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High-pressure environments require that power supplies of electronic
devices can withstand high pressure without a hard shell. While
compact reduced graphene oxide (rGO) electrodes enhance pressure
tolerance, they suffer from compromised capacitance and power
output due to the decreased ion-accessible surface area and blocked
or collapsed ion channels. To overcome this challenge, carbon
quantum dots (CQDs) were uniformly embedded into rGO film to
create a compact yet porous electrode. This was achieved via
a hydrothermal reaction to form a rGO/CQDs hydrosol by bonding
CQDs to rGO nanosheets, followed by a subsequent vacuum filtering.
The “spacer” function of CQDs improves the ion-accessible surface
area, ion migration, and compressive strength of the rGO/CQDs films.
Molecular dynamics simulations further confirm that embedded CQDs
enhance both Young's modulus and the diffusion coefficient of
hydronium ions within the rGO/CQDs films. Thus, at an ultra-high
pressure of 360 MPa, the prepared rGO/CQDs films retained an
impressive 81.2% of their initial capacitance (219.7 F cm~ at 0.8 mA
cm™2). The rGO/CQDs-based supercapacitors retained a high volu-
metric power density of 59.4 W cm™> at 180 MPa. These findings
demonstrate the great potential of rGO/CQDs films for pressure-
tolerant power supply devices.

Introduction

Pressure-tolerant electronics are vital across diverse fields, from
underwater robots to space exploration,™® oil reservoir
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monitoring,>* and military engineering.*® Electrochemical
energy storage (EES) devices play a crucial role in powering
pressure-tolerant electronics, influencing their lifespan and
effectiveness in high-pressure environments."* However, the
use of rigid pressure vessels to withstand high pressure reduces
available space and hinders integration with electronics, espe-
cially flexible electronics.””® Therefore, there is a need for EES
devices that can withstand high pressures without a hard shell.
Fortunately, the traditional Chinese philosophy of Taichi,
advocating the “softness overcoming hardness”, offers a “soft”
solution to the “hard” problem.

Supercapacitors made of graphene nanosheets have
emerged as promising EES devices due to their high power
density, fast charging and long lifespan.®™* However, the low
packing density (<0.8 g cm ) of carbon electrodes commonly
used in supercapacitors'*® makes them susceptible to damage
under compressive pressure. Though compact electrodes with
high volumetric capacitance prepared by a capillary shrinkage
method can withstand tens-MPa pressure,”™ this issue has
still not been completely solved. This is because high pressure
can lead to degraded capacitance and power density of dense
electrodes due to reduced ion-accessible surface area and block
or collapse of ion transport pathways.

One effective method to prevent graphene nanosheets from
irreversibly m-m stacking is by introducing “spacers” within the
film.>*** These spacers maintain smooth ion migration channels,
crucial for high power applications. Various carbon-based nano-
materials like carbon nanoparticles,” nanotubes,* nanofibers*
and nanosheets* have been used as spacers through mechanical
mixing and vacuum filtration. This embedding creates graphene
composites with a larger ion-accessible surface, enhancing both
capacitance and power capability. However, this approach comes
with a trade-off. Physically mixing spacers with graphene nano-
sheets weakens the crucial interlayer interaction between gra-
phene nanosheets and thus reduces the overall mechanical
strength of the film.>** The weakening effect is more
pronounced with larger spacers. Therefore, selecting smaller-
sized spacers is critical to both strengthen the interlayer
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interactions and improve the compressive strength of the
composite films. Additionally, smaller nanometer-sized spacers
can achieve high packing density>*** while providing more mes-
opore spaces. This combination further improves volumetric
capacitance and power performance. Carbon quantum dots
(CQDs), with their nanometer-sized diameter, offer a promising
solution. These CQDs exhibit typical electric double layer
behavior,* excellent water-solubility,* chemical stability,*"*> and
readily functional surface groups.”* Previous works have
demonstrated that through a series of complex preparation
processes, CQDs could be successfully bonded to reduced gra-
phene oxide (rGO) sheets, forming rGO/CQDs powders.* While
electrodes fabricated by mixing rGO/CQDs powders with carbon
black and polyvinylidene fluoride binder typically exhibit a higher
gravimetric capacitance than rGO alone,* these non-integral
electrodes cannot withstand high pressure due to the potential
mechanical degradation of the carbon black and binder.** Despite
some progress, the impact of CQDs on the pressure tolerance of
rGO-based electrodes remains largely unexplored.

This study presents a novel synthesis creates a colloidal
solution of rGO/CQDs hybrid nanosheets made from GO and
CQDs,*"** which is then vacuum-filtered into integral rGO/CQDs
films, avoiding any conductive agent or binder. The embedded
CQDs create mesopores in the rGO/CQDs films, boosting their
volumetric capacitance. Additionally, the spacing action of the
CQDs significantly enhances the films' electrochemical perfor-
mance and compressive strength, which is confirmed by the
improved diffusion coefficient of hydronium ions (3.0 x 10~° m?
s~ 1) and Young's modulus (5.1 GPa) obtained from the molecular
dynamics simulations. Consequently, the rGO/CQDs-based
supercapacitors exhibit remarkable electrochemical stability
and high power density even under high pressure, demonstrating
their potentials for pressure-tolerant power supply devices.

Results and discussion

Fabrication and characterizations of the rGO/CQDs
composites

Fig. 1a depicts the synthesis of the rGO/CQDs films. As reported
in literatures, both GO and CQDs possess carboxyl and phenolic
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Fig. 1 (a) Schematic fabrication process of the rGO/CQDs films. (b)
Mixed colloids of CQDs and GO nanosheets. (c) Stable colloids of rGO/
CQDs nanosheets. (d) FTIR spectra of GO, CQDs and the rGO/CQDs
nanosheets.
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hydroxyl groups on their surfaces.***’ These functional groups
on the surfaces leave negative charges,* enabling them to form
stable colloids due to their electrostatic repulsion (Fig. 1b). An
aqueous solution containing a dilute mixture of GO and CQDs
(a total concentration of 0.05 mg ml~*) was heated in a sealed
autoclave at 185-200 °C for 3 hours. This hydrothermal process
facilitates chemical reaction between GO and CQDs, leading to
the uniform attachment of CQDs onto the rGO surface.’"**
Notably, the rGO/CQDs nanosheets are still negatively charged,
as shown in Fig. 1c, and the inset further corroborates their
colloidal nature by depicting the Tyndall effect observed in the
rGO/CQDs dispersion. Fourier transform infrared (FTIR)
spectra (Fig. 1d) shows a decrease in the peak intensities of the
C-0O (hydroxyl) groups at ~1050 cm ™" and the C=0 (carboxyl)
groups at ~1720 cm ' for the rGO/CQDs. This suggests
a reduction of these functional groups. However, still other
groups remain, as evidenced by the peaks at ~1390 cm™* (O-H
of carboxyl) and ~3370 em™' (-OH vibrations of surface-
adsorbed water).?**° Since oxygen functional groups primarily
reside on the surface of the CQDs and GO, their reactions

primarily occur as follows:*"**

GO — COOH + CQDs — OH — rGO — CQDs + CO, + H,0,(1)

GO — OH + CQDs — COOH — rGO — CQDs + CO, + H,0.(2)

This aligns with the observed decreases in C=0 (carboxyl)
and -OH functional group signals in the FTIR spectra (Fig. 1d).
Similar phenomena have been documented previously for
carbon nanotubes, CQDs and graphene sheets.*’*** The high
hydrothermal temperature (185-200 °C) likely facilitates this
decarboxylation/condensation reaction, leading to a significant
reduction in the ~OH peak intensity in the FTIR spectra. Finally,
the rGO/CQDs films were obtained by vacuum filtration of the
rGO/CQDs colloids (Fig. 1a and S17).

Transmission electron microscope (TEM) images reveal the
uniform attachment of 3-6 nm sized CQDs onto the rGO
surfaces (Fig. 2a and S27) after the hydrothermal treatment.
Scanning electron microscopy (SEM) images (inset in Fig. 2a
and S31) further demonstrate a uniform film thickness with
a compact, layered stacking morphology and a smooth surface.
Notably, the presence of CQDs effectively prevents restacking of
rGO nanosheets. Consequently, the rGO/CQDs hybrid film
boasts a significantly higher specific surface area (142 m> g™ )
and pore volume (0.28 cm® g~ ') compared with the rGO film (82
m? g " and 0.15 cm® g~ ') (Fig. 2b and c). X-ray photoelectron
spectroscopy (XPS) analysis (Fig. S41) confirms the presence of
carbon (C) and oxygen (O) elements in GO, CQDs and rGO/
CQDs. High-resolution C 1s spectra (Fig. 2d-f) of all three
materials show prominent peaks at 284.6, 286.2 and 288.8 eV,
corresponding to C=C/C-C, C-O, and C=O0O bonds, respec-
tively.***>*® Remarkably, the rGO/CQDs possess a higher C=C/
C-C content in contrast to that of GO and CQDs. Conversely, the
C-O and C=O0 contents in rGO/CQDs are lower than those
observed in GO and CQDs. This observation aligns well with the
findings from FTIR analysis (Fig. 1d), suggesting a successful

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Materials characterization. (a) TEM image of the rGO/CQDs
nanosheets (the inset is a cross-sectional SEM image of the rGO/
CQDs). (b) N, adsorption—desorption isotherms (STP). (c) Pore-size
distribution. (d—f) C 1s XPS spectra of the GO (d), CQDs (e) and rGO/
CQDs (f). The crude material mass ratio of CQDs/GO is 0.4 for the
rGO/CQDs.

decarboxylation/condensation reaction between -COOH and -
OH groups on the surface of the CQDs and GO during hydro-
thermal treatment. Additionally, both CQDs and rGO/CQDs
exhibit trace amounts of C-N bond (peaks at 287.5 eV). The
presence of trace N-element likely originates from the peanut
shells used as precursors for the CQDs.*

Electrochemical performances of the rGO/CQDs films with
increasing pressure

Pressure tolerance is vital for electrode materials in energy
storage device, particularly those served in autonomous
underwater vehicles,"” as it directly affects their operational
lifespan. This study investigates the pressure tolerance of rGO/
CQDs compact films with varying CQDs contents (labeled as
“rGO/CQDs-X", where X represents the mass ratio of CQDs to
GO in the crude materials). To assess electrode stability under
high pressure, these films were assembled into sandwich-
configuration supercapacitors (Fig. 3a and S51). These super-
capacitors were subjected to static pressures ranging from 0 to
360 MPa (Fig. S6, and Table S17). To evaluate the effect of the
separator on electrochemical properties under pressures, pure
Pt foil-based supercapacitor was tested across the same pres-
sure range. The results demonstrated minimal influence of the
separator on the electrochemical performance under pressure,
as the Pt foil exhibits only a slight decrease in capacitance with
increasing pressure (Fig. S7 and S87).

Under zero applied pressure, the rGO/CQDs films display
approximate-rectangular cyclic voltammetry (CV) curves at
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Fig. 3 Electrochemical performances of the rGO/CQDs films with
increasing pressure. (a) Schematic of a sandwich-configuration
supercapacitor. (b) CV curves at 5 mV s~ without pressure. (c) Volu-
metric capacitances at different current densities. (d) Nyquist plots
without pressure. (e) CV curves at 5 mV s~* varying with pressure. (f)
Volumetric capacitances of the rGO and rGO/CQDs-0.4 at 0.8 mA
cm™2 versus pressure.

a scan rate of 5 mV s~ ' (Fig. 3b), indicating excellent electrical
double-layer capacitive behavior. This characteristic is further
confirmed by the near-isosceles triangular galvanostatic
charge-discharge (GCD) curves at a current density of 0.8 mA
cm 2 (Fig. S9a and S107). Even at a high current density of 40
mA cm 2, the GCD curve of rGO/CQDs-0.4 demonstrates supe-
rior rate capability with the smallest IR drop among all elec-
trodes (Fig. 3c and S9b¥). Its volumetric capacitance reaches
219.7 Fem ™ at 0.8 mA cm 2, which is slightly lower than that of
rGO/CQDs-0.2 but higher than that of rGO. This superior
performance could be attributed to the larger ion-accessible
surface area and wider ion channels created by the incorpora-
tion of CQDs within the rGO/CQDs films (Fig. S11t). Further-
more, the Nyquist plot (Fig. 3d) reveals a smaller-diameter
semicircle for the rGO/CQDs-0.4 electrode compared with that
of the rGO and other rGO/CQDs electrodes, signifying its
improved efficiency for ion migration."*** Consequently, the
rGO/CQDs-0.4-based supercapacitors achieve outstanding
volumetric power densities of 249.1 W em™> and 170.1 W cm
in 1 M H,SO, and 6 M KOH aqueous electrolytes, respectively,
significantly higher than rGO- and other carbon-based super-
capacitors (Fig. S12 and Tabel S27).'92%4149-5

Further, as pressure increases (Fig. 3e), the CV curve of rGO/
CQDs-0.4 shows minimal shape change, indicating excellent
electrochemical stability under varying pressures. In contrast,
the CV curves of rGO and other rGO/CQDs electrodes experience
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Fig. 4 Molecular dynamics simulations of rGO and rGO/CQDs-0.4 films in aqueous electrolyte under pressure. (a) Initial configuration of the
simulated rGO film. Blue and gray atoms present charged and uncharged carbon atoms, respectively. (b) Positions of interlayer CQDs and
inherent structure of the simulated rGO/CQDs-0.4 film generated using the conjugate-gradient method. (c) Compressive strain of rGO and rGO/
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pressure. (e) Snapshot of the simulated rGO and rGO/CQDs-0.4 films filled with aqueous electrolyte at a compressive strain of 8.0% (360 MPa).
Only carbon atoms are kept to visualize the deformed structures of film.

significant shape change at elevated pressure (Fig. S137).
Specifically, rGO/CQDs-0.4 retains a remarkable 81.2% of its
capacitance even at 360 MPa (161.3 F cm™), significantly
surpassing that of rGO film (14.8%, 25.4 F cm > at 252 MPa) and
other rGO/CQDs with varying CQDs contents (Fig. 3f and S147).
This exceptional performance stands out among all
compression-resistant electrodes.®*** Furthermore, rGO/CQDs-
0.4 displays superior rate capability and power performance
(59.4 W cm ™) at 180 MPa compared to rGO and other rGO/
CQDs samples (Fig. S151). The rGO/CQDs-0.4 also yields
a lower resistance to charge transfer (R.) at 9 MPa than that at
0 MPa (Fig. S167), indicating a faster rate of ion transport under
pressure.’** Even with increasing pressure from 9 to 360 MPa,
the R, of rGO/CQDs-0.4 only lifts slightly (from 0.5 to 2.9 ohm),
demonstrating its superior pressure tolerance (Fig. S16t) than
that of rGO (Fig. S171) again. Meanwhile, rGO/CQDs-0.4 elec-
trodes fabricated with CQDs synthesized with different precur-
sors also demonstrate superior pressure tolerances,
highlighting the universality of various CQD precursor mate-
rials (Fig. S18-S201). Moreover, the rGO/CQDs-0.4-based
supercapacitor retains 95.4 and 98.2% of its capacitance after
50 000 cycles under 36 and 180 MPa, respectively (Fig. S217).
Even after pressure is removed for 12 hours, it still exhibits
almost 100% capacitance recovery (Fig. S227), indicating its
suitability for high-pressure applications. These findings make
the rGO/CQDs-0.4-based supercapacitor promising for energy
storage in harsh environments. Potential applications include
power supply devices for autonomous underwater vehicles,"*
module for wireless sensors monitoring hydraulic fracture and
oil reservoirs,> and modules for hybrid military vehicles in
specialized applications.>*

19888 | J Mater. Chem. A, 2024, 12, 19885-19890

Molecular dynamics simulations

To understand the mechanism behind the higher pressure
tolerance of rGO/CQDs-0.4 film than that of rGO film, large-
scale molecular massively parallel simulation® was employed.
The simulations focused on a 1 M H,SO, aqueous electrolyte
(considering only hydronium ion transport due to the Grotthuss
mechanism®) and the carbon electrode atoms. The results were
visualized using OVITO software.*®

This mode is based on two primary assumptions, namely
first that the rGO sheet within the film is flat and evenly sepa-
rated, and second, that both rGO and CQDs consist solely of
carbon (detailed illustration in Fig. S237). Under high pressure,
the electrodes are expected to deform, potentially inducing
mobility in the carbon atoms. To accommodate this, the carbon
atoms in the molecular dynamics model are not fixed during the
simulation. The rGO film was simplified as 8 negatively charged
graphene sheets, each composed of 11 200 carbon atoms (~17
x 17 nm” in x-y plain) and carrying a charge density of —0.42C
m 2. This configuration maintains an average interlayer
spacing of 0.54 nm in the absence of applied pressure (Fig. 4a
and S2371)."> For the rGO/CQDs-0.4 film, the model, adjusted
using the conjugate-gradient method post-compression and
relaxation, includes 8 similarly charged graphene sheets
embedded with 8 CQDs (each between two neighboring gra-
phene sheets has 2773 carbon atoms and a spherical graphite
structure with a radius of ~2 nm) as spacers, resulting in an
average interlayer spacing of 0.76 nm (Fig. 4b).

The simulations effectively capture how the strain within the
rGO and rGO/CQDs-0.4 films (Fig. 4c) and the diffusion coeffi-
cients of hydronium ions inside them (Fig. 4d) change with
pressure (detailed process in Fig. S241). Notably, the simulations

This journal is © The Royal Society of Chemistry 2024
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unveil a higher Young's modulus for the rGO/CQDs-0.4 film (5.1
GPa) other than the rGO film (3.4 GPa, Fig. 4c), confirming its
superior pressure tolerance. Furthermore, the rGO/CQDs-0.4 film
always exhibits a higher diffusion coefficient of hydronium ions
with increasing compressive pressure compared with the rGO
film. Even at a high pressure of 360 MPa, the rGO/CQDs-0.4 film
maintains a significantly higher diffusion coefficient (3.0 x 10~°
m? s ') than the rGO film does (0.6 x 10~° m> s~ ). This differ-
ence can be attributed to the collapse of ion channels within the
rGO film under ultrahigh pressure, while the rGO/CQDs-0.4 film
retains open channels (Fig. 4e). Therefore, the simulations
convincingly demonstrate the superior pressure tolerance of
rGO/CQDs-0.4 to that of rGO, aligning perfectly with the experi-
mental findings.

Conclusions

In summary, we have successfully developed rGO/CQDs hybrid
compact films with exceptional compressive strength by
combining hydrothermal method with vacuum filtration. The
strong connection between rGO nanosheets and CQDs prevents
the nano-porous structure from collapsing under high pressure.
The insertion of CQDs into the rGO matrix further enhances the
ion-accessible specific surface area within the electrode, resulting
in a high volumetric capacitance of 219.7 F cm ™~ at 0.8 mA cm ™2,
Moreover, acting as spacers, the CQDs significantly improve ion
migration and heighten the compressive strength of the rGO/CQDs
hybrid films, as evidenced by the significantly improved diffusion
coefficient of hydronium ions and Young's modulus obtained
from the molecular dynamics simulations, ensuring good elec-
trochemical stability and high power capability under high pres-
sure. Consequently, these rGO/CQDs-based supercapacitors
provide great potential for compact energy storage devices and
pressure-tolerant electronics, offering valuable insights into the
development of high-performance supercapacitors.
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