. We present a

new synthesis approach to explore the interplay between atomic and mesoscopic structures and the

electrical conductivity of metal hybrid structures.

1. Introduction

Noble metal nanoparticles have remarkable structural diversity
and intriguing physical and chemical properties.1 Combining

nanoparticles with inexpensive carbon dilutes the concen-
tration of precious metals creating a new class of composites
with unique properties.2–4 Intensive research efforts are under-
way to explore the physico-chemical properties and structures
of noble metal nanoparticles at different pressures and
temperatures.5–7 Different approaches have been used to syn-
thesize a large variety of crystalline and hierarchical meso-
scopic structures.8–15 The use of pressure allows the formation
of unique short- and long-range structures avoiding further
chemical reactions and “post-purification” processes.15–17 Over
the years, carbon demonstrated its flexibility in forming
chemical bonds with different sp2/sp3-hybrid orbitals under
pressure adopting different polymorphs with distinct mechani-
cal and electronic properties.18,19 The last decade witnessed a
rapid development in the synthesis and stabilization of noble
metal nanoparticles in carbon matrices.2–4,20,21 However,
investigations studying the impact of pressure on the struc-
tures and conductivities of noble metal nanoparticles–carbon
hybrids are scarce and therefore has been the focus in our
present study. The nanohybrid of gold nanoparticles amalga-
mated with graphitic carbon sheets has been characterized
using in situ high pressure X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) and electrical conduc-
tivity measurements and ex situ high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
imaging. Noble metal nanoparticle–carbon hybrids could find
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use in fuel and solar cells, energy storage, surface enhanced
Raman scattering (SERS), heterogeneous catalysis, photo-cata-
lysis and chemical sensors.2–4,22–25

2. Experimental

To prepare a Au–C hybrid, 5 ml of a 10 mM HAuCl4 was added
to 0.150 g of egg shell membrane (ESM), previously collected
from fresh egg shells as described in the literature.26 The Au
nanoparticles immobilized in ESM were then heated in a
muffle furnace at 300 °C for 4 hours to obtain carbon sheet
encapsulated Au nanoparticles (Fig. 1(a) and Fig. S1(a) and
(b)†).

Pressure dependent experiments were performed using a
symmetric diamond anvil cell containing either a pair of type-I
or type-II diamond anvils (culet size = 500 μm). A preindented
stainless-steel gasket with a drilled hole of diameter 250 μm at
the center was used as the sample chamber. Silicone oil was
used as the pressure transmitting medium (PTM) in the struc-
tural investigations.27 Ruby chips were used as pressure gauges
and the pressure calibration was done by the shift in the R1-
line emission of ruby.28

In situ high pressure XRD measurements were performed at
the 3D beamline at the Pohang Accelerator Laboratory (PAL)
using a monochromatic X-ray radiation of wavelength λ =
0.6887 Å (beam size = 100 µm). The scattering data were col-
lected by MAR345 detector and integrated using the Dioptas
software.29 In situ high pressure FTIR measurements were per-
formed at the 12D beamline at PAL. The spectra were collected
in the reflection mode using a Bruker Vertex 80/v FTIR spectro-
meter and a liquid nitrogen cooled mid-band MCT detector

equipped with a Hyperion 3000 FTIR microscope. The reflec-
tance from the sample-diamond interface was determined
using the ratio, Rsd = IsdId/IeI0, where Rsd, Isd, Id, Ie, I0 rep-
resents the reflectivity of the sample-diamond interface, the
intensity reflected from the sample-diamond interface, the
intensity reflected from the empty cell and intensity reflected
from the gold foil, respectively.30 The TEM and HAADF-STEM
images for as prepared and pressure treated samples were col-
lected using a JEOL JEM-F200 and JEOL JEM 2100F micro-
scope equipped with a CEOS corrector, respectively. Pressure-
induced (0–25 GPa) direct-current (dc) electrical resistivity
measurements were performed in a standard four-probe tech-
nique adopting a van der Pauw configuration in a symmetric
DAC. A stainless steel gasket (thickness 250 micron) was prein-
dented and a circular sample chamber was prepared using
insulating cubic boron nitride. The Au–C hybrid sample along
with a ruby ball were placed inside the insulating chamber
and four thin, metallic Platinum (thickness 4 micron) conduct-
ing electrodes were inserted.

3. Results and discussion

To characterize the Au–C nanohybrid materials before experi-
ments under pressure, we collected high-resolution trans-
mission electron microscopy (TEM) and HAADF images of Au
nanoparticles embedded in carbon sheets as shown in
Fig. 1(a), Fig. S1(a) and (b).† The histogram plot in Fig. S1(c)†
indicates that the particles are ranging from 3–6 nm with an
average size of the monodispersed Au nanoparticles being 4.5
(0.08) nm. Au nanoparticles have a face-centered cubic (fcc)
structure at ambient conditions.7 The line spacing ∼0.235 nm

Fig. 1 (a) TEM image of the graphitic carbon sheet encapsulated Au nanoparticles, (b) pressure dependent XRD of the Au nanoparticles–graphitic
carbon hybrid, (c) pressure variation of V/V0 of different Au phases and fitting of the V/V0 using the second order Birch–Murnaghan equation of
state, (d) TEM image of the bare Au nanoparticles, (e) pressure dependent XRD patterns of the bare Au nanoparticles.
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resolved from the HRTEM image in Fig. S1(d)† corresponds to
the (111) lattice plane of fcc Au indicating the single crystalline
nature of the individual nanoparticle. The high-resolution
HAADF image of a Au nanoparticle is displayed in Fig. S1(d)†
where the atomic structural model of the cubic phase of Au
with Fm3̄m space group along the 〈111〉 projection is superim-
posed. We show XRD patterns of the Au–C hybrid in Fig. 1(b)
at ambient conditions. The characteristic diffraction peaks
associated with the (111), (200), (220) and (311) planes all
confirm the fcc–Au structure with space group Fm3̄m (COD
Link: 9008463).31 The appearance of a broad peak with
d-spacing ∼0.34 nm is indexed as the (002) reflection of graphi-
tic carbon with a hexagonal structure and space group P63mc
(COD Link: 9008569).31

The pressure-dependent evolution of the XRD pattern of
the Au–C hybrid is depicted in Fig. 1(b). The fcc structure of
the Au nanoparticles remains stable up to ∼10.1(1) GPa indi-
cating a normal compression by the shift of their diffraction
peaks to higher 2θ. Around ∼11.2(1) GPa, the fcc Au undergoes
a phase transformation to a mixture of an orthorhombic
(Pnma) and a primitive cubic (Pm3̄m) phase. These two phases
coexist up to ∼20.3(1) GPa at different phase proportions and
were quenchable from this pressure. This observation is new,
reproducible and distinct when compared to prior
studies.7,10,11,14 The representative XRD pattern of the sample
recovered from ∼14.2(1) GPa is displayed in Fig. 1(b).
Interestingly, at much higher pressures ∼22.1(1) GPa, the
orthorhombic phase collapses and the unit cell volume of the
Pm3̄m Au nanoparticles expands to a higher value within the
vicinity of where one would extrapolate a value for the Fm3̄m
structure under pressure (Fig. 1(c)). The Pm3̄m phase above 22
GPa is also quenchable (Fig. 1(b)). The whole profile fitting of
the XRD patterns of the nanohybrid material of the different
Au phases at pressures ∼14.2(1) and 22.1(1) GPa are shown in
Fig. S2(a) and (b),† respectively. We observe a significant
change in the compressibilities of the Fm3̄m and Pm3̄m Au
phases when using a second order Birch–Murnaghan equation
to fit the pressure as a function of the normalized volume (V/
V0) (Fig. 1(c)).32 An abrupt contraction of the c-axis first
induces a strain (Fig. S2(c)†) followed by a unit cell volume
contraction of the graphitic carbon near 11.2(1) GPa
(Fig. S1(d)†). The estimated microstrain in the Au nano-
particles reaches its highest value near 3 GPa. The reduced
intensity of the (002) reflection of the carbon structure at
∼22.1(1) GPa indicates a pressure-induced amorphization
(PIA) which is retained after decompression (Fig. 1(b)).

In Fig. 1(d) we compare the pressure dependent XRD pat-
terns of bare Au nanoparticles after removing the graphitic
carbon by pyrolysis of the Au–C nanohybrid material at
∼800 °C. The absence of a phase transition of the fcc crystal
structure of the bare Au nanoparticles under similar experi-
mental pressure conditions confirms the influence of the
carbon phase encapsulation on the structural evolution of the
gold structure in the nanohybrid (Fig. 1(e)).

We establish the existence of several closed-shell onion-like
carbon nanostructures (OLC) in the nanohybrid recovered

from ∼14.2(1) GPa by TEM images shown in Fig. 2(a) and (b).
A reduction of the inter layer spacing of the OLC ranging from
∼0.24 to ∼0.2 nm was extracted from the STEM image shown
in Fig. 2(c). The formation of OLC is energetically favorable at
high pressures.33 The Gibbs free energy can be given as
@ΔGV
@P

� � ¼ Vα � Vβ ¼ ΔV where ΔGV is the difference between
the free energies for graphitic carbon and OLC; Vα, Vβ, and ΔV
are volumes/mole for graphitic carbon, OLC, and the average
volume difference per mole respectively. During compression,
ΔV > 0 causes ΔGV to increase and pressure will promote the
phase transformation. Our experimental TEM and STEM
observations indicate that the interlayer C–C spacing in the
OLC are smaller than in the initial graphitic carbon (ΔV > 0),
indicating that the nanoscale spherical geometry is more
stable under high pressures than graphitic carbon. The afore-
mentioned contraction of the c-axis evidenced in the XRD
pattern by the shift of the (002) reflection observed between
∼11.2(1) and 20.3(1) GPa corroborates our claim of a pressure
induced transformation from graphitic carbon to OLC.
Interestingly, even after quenching to ambient conditions, the
OLC structure is retained. The release of pressure might exert
inhomogeneous strains on the OLC, causing fragmentations
and disordering as revealed in TEM and STEM images of the
recovered materials in Fig. 2(a)–(c). The arrangement of the Au
nanoparticles in the recovered hybrid in a spherical pattern
(marked with yellow dotted arrows in Fig. 2(a)) supports their
continued encapsulation by OLC. Previously, pressure-induced
grain coalescence was reported in numerous hybrid and
quantum-dot–Au nanocrystals.14,16,17,34,35 These studies
showed that a permanent merger of Au nanoparticles onto
quantum-dot surfaces occurred due to the presence of large
deviatoric stress.17 In our case, the Au nanoparticles move
closer together and form a denser “clustering” (Fig. S3(a)†)
where the required energy is supplied by an effective pressure
by the OLC in addition to the external hydrostatic pressure.
The compression increased the probability of grain clustering
of Au nanoparticles within a nanoscale volume of OLC in
absence of permanent pressure-mediated sintering (Fig. 2(a)
and Fig. S3(a)†). Thus, atomic diffusion process can be an
energetically favorable mechanism prior to the structural tran-
sition.36 The atomically resolved HAADF images of the Au
nanoparticles in the recovered samples confirm the coexis-
tence of orthorhombic, Pnma (Fig. 2(d)) and primitive cubic,
Pm3̄m (Fig. 2(e)) Au phases. The atomic models of both struc-
tures observed along the 〈111〉 direction are superimposed on
the experimental images. Therefore, it is highly possible that
nanoscale Au clustering and overlap lead to comparatively
larger grains with lower surface energies and prone to
pressure-induced orthorhombic distortions compared to
smaller grains with higher surface energies. The orthorhombic
phase fraction had a maximum near 16 GPa (Fig. S3(b)†). This
is consistent with the above conjecture. A larger phase fraction
of the orthorhombic phase with comparatively larger grains
dominate the diffracted intensity and sharpness in the XRD
patterns. Subsequently, above 16 GPa, the decomposition of
the OLC encapsulation lead to a reduction of the ortho-
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rhombic phase fraction and the peaks in the XRD patterns
became broad. Therefore, we rule out a pressure-induced per-
manent grain coalescence/sintering effect of the Au nano-
particles below 16 GPa. After releasing the pressure, a con-
siderable amount of the recovered orthorhombic phase
(Fig. S3(b)†) contribute to the diffracted intensity of the XRD
pattern (Fig. 1(b)).

The pressure-induced clustering is a continuous process
and is observed at higher pressures where it results in signifi-
cant changes in the microstructure of the Au nanoparticles
upon compression to the highest pressures ∼22.1(1) GPa. The
Au nanoclusters finally sinter enabling the formation of a one-
dimensional (1-D) chain-like microstructure as shown in the
TEM image of the recovered hybrid in Fig. 3(a). Several smaller
and tightly-packed spherical Au nanoparticles form the build-
ing blocks of larger Au clusters (Fig. 3(b)) and are highlighted
with yellow dotted circles and arrows. Consistent with the PIA
as evidenced by the weak (002) reflection of the carbon sub-
structure in the XRD data, the STEM image in Fig. 3(c) also
reveals a highly amorphous carbon layer surrounding the Au
nanoparticles in the one-dimensional chain-like mesoscopic
structures. A pressure-mediated phase transformation at the
meso-scale level was also observed earlier in quantum-dot–Au
nanocrystals.17 In our case, the atomic structure projected
along the 〈111〉 direction in the HAADF image of an Au nano-

particle in Fig. 3(d) reveals a primitive cubic with a Pm3̄m
space group. The XRD pattern of the primitive cubic structures
show low intensities and broad peaks indicative of pressure-
induced disordering. The compression above 20 GPa creates a
new 1-D microstructure of Au nanoparticles and in Fig. 3(a)
(inset), the TEM-EDS elemental analysis of the area marked
with a red square dot confirms the composition of the
nanohybrid.

The optical response of the nanohybrid was examined by
in situ pressure dependent FTIR spectra shown in Fig. 4(a). At
ambient pressure, the IR band corresponding to the aromatic
CvC stretching of the graphitic carbon of the hybrid appears
at ∼1432 cm−1. The band at ∼1737 cm−1 is the characteristic
CvO stretching mode of the acidic or amide functional
groups on the surface of the graphitic carbon sheets. The
other peaks at ∼770–950, 3190 and 3595 cm−1 can be assigned
to the aromatic sp2 –CH bending, –NH and –OH bonds,
respectively.37 We observed that the CvO stretching band is
significantly dampened under pressure between ∼11 and 20
GPa. This highlights a change in the functionality of the CvO
due to the interaction with the π-electron system of the com-
pactly arranged graphite layers which further promotes the for-
mation of OLC at these pressures.38,39 Moreover, the blue shift
in the aromatic CvC stretching band points to the transform-
ation of graphitic sheets to OLC with a structure containing a

Fig. 2 (a) TEM image of the Au–carbon hybrid selectively released from ∼14.2(1) GPa, (b) and (c) HRTEM image and high resolution STEM image of
the same, (d) and (e) HAADF images of the Au nanoparticles of the hybrid and the atomic structure models of orthorhombic (Pnma) Au (d) and primi-
tive cubic (Pm3̄m) Au (e).
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mixture of sp2 and sp3 hybridized carbon.39,40 Interestingly,
under further compression, the band for the CvO stretching
vibration regained strength at ∼22.1(1) GPa which implies the
disruption of the OLC and PIA. The recovered samples from
pressures ∼14.2(1) GPa and 22.1(1) GPa exhibit the IR bands

with the same features as their respective high pressure
structure.

To summarize the dynamics of the phase transformation of
Au–C hybrids and their relation to the mesoscopic structures,
we propose a schematic diagram in Fig. 4(b). The additional

Fig. 3 (a) TEM image of the Au–carbon hybrid selectively released from ∼22.1(1) GPa, TEM-EDS of the hybrid (inset), (b) HRTEM image of the same,
(c) STEM image of the carbon layer surrounds the Au nanoparticles, (d) HAADF image of the Au nanoparticle of the hybrid and the atomic structure
model of primitive cubic (Pm3̄m) Au.

Fig. 4 (a) Pressure dependent FTIR spectra of the Au nanoparticles–graphitic carbon hybrid, (b) schematic diagram showing the changes in the
microstructures of the Au nanoparticles–carbon hybrids at different pressure conditions.
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pressure contribution due to the OLC encapsulation appears
to be the key factor for the formation of Au nanoparticles with
primitive orthorhombic (Pnma) and primitive cubic (Pm3̄m)
phases present between ∼11.1(1) and 20.3(1) GPa.33,41,42 At
∼22.1(1) GPa the disorder in the OLC induces a PIA and forms
a carbon glass (Fig. 3(d), STEM) containing 1D-chains of Au
clusters with only a primitive cubic structure. The PIA of the
OLC structure result in a loss of containment which leads to
an expansion of the Au lattice parameters under pressure
(Fig. 1(c)).33 The absence of any pressure-induced phase tran-
sition of Au nanoparticles without OLC encapsulation provides
strong evidence for the additional pressure of the OLC affords
on the Au nanoparticles (Fig. 1(e)).

Pressure tunes the onset of phase inhomogeneity in the
Au–C nanohybrid and we observe a complex electrical conduc-
tivity depicted in the resistance (R) vs. pressure plot in
Fig. 5(a). During run-1 (Fig. 5(a)), the Au–C nanohybrid is com-
pressed up to 23 GPa where the gold nanoclusters form chain-
like structures and the OLC structure has undergone PIA. In
contrast, during run-2, the pressure is kept below 13 GPa, so
that the OLC remains intact surrounding the Au nanoparticles
(Fig. 4(b)). The external pressure changes the bond angles and
reduces the inlayer C–C spacing in the carbon substructure. Au
nanoparticles act like regions of disorder which disrupt the
carbon matrix and induce local strains. This has consequences
on the electrical conductivity of the Au–C nanohybrid.43 The
increase in resistance with increasing strain in carbon is
caused by a piezo-resistive effect, while for the Au substructure,
it is the result of a volume reduction. At the initial stage (P <
3.5(1) GPa), severe strain results (Fig. S2(c)†) in an increase
(decrease) of the resistivity (conductivity) as observed in
similar noble metal nanoparticles–carbon compounds.44,45

Hence, in both runs, R starts to increase from ambient
pressure on and reaches a maximum value near 3.3(1) GPa.
The compressed carbon phase progressively diminishes its
defect density under pressure and forms smaller/quasi-spheri-

cal carbon onion shells. These shells are initially randomly
oriented and carbon atoms at neighboring incommensurate
layers start to line up with pressure.46 The improvement of the
meso-scale ordering continues up to 10 GPa and the electrical
resistivity (conductivity) decreases (increases) slowly. At P > 10
GPa, the carbon atoms in the neighboring layers approach
each other sufficiently close enough to induce a change of the
sp2 hybridization due to the interlayer bonds formed in OLC
(Fig. 4(a), FTIR). As a result a core–shell type structure of OLC
encapsulating Au nanoparticles is formed and a significant
reduction in R with pressure is observed above 11 GPa.
Interestingly, at this pressure Au also undergoes a phase tran-
sition as revealed by XRD (Fig. 1(b)). OLC become amorphous
and the Au nanocluster construct a well-connected network
above 17 GPa while the conductivity remains high.

We believe that the balance between small (OLC encapsu-
lated gold)- and large (carbon matrix)-scale interactions
strongly affects the electrical conductivity in our Au–C hybrid.
We propose that the inherent conductivity can be character-
ized by the crossing-over of a percolation threshold. A reason-
able key assumption is that the graphitic carbon matrix is a
poor conductor compared to the OLC encapsulating Au nano-
particles.47 We can introduce scaling laws near the percolation
threshold by denoting minor phase (major phase) to be a good
conductor (poor conductor) having resistance r1 (r2) so that r1
≪ r2. The volume fraction of OLC is ν which increases with
pressure beyond a critical value νc at the percolation threshold.
Under compression, an infinitely connected cluster forms due
to pressure-induced sintering of the OLC followed by a sharp
drop of the resistance near the percolation threshold. In perco-
lation theory a scaling relationship of resistance in the high-
resistive and low-resistive regimes is expressed as R = r2(ν − νc)

m

and R = r1(νc − ν)−n respectively where m and n are constants
depending on the dimensionality of the system. The percola-
tion model fits well to our experimental data as shown
in Fig. 5(b) (solid curves). Pressure drives Au–C hybrid towards

Fig. 5 (a) R as a function of pressure of Au–C at ambient temperature (solid circles: compression, solid squares: decompression). Run-1 and run-2
were performed for the maximum pressure values 23 and 13 GPa respectively. Inset is a typical four-probe electrical measurement with van-der
Pauw configuration inside a DAC. (b) Experimental resistance vs. pressure data (solid circles) are fitted with theoretical percolation model fits (solid
curves) with νc = 0.35, m = 0.56, and n = 1.26.
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a phase separation between OLC and a disordered carbon
matrix to minimize the surface energy and continues as a
mixture up to 23 GPa. We calculated the critical volume frac-
tion of OLCs as νc = 0.35 which is very close to the value given
by a continuum percolation model with νc ∼ 0.29.47,48 In
addition, the critical percolation threshold pressure is derived
as Pc ≈ 13.5(1) GPa. The observed Pc from electrical transport
measurements is slightly higher than the transition pressure
(∼11 GPa) obtained from XRD and FTIR results. The deviatoric
stresses and the inhomogeneous pressure gradients on the
OLC due to the quasi-hydrostatic condition and the highly
dense gold clusters may be the reason for this deviation.37

Prior studies have also revealed that if such pressure/deviatoric
stress exceeds a critical value, nanoparticles sinter into novel
forms of 1-D nanostructures.35

During its decompression cycle, run-1, R follows a hysteretic
path across the percolation threshold. The modified percola-
tion occurs in a structure with metallic gold nanoparticles and
a glassy carbon matrix. In contrast, run-2 reveals a large hyster-
esis loop during decompression where R remains close to its
value at the highest pressure. Such behavior is expected due to
the slow relaxation of the short-ranged interlayer C–C bonding
in OLC encapsulating Au nanoparticles (Fig. 2(a) TEM). The
structural data describing the formation of interacting OLC
and their connectivity under pressure are consistent with the
experimental results of our electrical conductivity measure-
ments and should motivate further research on these promis-
ing hybrid materials.

4. Conclusions

In summary, we have investigated the use of high pressure for
the synthesis of novel hybrids with fcc Au nanoparticles
embedded in graphitic–carbon sheets. We discovered a mixed
phase of orthorhombic (Pnma) and primitive cubic (Pm3̄m) Au
nanoparticles encapsulated inside highly ordered OLC under
pressure. This is concomitant with an abrupt reduction of the
C–C d-spacing in the graphitic carbon sheets. The high
pressure sintered and interconnected OLC structures are
stable and remain so upon releasing pressure. This transform-
ation is consistent with the observation of an improved electri-
cal conductivity across the percolation threshold. Our experi-
mental results also reveal the formation of a one dimensional
(1-D) chain-like microstructure in an amorphous carbon
matrix at higher pressures. The formation, stability, and evol-
ution of the OLC under pressure plays a crucial role in the
structural changes observed in Au–C hybrids. Hydrostatic
pressure-induced and OLC-driven phase transformation of a
fcc to a primitive Au structure is rare and should interest the
modeling community.
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