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such as Ar and neon (Ne) to di use into the enclosed
nanopores of GC, enabling the successful synthesis of NDCs
containing high-pressure Ar and Ne.

Despite the successful synthesis of NDCs containing high-
pressure Ar and Ne, the mechanism of volatile di usion in GC
under high pressures remains unclear. Similar pressure-induced
di usion of helium (He) has been observed in silica glass,***
which, like GC, is highly impermeable to gases or liquids under
ambient conditions. It has been suggested that He might enter
6- and larger (7- and 8-)-membered rings in silica due to its
kinetic diameter (0.26 nm) being smaller than the size of
interstitial sites in 6-membered rings (0.30 nm).** Given that
graphene-like layers of GC also contain a significant number of
6-membered rings, along with some 7-membered rings, these
structures may play a role in volatile di usion. However,
studies on graphene indicate that defect-free, single-layer
graphene is nearly impermeable to all gases and liquids,
including helium, neon, nitrogen, oxygen, and argon, up to 3
bar.?>?® This suggests that volatiles likely cannot di use
through 6-membered carbon rings in GC. On the other hand,
unlike the network structure of silica glass, GC features a
layered structure with a relatively large interlayer spacing of
about 0.37 nm with weak van der Waals bonding,?” which may
serve as a di usion pathway. A deeper understanding of the
volatile di usion mechanism and pathways in GC could guide
the synthesis of NDCs containing other target high-pressure
volatiles. Although GC has proven to be an e ective precursor
for NDC synthesis, identifying alternative carbon precursors
with di erent atomic and microstructural characteristics is
essential for broadening the synthesis and applications of
NDCs. Understanding the mechanism of gas permeability in
carbon could enable rational selection and design of new
carbon precursors for NDC synthesis. However, no exper-
imental studies have been conducted to date.

In this study, we combined in situ high-pressure synchrotron
X-ray di raction (XRD), high-pressure small-angle X-ray
scattering (SAXS), and transmission electron microscopy
(TEM) to investigate the di usion of gas into GC and
amorphous carbon under pressure. Our findings indicate that
He does not di use into GC through the interlayer spacing
between the graphene-like layers but rather through structural
defects. As a consequence, pressure-induced permeability
could be a general phenomenon in sp’bonded disordered
carbon structures, not limited to GC. These results enhance
our fundamental understanding of the permeability of
disordered carbon under pressure and provide essential
guidance for synthesizing various NDCs.

B resuLTs AnD Discussion

Figure 1a compares the SAXS data of a GC sample at 0 GPa
(without He) and those collected at 1.3 and 3.2 GPa with He.
SAXS is an e ective method for probing nanoscale density
variations within materials. At 0 GPa, the SAXS profile shows a
broad scattering peak at approximately 0.1—0.2 A%, consistent
with the presence of numerous nanopores in the GC, as
previously reported.** A comparison of the experimental data
and the modeling results using Irena software is shown in
Figure S1.® The modeling decomposes the total signal into
scattering from nanopores in GC and Porod-type background
from large-scale structures (e.g., diamond anvils, beamline
optics, and large domains in the sample). The irregular
scattering peak at  0.02 A™! originates from the scattering
signal (Kossel line) from single-crystalline diamond anvils of

Figure 1. (2). SAXS curves of a GC sample in a DAC at 1.3 (blue),
32 (red), and 0 GPa (black curve) with He as the pressure-
transmitting medium. The o GPa data was collected after
decompression. Inset: the microscope image of the GC sample in
the DAC for an in situ high-pressure SAXS experiment. (b) High-
resolution TEM image of a GC sample showing the curved layer
structure. The scale bar is 5 nm. Inset: the fast Fourier transform of
the HRTEM image.

DAC.?*3 Because the position and intensity of these Kossel
line features vary with even subtle pressure-induced changes in
the anvil orientation and strain, their appearance is pressure-
dependent. At 1.3 GPa, the Kossel lines overlap with the
sample-scattering region and could not be fully masked
without significantly degrading the signal-to-noise ratio. At
1.3 GPa, with He present, the scattering peak (0.1-0.2 A™1)
becomes obviously weaker. This change could be partly
attributed to the di usion of He into the nanopores, which
reduces the density contrast between the GC matrix and the
pores, and partly to the decreased pore volume due to
compression.

A further increase in pressure to 3.2 GPa (a pressure
increase of 1.9 GPa) results in only a subtle decrease in the
intensity of the SAXS peak, suggesting a minor change in the
pore volume. In contrast, previous studies suggest the volume
of a GC sample decreases almost linearly during compression
upto 11.2 GPa.** Therefore, the SAXS results imply that He
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is present in the nanopores, making them less compressible
than empty pores. The ability of He to di use into GC aligns
with previous experimental observations that inert gases Ne
and Ar, which have larger kinetic diameters than He, can
di use into GC under pressure.™*

The next question is how He di uses into GC under
pressure. As shown in Figure 1b, GC consists of curved
graphene-like layers with an average interlayer distance of

0.37 nm, which is much larger than the kinetic diameter of
He (0.26 nm). In previous studies on He di usion in silica
glass, the He atoms that di used into the voids of silica glass
make the glass significantly less compressible at high
pressures.”*** This substantial change in the compressibility
was revealed by the nearly unchanged first sharp di raction
peak (FSDP) position of SiO, glass in a He medium under
pressures up to 18.6 GPa. By analogy, if He di used into GC
through the spaces between the graphene-like layers, it would
make the interlayer spacing seemingly incompressible. To
investigate this, we conducted in situ high-pressure XRD
experiments on GC using He as a pressure medium,

Figure 2a shows the XRD patterns of GC at representative
di erent pressures in the presence of He. The FSDP, whose
position corresponds to the interlayer distance of the
graphene-like layers, shows a clear shift toward higher two-
theta angles with increasing pressure. The position of the
FSDP as a function of pressure was determined by fitting the
peak to a Gaussian function (see Figure 2b). For comparison,
we included results from previous studies that used Ne as a
pressure medium and from experiments conducted without
any pressure medium.*®?’ The consistent results from all three
independent experiments suggest that the compression
behavior of GC has not been a ected by the presence of
pressure mediums He or Ne. The minor di erences among
di erent studies primarily arise from experimental uncertainties
in determining the peak positions, given the weak and broad
nature of the FSDP. If He were intercalating between the
graphene-like layers of GC, it would make the interlayer
spacing highly incompressible and result in a stable FSDP
position, similar to what is observed in silica.?*** Therefore,
these XRD results indicate that He does not likely di use into
GC through the interlayer spaces, despite the interlayer
distance of 0.37 nm being larger than the kinetic diameter of
He (0.26 nm). Moreover, since He has the smallest kinetic
diameter among all volatiles, these results further suggest that
other volatiles are also unlikely to di use into GC through the
interlayer spaces under similar conditions.

As previously mentioned, six-membered carbon rings in
graphene are nearly impermeable to all gases and liquids,
including He.?® Thus, it is unlikely for He to di use through
the six-membered rings in GC. On the other hand, previous
studies on graphene have shown that gas transport can occur
through angstrom-sized pores in graphene when the pore size
is comparable to the kinetic diameter of the gas.*** Therefore,
it is plausible that gases di use through defects or voids within
the graphene-like fragments of GC, or along the edges of these
fragments, where the atomic structure is more disordered and
exhibits lower atomic density, conditions that favor gas
di usion. In crystalline materials, defects such as grain
boundaries and dislocations often serve as fast di usion
pathways, with di usivities at defect cores several orders of
magnitude higher than in the perfect lattice.***> Qur results
suggest that the di usivity in amorphous materials is also not
uniform and that substantial short-circuit di usion may also

Figure 2. (a) XRD patterns of GC at di erent pressures during
compression with He as the pressure-transmitting medium in a DAC.
Due to the weak X-ray scattering ability of GC, the sample XRD
patterns are obtained after subtracting the background scattering. The
symbol * denotes the peaks from the gasket Re in the background
XRD patterns. (b) Position of FSDP as a function of pressure (red
circle). The peak position was converted to 2m/q for easier
comparison with previous results. The position of FSDP derived
from previous experiments using Ne as a pressure medium (diamond)
and without pressure medium (square) are also included for
comparison. 2’

occur in amorphous materials, which is consistent with
structural and dynamic heterogeneity in amorphous materials
revealed by other techniques.®*’

Since gas di usion in GC does not rely on its unique
graphene-like layered structure but instead most likely
proceeds via a defect-mediated mechanism, pressure-induced
permeability may be a universal feature of disordered carbon.
To test this hypothesis, we need to conduct high-pressure
experiments on other forms of sp?-bonded carbon with
disordered atomic structures and abundant enclosed pores or
voids. To this end, amorphous hollow carbon nanospheres,
combined with Ar as the pressure medium, serve as an ideal
model system due to their well-defined pore structures and
strong SAXS contrast. Figure 3a shows the TEM image of the
carbon nanospheres used in the experiments, revealing their
hollow structure with an average size of approximately 60 nm.
The highly di used di raction rings in the electron di raction
image (Figure 3b) indicate that these nanospheres are
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Figure 3. TEM characterization of initial and high-pressure recovered hollow carbon nanosphere samples. (a) TEM image of hollow carbon
nanospheres with an average outer diameter of 60 nm. (b) Electron di raction image of the carbon nanospheres showing highly di used
di raction rings. (¢) TEM image of hollow carbon nanospheres after compression to 20 GPa without a pressure medium, followed by
decompression. (d) TEM image of hollow carbon nanospheres recovered from 20 GPa with Ar as the pressure medium.

amorphous. Given their hollow structure, if Ar di uses into the
carbon nanospheres under pressure, then it would fill the
empty cores of the nanospheres, altering their compression
behavior. Figure 3c,d shows the TEM images of the carbon
nanosphere sample after decompression from 20 GPa
without a pressure medium or with an Ar pressure medium,
respectively. In Figure 3c, most hollow structures appear to be
destroyed by compression, which is expected, as the empty
core structure of nanospheres would collapse under high
pressure, similar to the squashing observed in carbon
nanotubes.® In contrast, the hollow structures remain largely
intact in Figure 3d, which can be attributed only to the
di usion of Ar into the cores of the nanospheres, supporting
their shells during compression and preventing their collapse.

To further quantitatively verify Ar di usion and assess its
generality in hollow amorphous carbon nanospheres under
pressure, we performed in situ high-pressure SAXS experi-
ments on an additional batch of amorphous carbon nano-
spheres with di erent sizes. Figures 4a, b and S2 and S3 display
the TEM and high-resolution TEM images of these nano-
spheres, indicating an average outer diameter of 200 nm and
a disordered atomic structure quite di erent from GC. High-
pressure SAXS was used to investigate the permeability of the
nanospheres to Ar. As shown in Figure 4c, the SAXS pattern at
ambient pressure shows a distinct hump at 0.02—0.03 A™* and
a weaker one at 0.05 A~ (indicated by vertical arrows),
which can be attributed to the density contrast between the
amorphous carbon shell and the empty cores. After loading Ar
to 0.3 GPa, the hump at 0.02 to 0.03 A~ becomes significantly
weaker, and the one at  0.05 A™* nearly disappears.

The experimental data were fitted using Irena software to
interpret the SAXS results (see Figures 4d and S4).%® A core—
shell form factor was employed to model the scattering signal
from the hollow carbon nanospheres (see the Supporting
Information for detailed fitting information). To fit the SAXS
profiles at 0 and 0.3 GPa, a similar size distribution for the
carbon nanospheres was used, while the contrast (scattering
length density di erence Ap) between the shell and core/
surrounding medium was adjusted. The fitting results indicate
that Ap between the shell and the core decreases by 70% at
0.3 GPa. This dramatic change suggests that Ar has di used
into the empty cores of the carbon nanospheres, reducing the
core—shell scattering contrast (Ap?) by over 90%. Therefore,
the SAXS results suggest that Ar can e ectively di use into the
amorphous carbon nanospheres, even at relatively low
pressures, such as 0.3 GPa. It should be noted that the size
of nanospheres only slightly decreases when compressed to 0.3
GPa, which is minimal and can be neglected for data fitting.
For instance, previous studies suggest the volumes of type |
and type Il GC decrease by 5% (corresponding to a size
decrease of 1.7%) when compressed to 0.5—1 GPa.**

It should be noted that the 0 GPa SAXS data for both GC
and amorphous hollow carbon nanospheres were collected
after decompression rather than before gas loading. Due to the
impermeability of both GC and amorphous carbon under
ambient conditions, a small amount of residual gases should
remain trapped in their nanopores after decompression. The
influence of this residual gas has been evaluated in our previous
study, in which SAXS data of a GC sample were collected
before compression, compressed to 0.3 GPa (with Ar as the
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