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Abstract: Three-dimensional (3D) graphene

monoliths are a new carbon material, that has

tremendous potential in the fields of energy i Akl mtal
reduction on battery
conversion and storage. They can solve the €o, ‘ ,M_A,,\_
e . . . " battery
limitations of  two-dimensional (2D) Energy
Electromagnetic Supercapacitors

it ‘storage
shielding

graphene sheets, including interlayer restack- frin

impact energy

ing, high contact resistance, and insufficient
energy storage

pore accessibility. By constructing intercon-

Tailorable
nected porous networks, 3D graphenes not catalyticn R
reduction

only retain the intrinsic advantages of 2D

graphene sheets, such as high specific surface area, excellent electrical and thermal conductivities, good mechanical properties,
and outstanding chemical stability, but also enable efficient mass transport of external fluid species. We summarize the fabrica-
tion methods for 3D graphenes, with a particular focus on their applications in energy-related systems. Techniques including
chemical reduction assembly, chemical vapor deposition, 3D printing, chemical blowing, and zinc-tiered pyrolysis have been
developed to change their pore structure and elemental composition, and ways in which they can be integrated with functional
components. In terms of energy conversion and storage, they have found broad use in buffering mechanical impacts, suppress-
ing noise, photothermal conversion, electromagnetic shielding and absorption. They have also been used in electrochemical en-
ergy systems such as supercapacitors, secondary batteries, and electrocatalysis. By reviewing recent progress in structural
design and new applications, we also discuss the problems these materials face, including scalable fabrication and precise pore

structure control, and possible new applications.
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Carbon is one of the basic elements in the world,
its versatility is indispensable for the mass circle in
nature as well as the progress of modern technology.
The groundbreaking isolation of graphene-a 2D hon-
eycomb lattice of sp>-bonded carbon atoms-by Geim
and Novoselov’s team in 2004 marked a milestone in
materials science'!. This material theoretically has un-
paralleled characteristics: ultrahigh surface area
(~ 2630 m’ g), exceptional charge mobility
(>200 000 cm® V' s")! superior thermal conduct-
ivity (~ 5000 W m"' K™, strong mechanical
strength (with a Young’s modulus of ~ 1 TPa)'”’, and

remarkable chemical stability. Graphene continues to
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revolutionize materials research through its unique 2D
quantum behavior, including phenomena like the am-
bipolar field effect!'), quantum Hall effect” ), giant in-
trinsic carrier mobility , high sensitivity to external
charge'”, among others. Furthermore, recent advances
in synthesis methodologies have significantly en-
hanced production efficiency, enabling cost-effective
fabrication and industrial-scale implementation of

graphene-based technologies!”' . Endowed with a di-
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verse array of attributes, graphene materials have
found broadened applications, particularly in advan-
cing energy storage and environmental conservation

U411 'Nonetheless, the robust m-m stacking

technlogies
and van der Waals forces inherent between graphene
sheets instigate significant aggregation, thereby
drastically diminishing its key properties. As a con-
sequence, vital characteristics such as its accessible
specific surface area and catalytic active sites are sub-
stantially diminished, leading to a dearth of contigu-
ous channels imperative for ion mobility. Meanwhile,
the 2D stance of graphene has met challenges in en-
ergy storage and conversion devices, especially in
large-scale 3D devices!' .

Given this context, researchers have begun to ex-
plore another dimension of graphene: 3D graphene. It
is actualized by formulating a 3D porous configura-
tion, which mitigates the re-stacking of graphene lay-
ers, while preserving the distinct 2D physical and
attributes  inherent  to
LU Till date,

graphene architectures have been achieved, encom-

chemical graphene

constituents various 3D porous
passing macroscopic graphene hydrogel””, graphene
foam”, graphene sponge'””, micrometric flower-like

=1 "and strut-

graphene””), porous graphene structure
ted graphene"”), among others. There are two typical
pathways for constructing 3D graphene materials: as-
sembly of chemically exfoliated GO sheets”™”’ and
CVD method"". The former is better suited for scale-
up, but the resulting graphene often suffers from low
mechanical strength, poor electric conductivity, and
inferior interconnectivity of pore channels and
graphene sheets. Conversely, the CVD technique
renders high-quality 3D graphene with desired attrib-
utes for efficient energy devices, but its cost and com-
plexity cast shadows on its scalability. In addition to
these strategies, laser casting and 3D printing techno-
logy has been applied to prepare 3D graphene in re-
cent years. The evolution of such 3D graphene con-
structs has vastly expanded the application sphere of
graphene materials' "', Now, they have permeated a
myriad of fields, from energy storage devices like su-

[32] [33] [(34]

percapacitors and batteries to solar cells"™,
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sensors, conductors””, solar-thermal conversion facil-

ities"™, thermal management devices"",
catalysis™* "), electromagnetic interference
shielding"""" and beyond.

3D graphene materials obtained through diverse
methodologies exhibit distinctively different proper-
ties, imparting various features to each application.
The realization of the full potential of these applica-
tions necessitates a deeper comprehension of the cor-
relation between the material’s unique properties and
its performance. Among energy storage devices, the
hierarchical porosity and high contact area of 3D
graphene satisfy the requirement for accommodate
substantial charge storage as well as facilitate effi-
cient ion and electron transport during charge-dis-

charge cycles!'”.

Meanwhile, superior conductivity
and robust graphene 3D network contribute to a signi-
ficant  improvement in  performance  and
applicability”’". In the sphere of electrocatalysis ap-
plications, noble metals catalysts are not ideal due to
high costs, despite being commonly used. Here, 3D
graphene fills the gap, with its abundant active sites,
high conductivity and low cost"”. And 3D graphene
offer a distinctive combination of light weight, flexib-
ility, broadband and low load, which is conducive to
the improvement of microwave absorption perform-
1]

ance . Besides, benefiting from the high porosity
and low density, 3D graphene material is a light-but-
strong structural supporter and excellent elastomer
with excellent impact resistance!’. Moreover, 3D
graphene can integrate with other active materials,
leading to optimized corresponding performance in
specific applications. The effects of such integration
can be seen in several ways: (1) The polarization of
electron density at carbon-heteroatom bonds, brought
about by heteroatom doping into the honeycomb lat-
tices of 3D graphene, facilitating opportunities for
modifying the sp” bonding state, which would open
the intrinsic electronic structure and generate many
active sites'""!. (2) An expansion of surface area and
the formation of extensive ion/mass transport path-
ways, resulting from the introduction of porous struc-

tures into graphene nanosheets of 3D graphene, in
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some cases improving their (chemical/mechanical/
thermal) stability”""". (3) An increased overall conduct-
ivity and stabilize the 3D interconnected configura-
tion, introduced by the collaboration with conductive

[ (4) Surface modification of graphene

polymers
with other functional components (metal sulfide, met-
al oxide, single metal atoms, etc.) can not only modu-
late its surface and interface behaviors but also in-
duce new functions via synergetic effects of different
species' ",

So far, several excellent articles have provided
comprehensive reviews regarding 3D graphene mater-

9-21,38-40
20 However, the

ials from various perspectives''
latest pertinent reviews primarily center on 3D
graphene-based composite materials in specific ap-
plication domains. As shown in Fig. 1, this review
summarizes the latest advances of 3D graphene in the
fields of energy conversion (e.g., electrocatalysis and
photothermal conversion), energy absorption (e.g., ab-
sorbing impact energy and electromagnetic waves),
and energy storage (e.g., rechargeable batteries, super-
capacitors and heat storage). This work begins with
the latest understanding of 3D graphene structure and
properties, as well as a comparison between various
advanced graphene preparation methodologies. Sub-
sequently, we delve into the applications of the 3D
graphene from generic electrochemical performances
to environmental and industrial applications. The ulti-
mate goal of this article is to aid readers in acquiring a
deeper comprehension of the latest developments in

3D graphene, and in identifying the future challenges

* Electrocatalysis
% Supercapacitor
% Rechargeable battery

% Photothermal conversion
% Thermal energy storage
% Thermal energy management

Fig. 1
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and directions in this domain.

The structure of 3D graphene could be seen as a
network of 2D graphene sheets bonded together to
create nodes and struts, maintaining adjacency while
leaving void spaces called pores. Essentially, 3D
graphene exploits the merits of 2D graphene sheets,
extending these properties into the third dimension.
Based on structural length scales, 3D graphene archi-
tectures are classified into two categories: (1) Macro-
scopic 3D graphene materials (embodied in forms

1 sponges'™!, aerogels””, films'"”,

such as foams
fibers””) and millimeter spheres””)) with dimensions
surpassing 100 pm; (2) Microscopic 3D graphene ma-
terials, despite being powdered, exhibit intricate 3D
structures at micro or nano scales''!. Macroscopic 3D
graphene typically boasts low mass density and high
specific surface area, making it potentially robust for
various free-standing or binder-free applications'”.
On the other hand, the 3D microscopic graphene
nanostructures are fashioned by the fusion of numer-
This
powdered form of 3D graphene can serve a breadth of

ous hexatomic-ring-containing monomers.

applications similar to macroscopic graphene mono-
liths,

undertaken'

once a suitable shaping procedure is

(1
The excellent electrical conductivity of graphene

% Sound absorption
% Elastic support material
% Impact energy absorption

% Chemical self-assembly

% Chemical vapor deposition
% ,’E * Three-dimensional printing
) * Direct pyrolysis synthesis

General diagram of the features and applications of the 3D graphene
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is inherited by its 3D counterparts, due to which the
3D graphene materials maintains Dirac fermion prop-
erties (Fig. 2a) with superior electron mobility. Pho-
toemission spectroscopy analysis confirms the pre-
served linear electronic density of states near the
Fermi level in these 3D graphene materials, the same
as the signature Dirac cone features observed in con-
ventional 2D graphene (Fig. 2b, c). Notably, the 3D
architecture with isotropic porosity and randomly ori-
ented graphene sheets demonstrates angle-independ-
ent photoemission characteristics (Fig. 2d), in striking
contrast to the anisotropic behavior of conventional
e, the “unified” 3D

graphene networks, where carbon atoms are continu-

2D graphene Remarkably,
ously connected through chemical bonds, can well
preserve the 2D electronic properties of graphene with

% Their electric conductiv-

massless Dirac fermions
ity significantly are higher than those of “jointed” 3D

graphene architectures, where many independent

graphene pieces are interconnected via van der Waals
forces. To illustrate this, graphene foam synthesized
by Ni-foam-based CVD demonstrates a conductivity
of 10 S cm ™' when incorporated into a poly(dimethyl-
siloxane) (PDMS) composite’’”. Additionally, a nano-
porous graphene monolith, templated with SiO,,
achieves a conductivity of 32 S cm "0,

The 3D graphene structure is distinguished by its
light-

weight due to its primarily porous structure. This res-

robustness and continuity, while also being

ults in an impressively high specific strength (the ra-
tio of strength to density) that surpasses that of numer-
ous advanced materials. This is evidenced in the pro-
duction of aluminum-based graphene/metal metama-
terial  composites  through  electron  beam
evaporation”’ . The outstanding rigidity and supere-
lasticity of the 3D graphene foam was utilized in com-
posites to demonstrate an exceptional spring constant

of approximately 15 N m ™' and a recoverable deform-
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Fig.2 (a) Conventional 2D graphene Dirac cone dispersion. Electronic DOS around the Dirac point in (b) 2D and (c¢) 3D graphene materials. (d) Angle-re-

solved PES spectra in a wider energy region for 3D nanoporous graphene (Reproduced with permission, Copyright 2022, John Wiley and Sons!'). (e) Cyclic

loading-unloading profile and the corresponding displacement response during nanoindentation fatigue testing. (f) Evolution of local strain values during the

course of 50 fatigue cycles (Reproduced with permission, Copyright 2018, Elsevier")
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ation exceeding 70% (Fig. 2e, f). The mechanical
strength and modulus can differ across various 3D
graphene structures, depending on the porous geo-
metry and the quality of the graphene sheets. Li et
al."" explored the uniaxial in-plane compressive prop-
erties of honeycomb 3D (h3D), triangle-like 3D (t3D),
and non-equilateral hexagon 3D (nh3D) graphene us-
ing a combination of molecular dynamics (MD) simu-
lations and continuum modeling. They discovered that
the graphene sidewalls of h3D graphene tend to un-
dergo buckling deformations, resulting in significant
locking strain in h3D graphene. The t3D and nh3D
graphene exhibit higher plateau stress due to their
unique configurations. Additionally, to investigate the
impact of graphene thickness and length distribution
on the mechanical properties of graphene networks,
molecular dynamics simulations were performed
based on a coarse-grained graphene model by Bao et
al."". The results show that monolayer graphene is
highly flexible and prone to crumpling, which en-
hances the interactions between graphene sheets.
Compared with the graphene networks with different
those with a Gaussian distribution of
exhibit

strength due to the increased density.

structures,

graphene lengths superior compressive

Notably, 2D graphene sheets exhibit a decreased
specific surface area during processing due to the in-
evitable restacking. In fact, this is substantially inferi-
or to the theoretical surface area of 2630 m> g' for
monolayer graphene. In contrast, the 3D graphene ef-
fectively avoids the restacking and hence can offer a
larger specific surface area. The high specific surface
area facilitates superior interaction interfaces for vari-
ous applications, such as energy storage, catalysis, and
gas adsorption, among others. This characteristic,
coupled with the modulation of porosity, permits the
tailoring of sorption characteristics to match the re-
quired application. A dynamic assembly method, in-
duced by ion-crosslinking, was employed to modulate
the microstructure of a 3D GO framework"””. This
was achieved by varying the concentration of GO,
thereby mitigating GO nanosheets aggregation and re-

stacking during fabrication. The 3D GO framework
Vol. 40 | Issue 3 | Jun. 2025 |
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after optimization adsorbent demonstrated a CO, ad-
sorption capacity of 2.24 mmol g at ambient pres-
sure and temperature, coupled with notable operation-
al stability.

Furthermore, 3D graphene displays markedly
high thermal conductivity, a characteristics inherited
from 2D graphene, which is typically ~ 5000 W m™'
K™' at room temperature. These excellent heat-dissip-
ating capabilities present a solution to the overheating
problems inherent in modern electronics. The natural
wood fibers are used as the template and coated with
graphene nanoplates to obtained biocomposite con-
sisting of highly efficient 3D fibrous “tracks” for heat
transmission”"!. The biocomposite exhibits extremely
high thermal conductivity of 134 W m™' K™' compar-
able to many metals. Moreover, Bo et al.”” proposed
the use of a 3D graphene structure equipped with co-
valently-bonded nanofins as a filler for aqueous me-
dia. The thermal conductivity and its enhancement ef-
ficiency of aqueous medium can be as high as
2.61 Wm ™' K™ and 1300%, respectively.

Finally, in contrast to 2D graphene, the continu-
ously porous 3D graphene features abundant
curvatures and curvature gradients due to its unique
spatial topology and continuity. This leads to the
emergence of topological defects, a phenomenon con-
firmed through high-resolution transmission electron
microscopy (HRTEM)

samples (Fig. 3a-c)"*". Notably, Tanabe et al.’"

in nanoporous graphene
demonstrated that the ambipolar electronic states of
Dirac fermions are fundamentally preserved in 3D
graphene nanostructures with a curvature radius of
25-50 nm in 3D nanoporous graphene (Fig. 3d, 4e).
Additionally, they found that the 3D curvature effect-
ively dampens the slope of the linear density of states
of Dirac fermions near the Fermi level. Importantly,
the 3D curvature can be exploit to control the backs-
cattering-inhibited electrical transport of Dirac fermi-
ons and augment electron-electron interaction and
electron localization. Furthermore, Tanabe et al.[”
also found that the dual nature of electronic states, res-
ulting from the synergetic effect of nitrogen doping

and 3D curvature of graphene, underpins the en-
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hanced electrocatalysis, light absorption, and molecu-
lar adsorption capacities of nitrogen-doped 3D
graphene (Fig. 3f). As a result, nanoscale curvature
offers a novel degree of freedom to modify graphene’s

electrical properties to achieve new functionalities.

As shown in Fig. 4, significant efforts in the past
decade have focused on developing 3D graphene ma-
terials while maintaining the 2D properties of
graphene!””*">""*") The most commonly used meth-
ods for this purpose include CVD, GO assembly, 3D
printing, and direct pyrolysis synthesis. The Table 1
compares the performance parameters and application

scenarios of these synthesis methods.

Among the various techniques developed for fab-

ricating 3D graphene frameworks, CVD is widely

(a) Graphene ligament

used to produce high-quality graphene. In this meth-
od, metal substrates are typically employed as cata-
lysts. At high temperature, carbon-containing precurs-
ors undergo pyrolysis and deposit onto the substrate.
After removing the substrate, 3D graphene with di-
verse structures and properties can be achieved.

To address the high inter-sheet junction contact
resistance in chemically derived 3D graphene, Chen et
al."" used CVD to develop graphene foams (GFs). As
show in Fig. 5a, porous nickel (Ni) foam and methane
(CH,) were selected as the scaffold and carbon source,
respectively. To protect the 3D graphene network, a
thin layer of poly(methyl methacrylate) (PMMA) was
coated on the graphene-Ni foam surface. After etch-
ing the Ni template and PMMA layer, a graphene
foam consisting of an interconnected, flexible net-
work of graphene was successfully obtained.
Moreover, the number of graphene layers, specific

surface area, and density of GFs could be controlled

(b) Flat surface
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5
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S 1 o
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Fig.3 (a-c) Low-magnification and high-resolution TEM images, selected area electron diffraction patterns, and atomic models of 3D graphene, showing

high-quality graphene lattices with observable geometric defects in the heavily curved regions. (d) Angle-integrated photoemission spectra (PES) of 3D nano-

porous graphene with different curvature radius. The inset shows the angle-integrated PES near the Fermi level. (e) Longitudinal resistance against the gate

voltage for the 3D nanoporous graphene-based electric double-layer transistor at room temperature (Reproduced with permission, Copyright 2020, John Wiley

and Sons'"). (f) Angle-integrated PES of N-doped 3D graphene and pristine 3D graphene (Reproduced with permission,
Copyright 2022, John Wiley and Sons'")
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Fig. 4 Milestones for the development of 3D graphene materials

Table 1 Comparison of preparation methods of 3D graphene

Method Advantages Disadvantages Application scenarios Performance parameters

Hieh-quality eraphenc layers: Requires hieh temperature and oas High-performance electronic High conductivity; Excellent
CVD g1-quality grap Yers; q ghtemp & devices; Manufacturing of high-  electron mobility; Controllable
Controllable structure environment ) .

quality graphene films thickness and structure

GO self- Simple operation and low cost% Rglatlvely low graphene quality; Sensors: Environmental ) o
Performed at room temperature; Suitable  Difficult to precisely control the S . Relatively low conductivity

assembly monitoring; Conductive films

for large-area preparation
Complex 3D structures; High

.3 D controllability; Suitable for different Slow printing spee d and limited
printing precision
shapes
Direct High-quality graphene layers;

pyrolysis Controllable structure; In-situ sacrificial
synthesis template

self-assembly process

Complex equipment; Requires high
temperature and gas environment

Customized products; Sensors;

. L tivit
Device prototypes ower conductivity

High-performance electronic
devices; Manufacturing of high-
quality graphene films

Higher conductivity

by adjusting the CH, concentration. A higher CH,
concentration increases the number of graphene lay-
ers, which in turn significantly affects the specific sur-
face area, density, and electrical conductivity of the
GFs. For example, a GF produced with a CH, concen-
tration of 0.7% has an ultra-low density of approxim-
ately 5 mg cm™ and a high porosity of about 99.7%.
This GF also exhibits a very high specific surface area
of around 850 m” g ' and an average of about 3 layers.
The seamless and compact graphene sheets endow the
GF/poly(dimethyl siloxane) composites with excep-
tional electrical conductivity of 10 S cm™', approxim-
ately 6 orders of magnitude higher than that of chem-
ically derived graphene-based composites. A similar

1.0 who substi-

approach was pursued by Pan et a
tuted the Ni substrate with porous copper foil
(Fig. 5b). Then the strain sensors with high sensitivity

and large stretch are obtained.
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al. [70]

strategies of 3D-network support and sandwiching

Furthermore, Gao et merged the dual
design. Through an O,/NH;-mediated pyrolysis pro-
cess of cellulose precursors, the pre-oxidation and am-
monolysis reactions induced controlled spatial carbon-
ization of cellulose molecular chains (Fig. 5c). This
innovative methodology successfully transforms indi-
vidual cellulose fibers into assemblies of ultrathin, in-
terwoven graphene nanosheets, rather than forming
conventional carbon fibers. Consequently, this en-
ables direct conversion of cellulose paper into mech-
anically robust, porous carbon membranes exhibiting
enhanced specific surface area and electrical conduct-
ivity (denoted as CP). When employed as a 3D net-
work support to construct the hybrid CP@Fe,O,@
RGO electrodes, the resulting lithium-ion batteries
demonstrated exceptional cycling stability and re-

markably improved capacity retention. Besides, 3D
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Fig. 5 (a) Synthesis of GF by CVD growth with a Ni foam template and integration with polydimethylsiloxane, and corresponding SEM images (Reproduced

with permission, Copyright 2011, Springer Nature™”)). (b) Synthesis of 3D-GFs on PDMS, and corresponding SEM images (Reproduced with permission,
Copyright 2018, John Wiley and Sons"*”)). (c) Scheme of synthesis of CP and fabrication of CP@Fe,0,@RGO (Reproduced with permission, Copyright 2019,

American Chemical Society!””

". (d) Schematic illustration of the preparation process and structure of the 3DGFs

(Reproduced with permission, Copyright 2018, John Wiley and Sons"")

graphene fibers with a novel 3D structure were de-
veloped by carbonizing electrospun polyacrylonitrile
(PAN) fibers in ammonia (NH,) and subsequently in-
situ growing radially oriented graphene sheets (GSs)
using thermal CVD (Fig. 5d)"". Notably, the growth
of GSs depends on both temperature and CH, concen-
tration. As temperature and CH, concentration in-
crease, the growth rate, density and thickness of GSs
also rise. These two factors are closely related, and at
higher temperatures, the optimal CH, concentration
range for GS growth shifts lower. For instance, at
1100 °C, the suitable CH, concentration range is
5%—20%. Exceeding this upper limit leads to the
formation of continuous overcoatings rather than GSs.
Finally, the GSs on the 3D graphene fibers are densely
packed and interconnected, with fully exposed edges,
leading to superior performance in various applica-
tions such as electrical conductivity, electromagnetic
shielding, superhydrophobicity, and superoleophili-
city.
3.2 GO chemical self-assembly

In addition to CVD-based methods, solution-
based techniques that rely on the self-assembly of GO
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sheets into 3D frameworks offer another effective ap-
proach for fabricating 3D graphene. Typically, the hy-
drothermal method would be employed to promote the
self-assembly of GO sheets into a 3D graphene struc-

22]

ture. For instance, Xu et al”” prepared a self-as-
sembled graphene hydrogel (SGH) using a simple
one-step hydrothermal process. The SGH exhibited an
electrical conductivity of up to 5 x 107 S cm ™' and
demonstrated high specific capacitance (175 F g ') as
a 3D supercapacitor electrode material in an aqueous
electrolyte. Moreover, a 3D graphene framework with
vertically aligned graphene sheets over a long range
was synthesized using an antifreeze-assisted freezing
method"". The self-supporting VA-GSM structure,
which features continuous channels that facilitate wa-
ter transport, high light absorption for effective photo-
thermal conversion, and exceptional stability in harsh
conditions, ensures highly efficient solar thermal con-
version (Fig. 6a).

Apart from the abovementioned strategies, the
use of sacrificial templates is another approach for
preparing 3D graphene materials, allowing for precise

control over the size, uniformity, and shape of the en-
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Fig. 6 (a) Schematic of the fabrication process of VA-GSM and SEM images of VA-GSM (Reproduced with permission, Copyright 2017, American Chemic-

al Society!"). (b)Schematic illustrating a procedure to fabricate MnO,/e-CMG film and SEM images of e-CMG film (Reproduced with permission, Copyright

2012, American Chemical Society!’”). (c) SEM images and schematic showing the formation mechanism of the cork-like monolith by freeze casting (Repro-

duced with permission, Copyright 2012, Springer Nature'" )

tire framework. As shown in Fig. 6b, Choi et al./""! de-
veloped a 3D macroporous structure composed of
chemically modified graphene (CMG) by utilizing
polystyrene colloidal particles as a sacrificial tem-
plate. The resulting porous graphene structure, with a
large surface area, facilitates fast ionic transport with-
in the electrode while maintaining good electronic
conductivity, thereby enhancing the electrochemical
properties of MnO,/e-CMG composite electrodes.
Furthermore, ice crystals can serve as solid templates
to shape the building blocks, offering a simple and ef-
fective self-assembly strategy for obtaining porous
microstructures' . Qiu et al.”" reported the prepara-
tion of ultralight and superelastic graphene-based cel-
lular monoliths by combining graphene chemistry
with ice physics. This biomimetic hierarchical struc-
ture provides the material with exceptionally high en-
ergy absorption and good electrical conductivity
(Fig. 6¢). The resulting elastomers can maintain struc-
tural integrity under loads exceeding 50 000 times
their own weight and recover more than 80% of their

original shape after compression.

Compared to the methods previously discussed,
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the automated 3D printing technique offers a low-en-
ergy and efficient alternative for fabricating 3D
graphene' "), Moreover, 3D printing enables the con-
struction of macroscopic structures with tailored
porosity and specific hierarchical architectures, thanks

to precise computer control'

al.l’”’
ignable 3D graphene monolith using a 3D printing
method with large-sized GO (LGO) fluid ink
(Fig. 7a). The resulting 3D graphene exhibited high
electrical conductivity (41.1 S m™"), specific strength
(10.7 x 10° N m™" kg"), and compressibility (up to
80% compressive strain). In order to enhance printing

. For example, Ma et

fabricated a high-performance, shape-des-

accuracy, Chen et al.’" developed printable GO inks
by modifying the oxygen functional groups, enabling
the printing of self-standing 3D GO aerogel microlat-
tices (GOAL) with an ultra-high printing resolution of
70 pm. The high resolution of the printed GOAL tape
improves performance and data readability when used
as micro sensors or in robotic e-skin applications.
Apart from direct GO ink writing prepared 3D
graphene, another commonly used approach involves
printing a 3D template and then fabricating the 3D
graphene on the template. For example, Fig. 7b show
a 3D nitrogen-doped graphene (NG) foam prepared
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Fig. 7 (a) LGO ink properties and schematic diagram of the fabrication process (Reproduced with permission, Copyright 2019, Elsevier' ). (b) Schematic dia-

gram of the fabrication process of 3D metal templates and 3D NG foams (Reproduced with permission, Copyright 2023, John Wiley and Sons!"")

using 3D printed templates followed by template-dir-
ected CVD!"",

demonstrated nearly complete strain recovery under

The resulting 3D graphene foam

loads of up to 62 500 times its own weight and fast
charge carrier transport (5 S cm'). Similarly, Zhang
et al."" constructed 3D graphene lattices (GLs) using
a combination of 3D stereolithography printed hollow
polymer templates, hydrothermal processing, and
freeze-drying strategies. The porous structure of GLs
exhibited a well-ordered, honeycomb-like microstruc-
ture and possessed multifunctional properties, includ-
ing robustness structural, elastic deformation, high
electrical conductivity, significant Joule heating ef-
fect, and substantial capacitance for organic solvent
absorption.
3.4 Others

Apart from the methods mentioned above, sever-

al alternative synthesis techniques have been ex-
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plored for the fabrication of 3D graphene materials,
including laser-induced method””), aerosolization
method”", and direct pyrolysis synthesis (including
sugar-blowing approach and zinc-tiered pyrolysis)
(Fig. 8a, b)), etc. Using the sugar-blowing method,
Wang et al. synthesized a 3D graphene bubble net-
work from a polymer precursor. The corresponding
network consisted of mono- or few-layered graphitic
membranes that are tightly bonded, rigidly fixed, and
supported by micrometer-scale graphitic struts. This
unique structure ensured strong interconnectivity, effi-
cient electron/phonon transport, a large accessible sur-
face area, and enhanced mechanical properties. Be-
sides, our group has reported a zinc-assisted solid-
state pyrolysis method to produce high-quality 3D
graphene (Fig. 8b)!" In this approach, glucose and
zinc powders are compacted into a glucose-zinc ingot,

which is then heated to directly form a monolithic,
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Fig. 8 (a) Growth process and structural regulation of sugar-blowing production (Reproduced with permission, Copyright 2013, Springer Nature'"")).

(b) Scheme of ZASP route undergoing a char-zinc intermediate. (¢, d) SEM images of ZNG. (¢) Mechanism of zinc prompted pyrolysis and zinc tiering effect.

(f) HRTEM image of an individual graphene membrane (Reproduced with permission, Copyright 2019, John Wiley and Sons'

well-graphitized 3D graphene structure (Fig. 8c, d).
During the heating process, zinc impregnates and
delaminates glucose char into multiple membranes
while also catalyzing the carbonization and graphitiza-
tion processes (Fig. 8e). The resulting 3D graphene
network consists of chemically and morphologically
pure graphene membranes (Fig. 8f). Owing to the
unique structures, this material exhibits exceptional

surface area, stability and conductivity.

4 Mechanical and acoustical energy-

related applications based on 3D
graphene
4.1 3D graphene as an elastic material to absorb

impact energy

Thanks to its high porosity and low density, 3D
graphene material serves as a lightweight yet strong
structural support and an excellent elastomer, offering

remarkable impact resistance. Inspired by the hier-
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[68])

archical structure of natural cork, Qiu et al.'’ de-
veloped ultra-light and highly elastic graphene
monomer cells using the ice-physical template meth-
od. These materials are capable of withstanding loads
exceeding 50 000 times their own weight while recov-
ering more than 80% of their original shape after com-
pression. The biomimetic hierarchical structure also
imparts exceptional energy absorption capacity and
good electrical conductivity to these elastomers.
However, their limited macroscale has restricted their
practical applications. To overcome this limitation,

Yang et al.'"’]

introduced a straightforward wet-press
assembly technique to create ultrastrong, superelastic
graphene aerogels with an unlimited macroscale,
based on a novel superplastic air-dryable graphene hy-
drogel (SAGH). Specifically, the SAGH was first pre-
pared through a dual-template sol-gel method, result-
ing in an isotropic, open-cell, highly porous micro-
structure (Fig. 9a). By pressing and air-drying count-

less SAGH “bricks,” a wet-press assembled graphene
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aerogel (WAGA) “wall” was formed, with a highly
oriented, dense, multi-arch structure (Fig. 9b, c). As
shown in Fig. 9d, the WAGA demonstrates exception-
al compressive strength (47 MPa), and super elasti-
city (>97% strain).

To broaden the applications of 3D graphene
elastomers, combining them with other structural ma-
terials is an effective strategy. For instance, Nautiyal
et al.™" reported a 3D macroporous graphene foam-
based mechanical (Al) metamaterial that is ultra-light,
stiff, and resistant to fatigue. The interconnected net-
work of branches in the material allowed for long-dis-
tance stress transfer. So, the material demonstrated
high fatigue resistance, with over 98% displacement
recovery after each loading/unloading cycle. The ma-
terial exhibited 2 strengthening mechanisms: stress

transfer from the aluminum layer to the graphene scaf-

im0 RN e

(d)
WAGA “wall”
Unloa ing

fold enhanced the overall load-bearing capacity, while
the aluminum deposit on the graphene foam acted as a
structural backbone to prevent brittle failure. Further-
more, PDA-modified reduced graphene oxide (PDA-
rGO) was applied to the skeleton of nickel foam to ex-
amine its mechanical properties and vibration damp-
ing performance!”’. Mechanical tests revealed that the
coating led to a 240% increase in compressive modu-
lus and a 59% increase in yield strength. In dynamic
mechanical analysis (DMA) tests, the loss factor of
nickel foam coated with PDA-rGO increased by
170%, demonstrating excellent stability with rising
temperature, which confirms the reliability of the en-
hancement in harsh conditions. To explore the impact
energy absorption mechanism of 3D graphene further,

[84]

Zhang et al"" designed a 3D graphene origami

(GOri)-reinforced copper nanocomposite and studied

S o ot e o S e ol

e | N

—_—
—
Unlaading

10 kg

g e

Fig. 9 (a) SEM images of the cross-section of SAGH before and after compression. (b) Wet-Press assembly process of WAGA prepared by 3 SAGHs after

air-drying and schematic illustration of the compact interface formation process caused by wet-press and capillary force. (c) Wet-press assembly process of

huge WAGA “wall” prepared by SAGH “bricks” after air-drying. (d) Uniaxial compression and recovery process of the 8-layer WAGA at 70% compressive

strain; loading and unloading process of the WAGA “wall” by a 10 kg weight ((Reproduced with permission, Copyright 2019, John Wiley and Sons'")
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its wave propagation characteristics under high-velo-
city ballistic impact using molecular dynamics (MD)
simulations. The study found that transforming the in-
trinsic 2D graphene into a 3D origami structure allevi-
ated its brittleness. Embedding GOri in the copper
matrix increased the out-of-plane wave propagation
speed, thereby enhancing the dissipation of impact en-
ergy by promoting rapid dislocation propagation with-

in the copper matrix during the early stages of impact.

Noise pollution, recognized as one of the three
major environmental pollutants, has become a signi-
ficant threat to both human health and the global eco-
nomy. As a result, the development of acoustic-ab-
sorbing materials is receiving more interest. However,
currently many noise absorbers face limitations such
as narrow range of sound absorption across a wide
frequency range, excessive weight and thickness, poor
moisture resistance, and instability under high temper-
atures!"”,

Atomically thin 2D graphene sheets exhibit ex-
ceptional in-plane stiffness and significant out-of-
plane elasticity, making them ideal for enhancing the
mechanical resonance of nanomechanical devices.
This remarkable resonance behavior of ultrathin
graphene presents promising opportunities for the de-
velopment of advanced acoustic absorption materials.
When assembled into a 3D structure, graphene sheets
form a highly porous, low-density material that is both
lightweight and structurally stable, making it an excel-
lent sound absorber’ !, Pang et al.""” prepared an ef-
ficient acoustic absorber by integrating ultrathin
graphene membranes into polymer foams, creating
cellular networks that enhance sound dissipation.
These graphene-based membranes exhibit strong res-
onances and effectively absorb sound across a wide
frequency range, achieving a record noise reduction
coefficient of 51.3 at a thickness of 30 mm
(Fig. 10a, b). This method is scalable to commercial
polymer foams, resulting in a significant ~320% in-
crease in the average absorption coefficient across fre-
quencies from 200 to 6000 Hz. Furthermore, the
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unique physical entanglement of 3D graphene with
nanofiber networks further improves sound absorp-
tion. For example, Zong et al.""! developed flexible
ceramic nanofibrous sponges (FCNSs) with hierarch-
ically entangled graphene networks, which combine
open-cell structures, closed-cell walls, and intricate
fiber networks (Fig. 10c). These FCNSs demonstrate
enhanced broadband noise absorption, with a noise re-
duction coefficient of 0.56 in the 63—6300 Hz range
(Fig. 10d, e). Additionally, ultrafine fiber sponges
with ultrathin graphene-based vibrators (VSFSs) were
synthesized using a combination of humidity-assisted
electrospinning and electrospraying!””. Thanks to the
vibration effect of the ultrathin graphene-based vibrat-
ors and the viscous friction of the porous fiber net-
work, the VSFSs achieve effective sound absorption
at both low frequencies (absorption coefficient of 0.98
at 680 Hz) and high frequencies (coefficients above
0.8 from 2000 to 6300 Hz) simultaneously
(Fig. 10f-h). Notably, the lightweight VSFSs (30 mm
thick) achieve a noise reduction coefficient (NRC) of
0.63, reducing high-decibel noise by up to 24.4 dB.

The utilization of solar energy has garnered sig-
nificant attention in recent years, driven by the grow-
ing disparity between economic development and en-
ergy shortages. Photothermal conversion stands out
for its theoretical efficiency, as it directly converts
solar energy, presenting a sustainable solution to this
issue ™. To optimize solar energy utilization, re-
searchers have concentrated on developing photo-
thermal materials that exhibit broad sunlight absorp-
tion and high conversion efficiency. These materials
include metals, semiconductors, carbon-based materi-
als, and conjugated polymers. Among them, carbon-
based materials, particularly 2D graphene and its de-
rivatives, are considered ideal for photothermal ap-
plications due to their exceptional chemical stability,
wide light absorption range, and lightweight nature!’'l.
Nevertheless, the light absorption of graphene is still
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Fig. 10 (a) The mechanisms of the graphene-based absorber to achieve superior absorption by the resonance of ultrathin graphene and air friction damping in
the pores. (b) The sound-absorption coefficients of PF, PF-rGO, and PFGA (Reproduced with permission, Copyright 2022, John Wiley and Sons'”). (c) SEM
image of FCNSs. (d) The absorption coefficient of the relevant FCNSs. (e) Effects of density on the absorption coefficient of FCNSs (Reproduced with permis-
sion, Copyright 2021, Springer Nature'”). Sound absorption coefficients of VSFSs in (f) 100-1000 Hz and (g) 1000-6300 Hz. (h) Sound absorption coefficients
of VSFSs with different thicknesses (Reproduced with permission, Copyright 2023, American Chemical Society'")

constrained by its moderate reflection, which is de-
termined by its intrinsic refractive index, as described
by the Fresnel equation”””.

The multilevel structures create a refractive in-
dex gradient between the air and the coating, effect-
ively reducing light reflection”’!. This design offers a
potential approach for creating omnidirectional, low-
reflectivity 3D graphene materials. Peng et al.”"! fab-
ricated a graphene film with densely arranged porous
graphene by laser scribing polybenzoxazine resin
(Fig. 11a, b). This hierarchical structure significantly
minimized light reflection. Thanks to the inherent
photothermal conversion properties of graphene, the
3D graphene film exhibited an impressive light ab-
sorption of 99.0% across the full sunlight wavelength
range. As shown in Fig. 11c, the film demonstrated
excellent light-to-heat conversion performance, reach-
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ing 87.7 °C within 30 s under simulated sunlight, with
an equilibrium temperature of 90.7 £ 0.4 °C. Simil-
arly, inspired by the multilevel structures of flowers,

Tian et al.”!

reported the creation of a graphene mi-
croflower (GM) material with a gradient refractive in-
dex surface. This was fabricated on polymer sub-
strates using a UV-intense laser-induced phase explo-
sion technique. The refractive index gradient reduces
light reflection and enables the material to absorb at
least 96% of light at incident angles ranging from 0°
to 60° across the entire solar wavelength spectrum
(200-2500 nm). Additionally, the light absorption is
enhanced through multiple interferometric phase can-
cellations and localized surface plasmon resonance,
resulting in a steady-state temperature 60 °C higher
than ambient conditions under one-sun irradiation.

The maximum rate of temperature rise reached
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62 °C s™' (Fig. 11d, e). However, achieving efficient
absorption with thicknesses much smaller than the
wavelength remains challenging, particularly given
the common belief that ultrathin films can absorb no
more than 50% of incident light. To address this, Liao

et al.l”®

I drew inspiration from the honeycomb mirror
design found in crabs’ compound eyes and developed
a highly light-absorbing and mechanically stable ul-
trathin  absorber for conversion
(Fig. 11f-h). With hollow apertures surrounded by a

self-supporting ultrathin film of rGO and gold nano-

photothermal

particles, the absorber exhibits spoof-plasmon-en-
hanced broadband absorption in the solar spectrum
and low radiative decay in the infrared. Specifically, a
strong absorption of 87% was achieved by apertures
with a cross-sectional thickness of 1/20 of the
wavelength, which is 7.3 times greater than that of a

planar counterpart made from the same material. Ad-

(a) z
y
-
=
Poly (Ph-ddm) film ] U
(d) Omnidirectional absorption

Light capture effect .

N
i

Fig. 11

ditionally, the absorber demonstrates high photo-
thermal conversion efficiency of 64%, with a hot-elec-
tron temperature reaching up to 2344 K (Fig. 111).

Phase change materials (PCMs) are a group of
substances that can absorb and release significant
amounts of thermal energy as they undergo a phase
change. Over the past two decades, thermal energy
storage systems based on PCMs have gained increas-
ing attention, primarily due to their excellent heat
storage capacity and efficient thermal energy regula-
tion. However, a key limitation of PCMs is their low
thermal conductivity, which hinders the rate of heat
charging and discharging during the phase change
process’” .

3D graphene can be used as a filler material ad-
ded directly into PCMs to create phase change com-
posites (PCCs) with enhanced thermal conductivity.
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(a) Schematic illustration for the preparation of forest-like LIG. (b) SEM image of forest-like LIG. (c) Temperature of dry LIGs against time under 1

sun irradiation (Reproduced with permission, Copyright 2021, American Chemical Society””). (d) Schematic diagram of the omnidirectional, wide-range ab-

sorption of light by the GM with a spiny surface. (¢) Reflectance spectra of GM with spiky surface at different incident angles (Reproduced with permission,
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This addition helps achieve a more uniform temperat-
ure distribution, minimizing the formation of hotspots
and preventing localized overheating. In addition to
improving thermal conductivity, incorporating multi-
functional 3D graphene also addresses issues such as
leakage, mechanical strength, and photothermal con-
version performance in PCMs”*'". Xi et al.!'""! pre-
pared super-hydrophilic reduced graphene oxide
(RGO) aerogels, modified with konjac glucomannan
(KGM), as supporting structural materials. These

aerogels effectively absorb and convert visible sun-

light into thermal energy. When combined with
PCMs, the super-hydrophilic aerogels also help mitig-
ate leakage problems. Under 1-sun irradiation, the so-
dium acetate trihydrate/KGM-modified GO aerogel
(SAT/KRGO) composite PCM demonstrated a high
photothermal conversion efficiency of 86.3%, owing
to its excellent light absorption properties (Fig. 12a).
Additionally, the number of cycles had no significant
impact on the supercooling behavior of the composite
material, indicating stable thermal cycling and reli-

able thermal storage (Fig. 12b, ¢). However, the chal-
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ent cycles. (c) Photothermal conversion efficiency of SAT and SAT/KRGO (Reproduced with permission, Copyright 2022, American Chemical Society! ).

(d) Enthalpies (AH,, and AH,) and extrapolated onset temperatures (7,

im

and T,

eic

) of composites. (e) Thermal conductivities of C-P1A2800 GA/PW and U-

P1A2800 GA/PW in longitudinal and transverse directions and corresponding specific TCEs (Reproduced with permission, Copyright 2024, Elsevier''"").

(f) SEM images of SW-GS aerogels. Thermal conductivity enhancement in (g)longitudinal direction and (h) transverse direction of PW composites

(Reproduced with permission, Copyright 2024, Springer Nature!'**')
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lenge of creating thermally conductive composite
PCMs with low graphene aerogel content remains un-
resolved. To address this research gap, Liang et al.l'"”!
synthesized poly(vinyl alcohol) (PVA)/graphene aero-
gels (PGAs) by hydrothermal reaction and freeze-dry-
ing methods. After annealing and paraffin wax im-
pregnation, the resulting composite PCMs demon-
strated exceptional shape stability. As shown in
Fig. 12d, the composite exhibits a low density
(0.82 g cm ™) and a high enthalpy (165 J g'). Import-
antly, the integration of PVA and graphene enables
the composite to achieve an ultralow graphene aero-
gel content (0.85%) while retaining high thermal con-
ductivity (1.37 W m™' K™"), yielding a specific thermal
conductivity enhancement factor of 477 (Fig. 12e).
Although constructing 3D thermally conductive net-
works within PCMs can overcome the challenge of
achieving high thermal conductivity at low filler load-
ings, the inherent anisotropy of such frameworks of-
ten results in poor thermal conductivity perpendicular
to the filler alignment. To overcome these limitations,
Lin et al!'”’! drew inspiration from the hierarchical
structure of spider webs and developed a phase
change composite (SW-GS/PW) featuring a bioin-
spired 3D spider
(Fig. 12f). Remarkably, the SW-GS/PW composite
achieves

web-like  graphene skeleton

simultaneous cross-plane and in-plane
thermal conductivity enhancements of ~ 1260% and
~ 840%, respectively, at an ultralow filler loading

with a volume of 2.25% (Fig. 12g, h).

Solar energy, as the cleanest and most abundant
energy source, is used not only for heat generation but
also for electricity production. Graphene, known for
its high transparency and conductivity, is widely used
in solar cells as functional layers to create highly effi-
[104-105) D

graphene sheets tend to form irreversible aggregates

cient photovoltaic devices However,
due to m-m interactions, which can reduce electron

transport efficiency. In contrast, 3D graphene materi-
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als, with their unique structure and enhanced conduct-
ivity, are considered promising alternatives' ",
Dye-sensitized solar cells (DSSCs) can achieve a
relatively low electron-hole recombination rate, where
photoelectrons are generated by photosensitive dyes
and transferred through a semiconductor under sun-
light. This enables higher photovoltaic conversion ef-

11" incorporated ternary active

ficiency. Yao et a
components into the counter electrode (CE) materials
to enhance the photoelectric conversion efficiency
(PCE) of DSSCs. As shown in Fig. 13a, NiS
nanosheets are first attached to the surface of N-doped
hollow thin-shell carbon spheres (NHCS), then coated
with reduced graphene oxide (RGO) to form an
NHCS/NiS/RGO nanocomposite. In Fig. 13b, the
large surface area of RGO promotes charge transfer
through interfacial charge polarization, while the
evenly distributed NiS nanosheets on NHCS surfaces
capture electrons, strengthening interfacial coupling
and boosting charge transfer. This also enhances trii-
odide oxidation and reduction, resulting in remark-
able ternary functional electrode activities. As a result,
the NHCS/NiS/RGO nanocomposite as a CE achieves
a PCE of 9.32%, outperforming Pt-based CEs (8.06%)
as shown in Fig. 13c. Additionally, quantum dot-sens-
itized solar cells (QDSSCs) have gained attention due
to their ease of fabrication and low cost, serving as a
variant of DSSCs. Zhang et al.l'"! developed 3D
graphene networks (GNs) and C-dot grafted graphene
(CD-G) hybrids, which were incorporated into TiO,
photoanodes to improve the performance of
CdS/CdSe QDSSCs. When 1.6% of GNs and
2.0% of CD-G were added, the photoelectric conver-
sion efficiency () improved from 4.04% to 4.37%
and 4.69%, respectively. These improvements are
mainly due to the reduced electron recombination
between TiO, and graphene, enhancing charge carrier
transport. For the CD-G/TiO, hybrid, electron trans-
port from C-dots to graphene further strengthens this
effect. Furthermore, the large-scale application of un-
assisted artificial photosynthesis (APS) devices is
hindered by the need for expensive noble metal-based

catalysts in photovoltaics. To address this, a well-
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Fig. 13 (a) Two steps fabrication of the NHCS/NiS/RGO composites. The images in the top line are imagination maps, while the images in the bottom are the

images recorded by TEM at different stages. (b) A conceptual diagram of structural change effects on electronic transportation. (c) The value of PCE for all

samples including a DSSC with the CE made of Pt (Reproduced with permission, Copyright 2019, Elsevier'"”

1. (d) Schematic diagram of the unassisted APS

device. (e) J-V curves of the Ni,S, NW/NGF-based DSSC tandem cell and the Ni,S, NW/NGF on nickel foam electrodes in a two-electrode system (Repro-
duced with permission, Copyright 2018, John Wiley and Sons!"”). (f) Ground state optimize geometries of neutral HPB molecules

(Reproduced with permission, Copyright 2023, Elsevier'''")

aligned 2D Ni, S, nanowall (Ni,S, NW) structure on
3D nitrogen-doped graphene foam (NGF) was syn-
thesized and used in unassisted APS!'"”. The positive
synergistic effect between the electrocatalytic activity
of Ni,S, NW and the conductivity of NGF makes the
(2D/3D) Ni,S, NW/NGF composite highly efficient as
for DSSCs. As shown
Fig. 13d, three Ni,.S, NW/NGF-based DSSCs are con-

nected as a tandem cell for unassisted solar-driven wa-

a counter electrode in

ter splitting. Impressively, this integrated photovolta-
ic-electrolyzer APS device achieves a solar-to-hydro-
gen conversion efficiency of 3.2% with excellent sta-
bility (Fig. 13e).

3D graphene materials also show great potential

for improving the efficiency and stability of per-
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ovskite solar cells (PSCs). For instance, Hanmandlu et
al."'"" used 3D nanographene (NG) precursors with
well-defined molecular structures and various func-
tional groups (F, Br and OMe) to achieve efficient in-
verted PSCs (Fig. 13f). The 3D NG precursor created
a bridge between the perovskite film and the hole
transport layer, reducing interfacial defects. It also
passivated defect states within the bulk perovskite
through an automatic bottom-up passivation process.
Both computational simulations and experimental data
showed that the functional groups of the 3D NG pre-
cursors bonded strongly with the perovskites, forming
F-Pb, Br-Pb and OMe-Pb coordination bonds. These
synergistic effects resulted in significant improve-
ments in the photovoltaic performance of the inverted
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PSCs, with an absolute efficiency increase of over 3%.

In photocatalytic reactions, the redox processes
occur primarily on the surface of the photocatalyst,
rather than in the surrounding liquid medium. Effect-
ive photocatalysis relies not only on efficient charge
separation and transfer but also on the ability of the
photocatalyst’s surface to adsorb reactants at its act-
ive sites!’”). Therefore, designing photocatalysts with a
high density of active sites is essential for enhancing
both the yield and

products'' ', 3D graphene has gained attention as a

selectivity of the desired

photocatalyst due to its unique structure and proper-
ties, including a hierarchical network, large specific
surface area, diverse pore distribution, strong light ab-
sorption, and excellent electrical conductivity. The
large surface area and porous structure of 3D
graphene help maximize the exposure of active sites,
while also promoting electron transfer and the diffu-
sion of gas products.

Converting solar energy into fuels and chemicals
through photochemical methods offers great potential
for meeting global energy needs. For example, Tam et
al.''"" designed a graphene hydrogel composite for hy-
drogen evolution through photocatalytic seawater
splitting (Fig. 14a). As shown in Fig. 14c-e, they cre-
ated phosphorus-doped graphene quantum dots
(PGQDs) with different phosphorus bonding configur-
ations (PC;, PO, and PO,), which were then com-
bined with graphene hydrogel to form the PGQD,/GH
composite. The PGQD,/GH composite, with PC,
bonds, exhibited a tunable electronic structure and sig-
nificantly enhanced visible light absorption (Fig. 14b).
As a result, the PGQD,/GH composite showed excel-
lent photocatalytic hydrogen production, achieving a
yield of 20.47 mmol g ' h™' in seawater splitting
(Fig. 14f). Additionally, Maouche et al.!'""! developed
a 3D N-doped graphene aerogel (3DNG) by combin-
ing graphitic carbon nitride with GO. The 3DNG, with
a large surface area of 536 m* g ' and a band gap of
2.42 eV, demonstrated high hydrogen production un-
der visible light. Characterization revealed that the

porous 3D structure, hydrogen bonding, n-m interac-
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tions, and improved charge transfer due to nitrogen
doping were key factors enhancing the photocatalytic
performance of this 3DNG catalyst.

The growing environmental pollution caused by
industrial chemicals calls for the development of
simple methods for their removal. Among the various
techniques, photocatalytic degradation is particularly
appealing because it requires no additional chemicals,
relying solely on light and atmospheric oxygen to
break down pollutants. Additionally, 3D graphene-
based photocatalysts have been widely studied for
pollutant removal due to their unique benefits. For in-
stance, Chen et al.''" developed a composite by en-
capsulating AgBr inside rGO, which could be integ-
rated into graphene to form hydrogels with 3D net-
work structures. The core-shell structure prevented
excessive growth of AgBr particles, ensuring their
size remained controlled (500-600 nm). The hybridiz-
ation with graphene also facilitated the rapid migra-
tion and separation of photogenerated charges. Bi-
sphenol A (BPA) was efficiently adsorbed by the 3D
graphene nanosheets and quickly degraded by nano-
particles under visible light, demonstrating that the
combination of adsorption and photocatalytic degrad-
ation greatly improved pollutant removal efficiency.
The results showed a 1.5-fold increase in BPA remov-
al compared to pure AgBr, with removal rates above
90% after 5 cycles. BPA degradation remained at
100% for the first 6 h under continuous flow condi-

tions. In another study, Yan et al!'’

reported a
rGO/polypyrrole hybrid aerogel with highly efficient
photodegradation and ultra-high solar-powered water
evaporation for freshwater production and wastewater
decontamination (Fig. 14g). In this 3D hybrid aerogel,
the m-m interactions between the 2 components not
only prevented the stacking of rGO nanosheets, creat-
ing ample water transport channels and ensuring
mechanical stability (Fig. 14h-j), but also enhanced
interactions with organic molecules, resulting in high
removal efficiency for volatile organic compounds
(VOCs). Consequently, the wide-spectrum light ab-
sorption, photothermal effects, and solar-driven pho-

tocatalysis in the hybrid aerogel significantly boosted
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the thermal-assisted photodegradation of VOC-con-
taminated water, achieving a water evaporation rate of
2.08 kg m > h™' and a phenol removal efficiency of
94.8% (Fig. 14k, 1).

6.3 Laser-produced X-ray sources

Plasma physics, when integrated with materials
science, nuclear science, radiation detection, and ad-
vanced laser technology, opens up new research op-
portunities of both fundamental and practical import-

ance''

1. In this context, laser-plasma-based ion accel-
eration offers a promising alternative to traditional ac-
celerators, overcoming several key limitations, such as
fixed energy levels, radiation protection concerns,

high costs and large, non-portable sizes'' ',

Vol. 40 | Issue 3 | Jun. 2025 |

94

In this regard, Cao et al.l''"

used 2D particle-in-
cell simulations to demonstrate that a target with sub-
wavelength nanolayered surfaces can reduce reflec-
tion and increase energy absorption from intense short
laser pulses. The conversion of laser energy to elec-
tron energy can be improved by optimizing the vacu-
um gap between the nanolayers, as this changes the
phase structure of the laser field in the target. Addi-
tionally, 3D graphene, assembled from atomically thin
2D graphene sheets, forms highly porous, low-dens-
ity multi-level structures. This design could offer a
potential solution for enhancing the intensity of X-ray
pulses generated by laser-produced plasma.

Li et al.l""” proposed a method to improve the ab-
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sorption efficiency of ultra-intense femtosecond lasers
by using carbon aerogel targets. Compared to a uni-
form target with the same density, the carbon aerogel
target significantly increases laser absorption, achiev-
ing a maximum efficiency of 88%. This high absorp-
tion efficiency is due to the porous structure and lar-
ger surface area of carbon aerogel, which allows the
laser to penetrate deeper into the target and interact
more effectively with the particles, rather than being
reflected off the surface. In another study, a 3D multi-
walled carbon nanotube array target was used to in-
crease the efficiency of water-window and Ka X-ray
pulse conversion from femtosecond-laser-produced
plasma!' "l The X-ray fluence in the water-window re-
gion increased sevenfold compared to a conventional
carbon plate target, and the soft X-ray pulse duration
was 26 ps. Additionally, the Ko X-ray emission from
a Si substrate covered with a carbon nanotube array
was also enhanced. This suggests that covering differ-
ent solid materials with 3D carbon nanotube arrays
could generate stronger short Ko X-ray pulses at the
corresponding wavelengths. Furthermore, Ji et al.!'"’
used 2D particle-in-cell simulations to investigate the
propagation of laser-driven energetic electrons in a 3D
carbon nanotube array target. The results showed that
laser energy is more effectively transferred to elec-
trons in the nanotube array than in a flat foil, due to
the hole structures in the array. Energetic electrons are
efficiently generated when the array is irradiated by a
short, intense laser pulse, and their movement is con-
fined and guided by the strong transient electromag-

netic fields generated at the walls of the nanotubes.

With the rapid advancement of information tech-
nology, high-power electronic devices are increas-
ingly integrated into various aspects of daily life.

However, this widespread adoption has led to grow-
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ing concerns about issues such as electromagnetic in-
terference, radiation pollution and information leak-
age. These challenges have become significant topics

[122—

of interest in contemporary society!”'*". As a result,
the development of electromagnetic absorbing materi-
als has emerged as a key area of research. Effective
electromagnetic absorbers typically feature low
dielectric constants, moderate complex permittivity,
and balanced electrical conductivity. Some of the
well-known developed absorbers include ferrite mag-
netic metals and their oxides, dielectric loss materials
such as carbon-based nanostructures, conductive poly-
mers, and ceramics. However, these materials have
limitations, including poor impedance matching, nar-
row effective absorption bandwidth, low thermal and
corrosion resistance, and high filler content, which re-
strict their practical use' . Furthermore, the focus of
research has shifted towards materials that are light-
weight, flexible, broadband, and possess low weight,
all of which are essential for improving their practical
applications™”.

3D graphene offers a unique combination of high
porosity, low density, large specific surface area, and
high compressibility. Its internal porous structure and
3D network effectively address the issues of graphene
sheet agglomeration, high conductivity, and imped-
ance mismatch typically observed in 2D graphene,
thereby enhancing its microwave absorption perform-
ance. Huang et al.!'”"! synthesized graphene foam by a
CVD method, where the walls of the foam were com-
posed of two to five graphene layers. These layers
were interconnected to form a low-density, porous
network with a broad distribution of pore sizes and
high electrical conductivity (Fig. 15a, b). The distinct-
ive structure of this graphene foam results in excep-
tional electromagnetic shielding, with its electromag-
netic interference effectiveness
(>720 dB cm’ g ') and absolute shielding effective-
ness (>45 000 dB cm” g ') surpassing that of most oth-

[126] repor-

shielding

er materials (Fig. 15¢). In addition, Xu et al.
ted the fabrication of honeycomb porous graphene
(HPG) using laser scribing technology for electromag-

netic interference shielding and wearable applications.
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Due to its honeycomb structure, HPG achieved an
electromagnetic interference shielding effectiveness of
up to 45 dB at a thickness of 48.3 um. The single-
piece HPG also demonstrated an ultrahigh absolute
shielding effectiveness of 240123 dB cm’ g,
coupled with extremely low density of
0.0388 gcm .

Furthermore, 3D graphene has been widely ex-

an

plored in conjunction with various materials, includ-
ing carbon-based compounds, conductive polymers,
and magnetic materials, to improve microwave ab-
sorption performance. For instance, Huang et al.'"”
presented the microwave absorption characteristics of
MOF/rGO-derived magnetic and dielectric aerogels,
such as Ni-doped Fe,O,@C/rGO (Fig. 15d-g), which
exhibited exceptional electromagnetic absorption
properties. As shown in Fig. 15h and i, these materi-

(@)

Top view

=
=
o

Cross-section view

als displayed strong absorption and broad bandwidth
at low thicknesses of 2.5 mm (—58.1 dB, 6.48 GHz)
and 2.8 mm (—46.2 dB, 7.92 GHz). Furthermore,
MXene and Ag nanowires (Ag NWs) have been em-
ployed to cover the honeycomb structure of HPG, en-
hancing surface reflection. This modification allows
the HPG/Ag NWs composite membrane to achieve an
impressive  absolute of
292754 dB cm’ g '. Besides, Ghaffarkhah et al.l'""
developed ultra-lightweight cryogels composed of

shielding effectiveness

Ti,C,T /GO by controllable templating using filament-
ous-structured liquids, avoiding the need for chemical
or thermal reduction. These cryogels, with densities
ranging from 3 to 7 mg cm ", demonstrate exception-
al electromagnetic interference shielding effective-
ness, ranging from 33 000 to 50 000 dB cm” g '. Addi-
tionally, when Ti,C,T,/GO cryogels are used as the
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Fig. 15 SEM images of the (a) top surface and (b) cross-sectional of the graphene foam. (c) Electromagnetic interference shielding effectiveness of sheets of

the graphene foam with different thicknesses in the frequency range 8-12 GHz (Reproduced with permission, Copyright 2020, Elsevier'*"). (d, ¢) SEM and
(f, g) TEM images of the Ni-doped Fe,0,@C/rGO aerogel. (h, i) RL-f curves of Ni-doped Fe;O0,@C/rGO aerogel
(Reproduced with permission, Copyright 2020, Springer Nature!*")
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foundation for conductive epoxy nanocomposites,
electromagnetic interference shielding effectiveness
improves to 31.7-51.4 dB, even with a low filler load-
ing (0.3%—0.7%).

The performance of supercapacitor electrodes de-
pends on three key factors: electrical conductivity,
electrolyte ion transport efficiency, and active materi-
al properties' "’ Recent advances in 3D graphene ma-
terials have enabled high-performance supercapacitor
electrodes due to their large specific surface area
(SSA), excellent conductivity, and tunable porous
structures. For example, Qin et al.'""! developed hier-
archical nanoporous graphene (hnp-G) films with pore
sizes ranging from 1 to 150 nm for electrode applica-
tions. These films were synthesized by coating nano-
porous copper with hydrogenated graphite by low-
temperature CVD, followed by high-temperature cata-
lytic pyrolysis. The hnp-G exhibits an ultrahigh SSA
of 1160 m® g, ensuring unobstructed ion transport
channels. Critically, the 3D hierarchical porosity and
strong wettability of hnp-G with gel electrolytes not
only prevent graphene restacking under mechanical
stress but also establish continuous, short pathways
for electron/ion diffusion. Consequently, flexible sym-
metric supercapacitors based on compressed hnp-G
and gel electrolytes achieve exceptional energy dens-
ity (2.65 mWh cm™), power density (20.8 W cm ),
bending stability, and cycling durability (94% capacit-
ance retention after 10 000 cycles). In a complement-
ary approach, Li et al.”'! engineered freestanding
graphene laminate film electrodes with precisely ad-
justable interlayer spacing for optimized pore utiliza-
tion (Fig. 16a). By systematically tailoring pore sizes
to match electrolyte ion dimensions, this design max-
imizes volumetric capacitance (Fig. 16b, c). At optim-
al mass loading, the resulting symmetric supercapacit-
or delivers a stack volumetric energy density of
88.1 Wh L™ (Fig. 16e, f). Furthermore, the optimized
electrode was integrated into an all-solid-state, flex-
ible ionogel-based device capable of multi-output con-

figurations and long-term stability.
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3D

graphene can be integrated with high-capacitance act-

Beyond serving directly as electrodes,
ive materials to construct hybrid supercapacitor archi-
tectures. These materials, though offering substantial
charge storage, often suffer from low conductivity and
ad-

dresses these limitations by enhancing charge transfer

cycling instability. Incorporating 3D graphene

kinetics and creating efficient ion diffusion pathways.
For instance, Li et al.'"”! developed covalent organic
framework/reduced graphene oxide (COF/rGO) aero-
gels by hydrothermal assembly. The COFs grow in
situ on 2D graphene sheets, which self-assemble into
a 3D architecture, forming a compressible, hierarchic-
al porous aerogel after freeze-drying. When tested as
supercapacitor electrodes, these aerogels achieve a
specific capacitance of 269 F g at 0.5 A g ' and re-
tain 91% capacitance over 5000 cycles (Fig. 16g-1).
In a parallel study, Wang et al./”") demonstrated a
room-temperature, one-step scalable method to fabric-
ate 3D macroporous graphene foams (POM-GFs).
Polyoxometalates (POMs) act as crosslinkers and nuc-
leation sites during GO reduction by hydrazine hy-
drate, yielding freestanding electrodes with uniformly
dispersed POM nanoclusters. The POM-GFs exhibit a
high
(622 S m™"), and exceptional capacitance: 205 F g’

layered structure, electrical ~ conductivity
gravimetrically and 334 F cm™ volumetrically at
1 mV s, with 83% retention after 10 000 cycles. Sol-
id-state devices based on POM-GFs deliver 157 F g”'
and 115 F cm™ at 2 mV s, alongside a volumetric

energy density of 2.6 mWh cm ™.

3D graphene combines all ideal characteristics
necessary for electrodes of high-performance re-
chargeable batteries, including large specific surface
area, high electrical conductivity, tunable chemistry,
and mechanical rigidity. Its intrinsic conductivity and
structural stability make it a compelling self-support-
ing electrode material. This material offers 3 critical
advantages: (1) A high electrochemically active sur-
face area; (2) Rapid charge/mass transport pathways;
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Fig. 16 (a) Schematic diagram of the production of EGM-GO films. (b) SEM images of EGM-GO films. (c¢) X-ray diffraction patterns and the corresponding
d-spacing of EGM-GO films. (d) The specific surface area and bulk density of the EGM-GO films. (e) GCD curves at a current density of 1 A g'.
(f) Volumetric capacitances versus current densities (Reproduced with permission, Copyright 2020, Springer Nature'""'). (g) CV curves for rGO, COF/rGO and
COF at 50 mV s '. (h) GCD curves of COF/rGO at a current density of 0.5, 1,2, 3 and 4 A g'. (i) The cyclic stability of COF/rGO at a current density of
8 A ¢! (Reproduced with permission, Copyright 2020, Springer Nature! "))

and (3) exceptional mechanical robustness and chem-
ical stability. These attributes collectively enable su-
perior battery performance. Furthermore, the light-
weight nature and extreme porosity of 3D graphene
frameworks make them exceptional host matrices for
active materials. They not only enhance electrical con-
nectivity but also mitigate volume expansion-induced
stress during cycling through their resilient 3D archi-
tecture.

Enhancing energy density remains critical for ad-
vancing metal-ion batteries, with high-performance
electrodes being a key pathway! "'’ Therefore, al-
ternative carbon-based anode materials, such as hard
carbon and soft carbon, have gained significant atten-
tion due to their potential for high capacity, cost-ef-

fectiveness, and low voltage. Hard carbon, with its
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disordered structure, enables the insertion and extrac-
tion of alkali metal ions, offering a high capacity and

36 3
1. However, its

a low voltage plateau around 0.1 V!
rate capability and cycling stability are limited by its
relatively low electrical conductivity. Soft carbon,
with its graphitic structure, provides interlayer spaces
for alkali metal ion insertion and extraction'’”. Des-
pite this, its performance in storing alkali metal ions is
often suboptimal due to its limited surface area, which
cannot accommodate enough active sites. In addition
to carbon-based anodes, other anode materials, includ-
ing metal oxides, metal sulfides, metal carbides, con-
ducting polymers and alloys, have also been extens-
ively investigated for alkali metal-ion batteries' ).
Most of these materials are p-type semiconductors
with low electrical conductivity, making them unsuit-

able for high-rate applications that demand fast elec-
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tron transfer. Thus, combining these materials with
conductive matrices is crucial for developing high-
performance anodes. In view of this situation, 3D
graphene as conductive, large-surface frameworks
come in handy. This improvement stems from three
synergistic effects: (1) reinforced electrical pathways,
(2) accelerated ion diffusion kinetics, and (3) effect-
ive mitigation of electrode volume fluctuations. For
example, Wang et al.”""”! demonstrated this strategy by
anchoring honeycomb-like MoS, nanostructures on
3D graphene foam (HC-MoS,@GF) through a surfact-
The GF
provides dual functionality—a lightweight scaffold

ant-assisted solution process. substrate

(1000 S m™" conductivity) for rapid charge transport
and a structural template guiding ordered MoS,

hanced Li-ion storage due to its combined high sur-
face area (312 m’ g'), interconnected porosity, and
conductive network. A complementary approach in-
tegrated ultrafine TiO, nanocrystals with binder-free
microporous graphene (PG)!'“"\. Fig. 17a shows that
the PG framework simultaneously enables fast elec-
tron transport through its conductive network and rap-
id ion access by open mesoporous channels. This
dual-transport optimization achieves exceptional cyc-
lability, maintaining 100% capacity retention over
10 000 cycles with near-perfect coulombic efficiency
(Fig. 17b).

The scarcity of lithium reserves (20 mg/L in
Earth’s crust) and associated high costs limit lithium-

ion batteries (LIBs) for grid-scale storage'"'~"*"). This

growth. This hierarchical architecture delivers en- drives research toward cost-effective alternatives like
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Fig. 17 (a) Schematics of proposed structures and charge carrier diffusion of the TiO, NP-PG. (b) Cycle life of TiO, NP-PG and PG (Reproduced with permis-
sion, Copyright 2016, John Wiley and Sons!'*"). (c) Schematic illustration for FeSe,/GA@PMC. (d) SEM images of FeSe,/GA@PMC (Reproduced with per-
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other alkali metal (Na", K") ion batteries. 3D graphene
has great application prospects in these fields as well.

As a typical example, Zhao et al.!'"’

exemplifed this
by synthesizing O/N-co-doped holey graphene aero-
gels by employing a low-temperature selective oxida-
tion strategy for sodium-ion battery (SIB) anodes.
Controlled combustion of graphene/low-crystallinity
carbon mixtures at 450 °C created elastic monoliths
with in-plane nanopores and optimized crystallinity.
These structural features enabled dual enhancements:
(1) accelerating Na'/electron transport through inter-
connected pathways and (2) increasing storage sites
by heteroatom-induced interlayer expansion and sur-
face reactivity. The optimized anode delivered
446 mAh g at 0.1 A g, 189 mAh g at 10 A g',
and 81.0% capacity retention after 2000 cycles
(5 A g'). Besides, a variety of active materials have
been integrated into 3D nanoporous graphene to build
composite electrodes. As shown in Fig. 17¢ and d,
Tian et al.!'*"! designed an FeSe,/GA@PMC electrode
using phosphorus-doped graphene aerogel/mesopor-
ous carbon (GA@PMC) to host FeSe, nanoparticles.
In such GA@PMC, the conformal GA could improve
the entire conductivity while decreasing the specific
surface area directly in contact with the electrolyte.
The interconnected macroporous structure not only
promotes the diffusion of Na’ but also buffers the
volume change of the guest active nanoparticles. This
dual-function architecture achieves exceptional rate
capability and cycling stability in SIBs.

3D graphene-based materials are promising an-
ode materials for potassium-ion batteries (PIBs) due
to their high electrical conductivity! *\. For instance,
Zhang et al.™"" developed a sulfur-assisted method that
transforms the benzene rings of tetraphenyltin into
high-purity crystalline graphene, resulting in the form-
ation of 3D, few-layer graphene microspheres
(FLGMs). When applied as an anode material in PIBs,
FLGMs demonstrated a low discharge voltage, with
an average discharge platform of approximately
0.1 V. Additionally, they exhibited a high initial capa-
city of 285 mAh g ' at 50 mA g ', exceptional cycling
stability (with no capacity loss after 1000 cycles at
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200 mA g'), and excellent rate performance.
However, many carbon-based anodes suffer from lim-
ited cycle life and poor rate capability, primarily due
to the insufficient interlayer spacing of sp’-hybridized
carbon, which is incompatible with the larger ionic ra-
dius of potassium. To solve this problem, our group
created a 3D macroporous graphene derived from bio-
mass featuring an expanded interlayer spacing of
0.44 nm, achieved through zinc-assisted pyrolysis
(Fig. 17¢)!"*°!. This increased interlayer spacing facilit-
ates faster potassium ion diffusion and mitigates the
volume expansion during the potassiation process.
Furthermore, the interconnected network structure
shortens the transport distances for both electrons and
ions. As shown in Fig. 17f and g, this material exhib-
ited a reversible capacity of 303 mAh g ' at 1 A g',
157 mAh g ' at 20 A g, and maintained a capacity of
184 mAh g ' at 5 A g ' after 10 000 cycles. Addition-
ally, Yang et al."""! also reported the development of a
3D porous carbon framework (CFM-SNG) construc-
ted

nanosheets, which also exhibit an ultralarge interlayer

from sulfur/nitrogen co-doped graphene
spacing of 0.448 nm and abundant edge defects. As an
anode material for PIBs, CFM-SNG demonstrated en-
hanced reversible capacity (3482 mAh g' at
50 mA g '), superior cycling stability (188.8 mAh g
at 1000 mA g ' after 2000 cycles), and excellent rate
performance (204.3 mAh g ' at 2000 mA g ).

Li-S batteries are considered one of the most
promising next-generation electrochemical energy
storage systems due to their high theoretical specific
capacity of 1675 mAh g' and energy density of
2600 Wh kg """l However, several significant chal-
lenges with the sulfur cathodes have limited the prac-
tical use of Li-S batteries. These include: (1) The low
electrical conductivity of sulfur and its discharge
product, Li,S; (2) Rapid capacity fading caused by the
migration of soluble intermediate polysulfides to the
anode; and (3) the large volumetric expansion (=80%)
from sulfur to Li,S during lithiation. One potential
solution to these issues is the use of 3D graphene with

a structured framework and high electrical conductiv-
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ity to load and stabilize sulfur ", As reported by
Zhou et al."’l, they developed a strut-like graphene
(SG) foam featuring interconnected networks, a por-
ous structure, and stable defects, which served as an
effective sulfur host for Li-S batteries (Fig. 18a-e).
This SG foam enhanced the conductivity of the cath-
ode, mitigated volume changes, facilitated electron
and ion transport, and reduced the polysulfide shuttle
effect. As shown in Fig. 18f-h, the sulfur-loaded SG
cathode delivered excellent performance, achieving a
capacity of 1442 mAh g™ at 0.2 C, a high-rate capa-
city of 857 mAh g' at 4 C, and a cyclability of
691 mAh g after 500 cycles at 2 C.

o

A

To improve sulfur redox kinetics, researchers
into 3D

graphene frameworks to design high-efficiency com-

have incorporated catalytic materials
posite cathodes. For example, Wang et al!”" de-
veloped a sulfur host using anatase TiO,(001) nano-
platelets anchored on porous graphene aerogel
(TiO,@GA). The TiO,(001)/graphene lattice align-
ment enhanced the interfacial electron transfer com-
pared to conventional TiO,(101) systems. This archi-
tecture combines physical sulfur confinement through
mesopores and chemical polysulfide anchoring by
TiO,-graphene bonding, yielding a S@TiO,@GA
cathode with

discharge  capacity

exceptional
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Fig. 18 (a-e) SEM images of SG foams obtained at different etching temperatures. Performances of Li-S batteries using S/SG cathodes: (f) GCD profiles at

0.2 C, (g) rate capability and (h) long-term cycling performance of S/SG-1400 cathode at 2 C (Reproduced with permission, Copyright 2024, Elsevier'” ). (i)
The mechanism diagram of the MoSe, (@GA/S+interlayer integrated electrode. Electrochemical performance of GA/S, MoSe,@GA/S, MoSe, (@GA/S and
MoSe, @GA/S+interlayer electrodes: (j) GCD curves (k) cycling performance at 0.2 C; (1) Long-term cycle performance at 1 C for 1000 cycles

(Reproduced with permission, Copyright 2023, John Wiley and Sons'"*")
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(1320 mAh g'), rate performance (804 mAh g ' at
3C), and cycling stability (0.05% capacity decay per
cycle over 500 cycles). Furthermore, Ye et al.!'"” ad-
vanced this concept further by engineering CoSe-
ZnSe heterojunctions on graphene aerogels to cata-
lyze sulfur conversion. Synchrotron spectroscopy and
DFT calculations revealed that charge-redistributed
interfaces at the heterojunction lower activation barri-
ers for both Li,S nucleation and decomposition. The
optimized electrode achieved 8.0 mAh c¢m” areal ca-
pacity at ultra-low electrolyte/sulfur ratio (3 uL mg ),
with 96.3% capacity retention after 1700 cycles
(0.027% decay/cycle). The hierarchical pore structure
concurrently enhanced ion transport kinetics and buf-
fered volume changes during cycling. In addition, hol-
istic cell engineering further boosts Li-S battery effi-
ciency. Zhai et al.!""! designed molybdenum selenide
(MoSe, )-modified graphene aerogels with selenium
vacancies to function as both a cathode host (MoSe, @
GA/S) and freestanding interlayers (MoSe, (@GA) for
Li-S batteries (Fig. 18i). The binder-free sulfur host
supported by the graphene network enhances electron
conductivity and lithium-ion migration, while also re-
ducing volumetric expansion. In this modified Li-S
battery system, the defect-rich MoSe, . material, with
its sulfur- and lithium-affinitive properties, promotes
the nucleation and dissociation of Li,S. The bifunc-
tional interlayer not only supports the adsorption and
conversion of polysulfides but also ensures uniform
lithium deposition while preventing the growth of lith-
ium dendrites. As shown in Fig. 18j-1, the MoSe, (@
GA/S+ interlayer electrode demonstrated a high ini-
tial discharge capacity of 1256.9 mAh g™' at 0.2 C and
a lower capacity decay rate of 0.024% per cycleat 1 C
after 1000 cycles. Additionally, it achieves a high spe-
cific capacity of 720.6 mAh g ' under conditions of
high sulfur loading (4.8 mg cm ) and a lean electro-
lyte (5.5 uL mg ).

In addition to the aforementioned battery sys-
tems, 3D graphene-based composites are also being
explored for using in metal-air batteries. Among

these, Li-O, batteries stand out due to their exception-
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ally high energy density and the easy availability of
oxygen. Qin et all"" developed porous graphene
monolith (THPGM) cathodes for Li-O, batteries us-
ing a high-density template-assisted method. GO
serves as the main building block to form condensed
carbon electrodes through self-assembly, followed by
capillary drying. Then, SiO, nanoparticles are added
to the dense graphene monolith to act as sacrificial
pore formers. This process creates bimodal pores,
with diameters of 1-6 nm and approximately 40 nm,
within the tightly packed graphene monolith. These
pores enhance ion transport and oxygen diffusion
while providing ample space for the discharge
products. This unique structure results in high volu-
metric energy densities and excellent cycling stability
for Li-O, batteries. Additionally, Lacey et al.'"” re-
ported the synthesis of a highly porous 2D nanomater-
ial (hGO) directly from holey graphene powder,
which was then used to create an aqueous ink suitable
for 3D printing. The shear-thinning behavior of the
aqueous hGO ink allowed for extrusion-based print-
ing of fine filaments into complex 3D structures
(Fig. 19a). The 3D-printed hGO meshes displayed
trimodal porosity: nanoscale (4-25 nm holes in the
hGO sheets), microscale (pores created by lyophiliza-
tion), and macroscale (large pores within the mesh
structure), all of which contributed to the perform-
ance enhancement in energy storage devices that rely
on interfacial reactions for maximizing active-site util-
ization. When used as cathodes in Li-O, batteries,
these 3D printed hGO meshes demonstrate ultrahigh
capacity and energy efficiency by catalyzing the re-
versible formation of Li,0, (Fig. 19b, ¢). In a new ap-
proach for CO, sequestration and environmental re-
mediation, the use of CO, in Li-CO, batteries, which
have a high theoretical specific capacity, has recently
gained significant attention”* ", Hu et al!"" de-
veloped a highly efficient cathode catalyst by implant-
ing single iron atoms into 3D porous carbon architec-
tures for rechargeable Li-CO, batteries. The 3D hier-
archical architecture of the catalyst, with its large sur-
face area and ample space within the interconnected

framework, facilitates electron transport and CO,/Li"
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Fig. 19 (a) Schematic representation of 3D printable hGO ink for 3D architectures with hierarchical porosity. SEM images of disassembled r-hGO mesh cath-
odes in (b) discharge and (c) charge state (Reproduced with permission, Copyright 2018, John Wiley and Sons' ")) (d) Schematic illustration for CoFe/3D-NLG
catalyst. (¢) The overall polarization curves of CoFe/3D-NLG, CoFe/NG, and Pt/C + RuO,, measured in O,-saturated
1.0 mol L' KOH solution. (f) GCD profiles and power density curves (Reproduced with permission, Copyright 2021, Elsevier! ")

diffusion. It also enables a high uptake of Li,CO,, en-
suring a high capacity. As a result, the rechargeable
Li-CO, batteries exhibit a low potential gap of about
1.17 V at 100 mA g ' and can be charged and dis-
charged for over 200 cycles, maintaining a cut-off ca-
pacity of 1000 mAh g ' at a high current density of
1Ag.

Rechargeable zinc-air batteries are among the
most promising energy storage technologies due to
their high power density, low cost, environmental
friendliness, and safety''”. In addition to requiring ef-
ficient bifunctional catalysis for both oxygen reduc-
tion reaction (ORR) and oxygen evolution reaction
(OER), the air electrode must also support rapid mass
transport. Zhou et al''"’ reported a 3D porous
graphene framework (CoFe/3D-NLG) with intercon-
nected macropores and mesopores, enriched with
pyridinic-nitrogen-cobalt active sites. As shown in
Fig. 19d, the pyridinic-N-Co bonding significantly ac-
celerates the slow oxygen electrocatalysis process,
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while the large macropores and mesopores within the
structure enable highly efficient mass transfer
throughout the graphene framework. This robust
structure enhances the CoFe/3D-NLG’s performance
for reversible oxygen electrocatalysis, achieving an
ORR half-wave potential comparable to the Pt/C cata-
lyst and an OER activity that surpasses the RuO, cata-
lyst (Fig. 19¢, f). When used as the air electrode in a
rechargeable Zn-air battery, CoFe/3D-NLG exhibits a
high open-circuit voltage of 1.56 V, a peak power
density of 213 mW cm’, and a low charge/discharge
voltage of 0.63 V. Furthermore, to address the low
conductivity and poor understanding of active phase
distribution in self-assembled graphene aerogels (GA)
in the liquid phase, Hu et al.!'*" introduced a simple
method that integrates 1D silver nanowires (Ag NWs)
during the gelation of GO flakes. The Ag NWs pre-
vent the restacking of graphene sheets and serve as an
efficient electron pathway and silver source for the de-
position of ultrasmall Ag nanocrystals. When applied
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as the cathodic electrocatalyst in a Zn-air battery, the
3D GA integrated with Ag NCs and Ag NWs allows
for ultra-high discharge rates up to 300 mA cm .

An electrocatalytic reaction involves several key
steps: (1) reactants diffuse to the catalyst surface; (2)
reactants adsorb onto the catalyst surface; (3) elec-
trons are transferred to the catalyst surface; (4) the ad-
sorbed reactants capture electrons to form products.
The 3D continuous structure of graphene provides ex-
cellent electrical conductivity, which facilitates effi-
cient electron transport. Its large specific surface area
offers numerous active sites for rapid charge transfer
during catalytic reactions. The open, porous structure
promotes efficient mass transport, allowing reactants
to easily reach the active sites on the internal surfaces.
Additionally, the tunable porosity and chemistry of
3D graphene allow for the optimization of its electron-
ic structure, enhancing its catalytic activity and se-

lectivity for specific reactions.

Water splitting, which involves both the HER
and the OER, is a promising method for clean and ef-
ficient production of H, and O,. It plays a critical role
in addressing the global energy crisis and environ-

H2—162

mental pollution' """, Electrocatalysts are needed to
enhance the reaction rates of both processes. Over the
past decade, platinum (Pt) and its alloys have been the
most widely used catalysts. However, due to their lim-
ited availability and high cost, the use of Pt has
slowed the large-scale development and commercial-

U1 As a result,

ization of water splitting technology
there has been significant interest in finding low-cost
alternatives, such as earth-abundant metals, metal ox-
ides, and metal-free carbon-based materials''® ",
Among these, 3D nanoporous graphene has been ex-
tensively studied for water splitting reactions due to
its unique properties. The interconnected, hierarchical
structure of 3D graphene also makes it an excellent

support for catalyst loading in electrocatalytic water
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splitting.

The HER is the cathodic process in electrocata-
lytic water splitting and is considered a promising
method for producing hydrogen energy in the
future' "), Significant efforts have been made to devel-
op 3D graphene-based composites as efficient HER
electrocatalysts. In Fig. 20a and b, Peng et al.!'*" re-
ported a 3D-printed, bioinspired graphene electrode
reinforced with 1D carbon nanotubes (3DP GC). This
electrode combines high flexural strength with a hier-
archical porous structure. The 3DP GC electrode’s
unique design, with its large surface area and inter-
connected channels, allows for fast transport of mass,
charge and ions (Fig. 20c). Fig. 20d shows that when
the 3DP GC electrode is integrated with a NiFeP
nanosheet array, it achieves a voltage of 1.58 V at
30 mA cm” as a bifunctional electrode for water split-

[16

ting. Furthermore, Luo et al."'*” developed a high-per-
formance electrocatalyst based on a caterpillar-like 3D
graphene nanoscroll@CNT (GNS@CNTs) scaffold,
decorated with Co-doped MoSe, nanosheets for HER.
In this hierarchical structure, CNTs are seamlessly co-
bonded and expand the interlayer and outer spacing of
the graphene nanoscrolls through CVD growth. Nick-
el nanoparticles are then deposited on the tips of the
CNTs. Density functional theory calculations show
that these nickel nanoparticles can adjust the electron-
ic structure of the Co-doped MoSe, and improve the
AG of H* adsorption through electron transfer and
doping effects. The hierarchical structure, with its
large surface area, high chemical stability, and abund-
ant pores, contributes to the catalyst’s high HER effi-

ciency.

The OER at the anode used for water splitting
generally suffers from slow reaction kinetics due to
the four-electron transfer process, which is thermody-
namically unfavorable' *!. To overcome this, efficient
catalysts are required. 3D graphene, with its large sur-
face area and customizable surface chemistry, along
with heteroatom-doped 3D graphene materials (GMs),
shows great potential as OER electrocatalysts. Zhu et

al.l'" reported a self-supported, highly porous nitro-
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Fig. 20 (a) Schematic illustration shows 3DP GC electrode can withstand the large bending force caused by the surface tension and buoyancy when immersed

in water. (b) SEM image of graphene/interlaced CNT nanostructure. (c) Schematic diagram of 3DP GC/NiFeP electrode facilitated ion and gas transport.

(d) OER polarization curves of 3DP GC/NiFeP (Reproduced with permission, Copyright 2020, John Wiley and Sons!'*”). (e) Scheme of solid-phase migration
process for forming M-NM@G catalyst. (f) SEM images and (g) TEM imageof Ni-NM@G-10 catalyst. (h) OER polarization curves in deaerated 1.0 mol L'
KOH solution at a scan rate of 2.0 mV s '. (i) Comparison of overpotentials at different current densities. (j) Time-dependent current density curve for NiFe-

NM@G in 1.0 mol L' KOH (Reproduced with permission, Copyright 2020, John Wiley and Sons!' ")

gen-doped graphene foam, created by electrochemic-
ally expanding carbon-fiber paper and then treating it
with nitrogen plasma. The foam features well-de-
veloped porous structures and uniform nitrogen dop-
ing, which enhances the active sites, increases the act-
ive surface area, and improves mass and electron
transport within the graphene framework. This design
leads to excellent performance for electrocatalyzing
OER in alkaline media, with a sharp onset potential,
low Tafel slope, and impressive durability.

Compared to metal-free heteroatom-doped 3D
graphene, 3D graphene-based composites have gained
more attention for their higher catalytic activity in the
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OER. Zhang et al."*”’ introduced a new and efficient
method to prepare NiFe,O, supported on a 3D
graphene network (NFO/3DGN) electrocatalyst. In
their process, NiFe layered double hydroxide (NiFe
LDH) was first exfoliated into single layers using
polylactic acid (PLA). When PLA was hydrolyzed,
the single-layer NiFe LDH was released, and the PLA
hydrolysate helped convert it to NiFe,0,. Meanwhile,
GO was reduced to form 3DGN, which provided a
support structure for NiFe,O,, preventing its agglom-
eration and creating efficient electron pathways. The-
oretical calculations showed that the reaction energy

barrier for NiFe,O, was significantly lowered due to
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the presence of 3DGN. As a result, the NFO/3DGN-
10 catalyst demonstrated excellent electrocatalytic
activity and stability for OER in alkaline media, with
a low overpotential of 272 + 25 mV at 10 mA cm >
and a Tafel slope of 64 mV dec . Besides, Zhang et
al.l"""! discovered that the organic small molecule hex-
abromobenzene (HBB) can activate transition metal
foam by directly forming metal nanomeshes embed-
ded in graphene-like films (M-NM@G) through a
simple Br-induced solid-phase migration process
(Fig. 20e). During this process, HBB generated a
graphene-like network on the bulk metal foam sub-
strate by cleaving C—Br bonds and forming C—C
linkages. The cleaved C—Br fragments efficiently ex-
tracted metal atoms from the substrate, in situ form-
ing transition metal nanomeshes embedded in the
graphene-like films (Fig. 20f, g). When NiFe foam
was used as the substrate, the resulting NiFe-NM@G
catalyst showed excellent OER performance, with a
low overpotential of only 208 mV at 100 mA cm >
and remarkable long-term stability (Fig. 20h-j).

In the ORR, oxygen interacts with electrons and
protons to produce either water (H,O) by absorbing
four electrons or hydrogen peroxide (H,0,) by absorb-
ing two electrons. These reactions play a crucial role
in many electrochemical devices, including fuel cells
and metal-air batteries. Currently, Pt-based catalysts
are used for ORR, but they are expensive and prone to
deactivation. This issue limits the widespread use of
ORR-based devices. Therefore, finding efficient and
cost-effective ORR electrocatalysts is essential. 3D
graphene is an attractive candidate due to its high spe-
cific surface area, fast electron transfer, excellent
mechanical strength, and porous structure, which of-
fer good contact and stability for ORR. Zhao et al.!'"
fabricated nitrogen-doped, 3D porous graphene frame-
works (NGAs) using a novel supramolecular as-
sembly method (Fig. 21a). In this approach, GO
served as the building block, and a supramolecular ag-
gregate of self-assembled melamine and cyanuric acid
acted both as a spacer to prevent graphene sheets from

re-stacking and as a pore-forming agent and nitrogen
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source for doping. The resulting metal-free NGAs ex-
hibit a high surface area, a porous structure, and good
anti-stacking properties, leading to improved ORR
performance. Their half-wave potential is only about
43 mV lower than that
(Fig. 21b, ¢).

In addition to metal-free 3D graphene, 3D

of commercial Pt/C

graphene composites with abundant transition metals
have gained more attention due to their higher catalyt-
ic activity for the ORR. As shown in Fig. 21d, Zhou et
al.'"™ reported a negative pressure pyrolysis method
to create dense single metal sites (Co, Fe, Ni, etc.) that
are highly accessible and dispersed on 3D graphene
frameworks. These 3D GFs exhibited improved meso-
porosity and external surface area, greatly enhancing
the mass transport and metal site utilization. This
design contributed to excellent ORR performance
(Fig. 21e), with a half-wave potential of 0.901 V vs.
RHE. Theoretical calculations also confirmed that se-
lective carbon cleavage near Co centers lowers the
overall ORR theoretical overpotential compared to the
intact atomic configuration. M-N, structures are iden-
tified as the most active catalytic sites. However, the
exact nature of these active sites remains unclear, lim-
iting the understanding of the structure-performance
relationship! . Huang et al!”"! synthesized a 3D
graphene aerogel (GA) supported FeN; composite
with a well-defined 5-coordinated Fe-N bond. In this
composite, pyridine groups were covalently attached
to the graphene surface to anchor iron phthalocyanine
(FePc) molecules (FePc/AP-GA). The ORR perform-
ance of this catalyst showed a half-wave potential of
—0.035 V (vs. Hg/HgO) in an alkaline electrolyte. The
FePc/AP-GA composite also demonstrated a high kin-
etic current density of 20 mA cm” at —0.1 V, excel-
lent durability, and good tolerance to methanol pois-
oning. X-ray absorption spectroscopy indicated that
the geometric and electronic structure of the iron atom
in the FePc/AP-GA composite enhances the adsorp-
tion of O, and intermediates, thereby improving both
ORR activity and durability.

In addition to water splitting and the ORR, 3D
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catalysts (Reproduced with permission, Copyright 2018, Elsevier' ). (d) The synthetic procedure of Co SAs/3D GFs. (e, f) TEM images of Co SAs/3D GFs.
(2) LSV curves of Co SAs/3D GFs (Reproduced with permission, Copyright 2020, John Wiley and Sons' ™)

graphene has also been studied for CO,RR. CO,RR is
a promising approach to reduce CO, levels and pro-
duce valuable fuels and chemicals, addressing both
energy and environmental challenges. However,
CO,RR is slow due to the high stability and chemical
inertness of CO,, requiring catalysts to drive the reac-
tion. Moreover, CO, can be converted into various
products through different electron transfer processes,
so choosing catalysts with high selectivity and yield is
crucial. 3D graphene’s unique structural properties
make it an effective catalyst for these reactions. Choi
et al'”! introduced a 3D iron porphyrin-based
graphene hydrogel (FePGH) as an electrocatalyst for
highly efficient CO, reduction to CO. In aqueous me-
dium, FePGH exhibited a highly porous, conductive
3D structure, leading to a faradaic efficiency of about
96.2% for CO production at a low overpotential of
280 mV. Additionally, FePGH demonstrated excel-
lent durability, maintaining a stable CO yield (96.4%

FE) over 20 h of electrolysis at the same overpoten-
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tial, with a high cathodic energy efficiency of 79.7%.
Since defects on the graphene surface significantly af-
fect its activity, much attention has been given to cre-
ating and optimizing these defects. Ma et al.''"" de-
veloped a defective 3D vertical graphene (VG) with a
large surface area, high defect density, and increased
surface electron density. This was synthesized using a
scalable plasma-enhanced CVD method, followed by
Additionally,
Cu@Cu,O nanoparticles were deposited on VG-Ar

an Ar-plasma treatment (VG-Ar).

(Cuw/VG-Ar) through galvanostatic pulsed electrode-
position. Cu/VG-Ar achieved a high CO, reduction
with 83.5% of the

products being liquid (formate, ethanol, and n-propan-

Faradaic efficiency of 60.6%,

ol), and a current density of 5.6 mA cm at —1.2 V vs.
RHE. The improved CO, reduction performance of
Cu/VG-Ar was attributed to the well-dispersed
Cu@Cu,O nanoparticles on the defective VG-Ar. The
carbon defects on VG-Ar help suppress the hydrogen

evolution reaction and modulate the interaction
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between VG and Cu@Cu,O, preventing excessive 0X-
idation of Cu,O species. Thus, the defective VG-Ar
and stabilized Cu@Cu,O enhanced CO, adsorption,
promoted electron transfer to adsorbed CO, and inter-
mediates, and improved overall CO, reduction per-
formance.

To improve the selectivity and yield of 3D
graphene materials (GMs) for CO,RR, particularly for
multicarbon products, an effective approach is to com-
bine them with suitable active species. Recently, Yap
et al.l'"""! investigated the role of lanthanide oxides,
specifically CeO,, in enhancing Cu-based catalytic
performance. By utilizing the unique electronic struc-
ture of Ce, CO* species are stabilized during the reac-
tion in CeO,-Cu,0, leading to excellent catalytic per-
formance for CO, electroreduction to C, products. Ad-
ditionally, incorporating CeO,-Cu,0 with graphene
aerogel increases the electrochemical active surface
area and boosts CO,RR efficiency. The resulting
Ce0,-Cu,0(10%)/GA electrocatalyst showed remark-
able faradaic efficiency for C, products, exceeding
62%, along with excellent stability over 80 h with a
wide potential window (—0.8 to —1.2 V) in an H-cell
setup. Moreover, when integrated into a solar cell-
powered CO, reduction system, it maintained stable
performance (—27.8 mA cm ° at 3.46 V) under solar
radiation of approximately 100 mW cm *, with nearly
100% efficiency retention over 4 h of continuous illu-
mination. In another approach, Ag nanoparticles were
anchored onto 3D graphene-wrapped nitrogen-doped
carbon foam (Ag-G-NCF) through direct carboniza-
tion of melamine foam loaded with GO and silver
salt!'’. This Ag-G-NCF catalyst efficiently converts
CO, to ethanol, achieving faradaic efficiencies of
82.1%-85.2% at —0.6 to —0.7 V (vs. RHE), overcom-
ing the typical limitations of low faradaic efficiency
and selectivity for C, products. Density functional the-
ory calculations revealed that the pyridinic N species
in Ag-G-NCF have a stronger binding ability with
CO* intermediates compared to other nitrogen spe-
cies, enabling the Ag particles to convert CO* to the
ethanol intermediate, OC—COH.
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3D graphene materials, formed by folding atom-
ically thin graphene sheets into a 3D structure, are
considered a promising way to address some limita-
tions of 2D graphene, such as sheet restacking and re-
stricted active site accessibility. Meanwhile, 3D
graphene retains key properties of graphene-high elec-
trical and thermal conductivities, large surface area,
mechanical strength, flexibility, efficient light absorp-
tion, and unique 2D electronic behaviors. The inter-
connected porous networks in 3D graphene may also
provide improved mass transport channels, open in-
ternal space, and low mass density.

As summarized in Fig. 22, this review outlines
recent developments in fabrication methods, structure-
property relationships, and selected applications of 3D
graphene in energy storage and conversion. 3D
graphene is mainly synthesized by CVD, GO as-
sembly, 3D printing, chemical blowing, and zinc-
tiered pyrolysis. CVD yields high-quality frameworks
with good conductivity. GO self-assembly methods,
such as hydrothermal reduction and ice templating,
are scalable and low-cost. Techniques like 3D print-
ing offer control over hierarchical structures for cus-
tomized applications. Alternative approaches such as
laser-induced synthesis and chemical blowing can fur-
ther expand the options for tuning porosity and sur-
face chemistry. These diverse methods continue to
support 3D graphene’s potential in energy-related ap-
plications.

3D graphene has been studied in areas such as
mechanical energy absorption and acoustic damping.
In PCMs, it may help improve thermal conductivity,
photothermal performance, and mechanical stability.
Its 3D structure can also reduce impedance mismatch
in electromagnetic  applications, enhancing mi-
crowave absorption. In supercapacitors, its high sur-
face area and hierarchical porosity facilitate ion trans-
port with reduced resistance. For ion batteries, 3D
graphene serves as a conductive scaffold hosting act-
ive materials, potentially improving cycling stability.
In metal-air batteries, 3D graphene frameworks with

catalytic sites have shown promising power output
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Fig. 22 Summary of remarkable properties of 3D graphene materials and advancing applications of energy storage and conversion

and durability. In water splitting, nitrogen-doped
graphene foams and hybrids have demonstrated low
overpotentials and reasonable faradaic efficiency.

Although progress has been made, the concept of
the ideal 3D graphene remains under exploration.
Scalable, low-cost, and environmentally friendly fab-
rication methods would be beneficial. Tailoring pore
distribution, heteroatom doping, and curvature could
help optimize transport and interfacial behavior.

In summary, 3D graphene offers structural ad-
vantages that may help bridge nanoscale material
properties with practical energy device needs. Contin-
ued development in synthesis and integration could
support its future role in sustainable, efficient energy

systems.
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