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ABSTRACT: Two-dimensional conductive metal-organic frameworks (2D CMOFs) can be
regarded as high-performance electrode substances owing to their rich hierarchical porous
architecture and excellent electrical conductivity. However, the sluggish kinetics behavior of
electrodes within the bulk structure restricts their advances in energy storage fields. Herein, a
series of graphene-based mixed-dimensional composite aerogels are achieved by
incorporating the 2D M-tetrahydroxy-1,4-quinone (M-THQ) (M = Cu, Cu/Co or Cu/Ni) into
CNTs@rGO aerogel electrodes using a 3D-printing direct ink writing (DIW) technique.
Benefitting from the high capacity of M-THQ and abundant porosity of the 3D-printed
microlattice electrodes, an excellent capacitive performance of the M-THQ@CNTs @rGO
cathodes is achieved based on the fast electron/ion transport. Furthermore, the 3D-printed
lithium-ion hybrid supercapacitor (LIHCs) device assembled with Cu/Co-THQ @CNTs @rGO
cathode and C60@ VNNWs@rGO anode delivers a remarkable electrochemical performance.
More importantly, this work manifests the practicability of printing 2D CMOFs electrodes,

which provides a substantial research basis for 3D printing energy storage.

KEYWORDS: Additive manufacturing, 3D printing, Two-dimensional conductive
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Lithium ion hybrid supercapacitors (LIHCs) have been widely utilized in various energy
storage systems due to their high energy/power density, fast charge/discharge capability and
excellent cyclic stability.'* Generally, transition metal compounds have been employed as the
cathodes of LIHCs, while the low gravimetric capacity (< 200 mAh g') and poor electrical
conductivity have considerably restricted their progress in energy storage fields.*> Thus, it is
crucial to probe more compatible cathode materials with higher capacity to improve the
electrochemical property of the LIHCs. 2D CMOFs embrace the extended m-conjugated and
porous graphene-like structures, which have recently drawn considerable attention because of
their high electrical conductivity, large specific surface areas and porosity, and the adjustable
chemical composition.® The large porosity of 2D CMOFs facilitates ion transportation and
electrolyte penetration to a great extent.*’ Additionally, the redox-active organic bridging
ligands with the active sites and various valences of metal ions/clusters are beneficial for
enhancing pseudocapacitance. Therefore, these advantages make 2D CMOFs an emerging
candidate for application in electrochemical energy storage systems with excellent

electrochemical performance.

2D copper-benzoquinoid-based metal-organic framework (e.g., 2D Cu-based THQ) is a
promising cathode material based on its porosity and semiconducting features, which are
benefical to charge transport and energy storage.®!! In addition, considering that copper is
naturally plentiful in the earth’s crust, and the organic linkers of 2D Cu-based THQ can also
be derived from the natural resources.® However, it is prone to aggregation, which may
decrease the electrochemical performance of the electrodes and restrict their development in

scalable energy storage systems. As an advanced manufacturing technology, 3D-printing
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direct ink writing (DIW) technology can construct a 3D periodic microlattice architecture
with low density, high porosity and adjustable electrical conductivity, which facilitates the
diffusion of electrolyte ions and further boosts the electrochemical performance of electrode
materials.'>!” Therefore, our strategy is introducing the 2D Cu-based THQ into 3D-printed
periodic microlattice electrode including carbon nanotubes (CNTs) and reduced graphene
oxide (rGO) with higher conductivity, which can be expected to enhance the electrochemical

property of the electrodes.

Herein, we strategically constructed a series of graphene-based mixed-dimensional hybrid
aerogel electrodes with periodic microlattices by employing a software-controlled 3D-printing
DIW technology. In these electrodes, the viscous pseudoplastic positive electrode’s
nanocomposite ink is composed of M-THQ, CNTs and rGO, while that of the negative
electrode consists of the fullerene (C60), VN nanowires (VNNWs) and rGO. In these
microlattices, M-THQ, VNNWs and rGO yield high capacitance, which combined with thick
electrode architectures with high specific surface area, resulting in a high energy density.
Moreover, the high electrical conductivity of CNTs and rGO enables a fast charge transfer
within the thick electrode, enhancing the electrochemical property of the electrodes.
Furthermore, the M-THQ and C60 can be served as the “lubricant” between the rGO layers,
modifying the partial structural deformation (Figure S1). Moreover, the porous aerogels with
periodic microlattices are constructed from mixed-dimensional components, maintaining
structural stability under a certain extent of deformation. Regarding the charge balance
between the Cu/Co-THQ@CNTs@rGO aerogel cathode and C60@VNNWs@rGO aerogel

anode, the assembled LIHCs devcie delivers a high operating voltage of 4 V, a maximum
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gravimetric specific capacity of 178.68 F g!' and gravimetric energy density of 396.89 Wh
kg!. Therefore, the strategy of constructing multi-dimensional architectures provides an

effective approach for the next-generation scalable energy storage devices.

The 2D Cu-THQ, Cu/Co-THQ (Cu/Co = 39:61) and Cu/Ni-THQ (Cu/Ni = 43:57) were
synthesized by a kinetically controlled synthesis process, and the specific statements are
provided in Supporting Information (SI). The field-emission scanning electron microscopy
(FESEM) and the high-resolution transmission electron microscope (HRTEM) images clearly
reveal the morphology and microstructures of 2D Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ with
the crystallite sizes are around 10-30 nm (Figure S2a-f). All of the hexagonal pores of 2D
Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ are ~ 1.2 nm, corresponding to the expected structure
and powder X-ray diffraction (PXRD) pattern (Figure la-c, Figure S3c-f), and the crystalline
structures of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ are agree well with their standard
Kagome lattice and reported PXRD patterns of Cu-THQ (Figure 1a, Figure S3a and b), which
manifests the formation of M-THQ.? Rietveld refinements of M-THQ (green line in Figure 1a
and Figure S3a-b) demonstrate that the unit cell ascribes to Cmcm space group, which is
consistent with agreement with the previous reports.” The Fourier transform infrared (FTIR)
spectra (Figure 1d) of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ exhibit that the absorption
features at 3350 and 1700 cm™' correspond to C-O and C=0 stretching modes, respectively.!”
Additionally, a wide band at 3000 cm' was discovered in FTIR spectra of the
above-mentioned ink materials, which is in accordance with the NH stretching modes of
ethylenediamine molecules within the CMOFs for charge balancing.!! X-ray photoelectron

spectroscopy (XPS) spectra demonstrate that a mixed valence state of Cu centered is
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presented in all of the M-THQ (Figure le), which agrees well with the previous report.!®!
Furthermore, O 1s XPS spectrums (Figure 1f) exhibits the binding energy of the O 1s electron
increases when changing the metal atom in THQ from Cu (530.53 eV) to Cu/Co (530.67 eV),

indicating that outer electron density on the O-M-O motif reduced with the introduction of Co

atoms.
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Figure 1. (a) PXRD pattern of Cu/Co-THQ. (b) Graphic representation of Cu/Co-THQ. (c)
Unit-cell structure of Cu/Co-THQ. (d) FTIR of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ
ligands in solid state. XPS spectras of (¢) Cu 2p and (f) O 1s of Cu-THQ, Cu/Co-THQ and
Cu/Ni-THQ.

The proper shear-thinning and viscoelastic response rheological behaviors of ink are very
important for direct-writing 3D  printing. As shown in Figure 2b, the
Cu/Co-THQ@CNTs@GO ink is non-Newtonian fluid with significant shear-thinning

behavior, which would facilitate ink extrusion and maintain print shape. Figure 2¢ exhibits the



storage modulus (G') and loss modulus (G") of the Cu/Co-THQ@CNTs@GO ink. When the
shear stress is low at the range of 10" to 10> Pa, which corresponds to the state of ink after a
complete printing without any external forces, the G' is several times larger than G",
indicating the solid-state behavior of the ink. At the right end of the curve, where the shear
stress is greater than 10> Pa, both G' and G" start to decrease while G' is decreasing at a
greater rate than G" when the shear stress increases (representing the ink is being extruded),
which suggests that the viscosity of the ink begins to surpass the elasticity, demonstrating a
liquid-like behavior. This representative shear-thinning behavior demonstrates the good flow
and vertical accumulation of the Cu/Co-THQ@CNTs@GO ink. Moreover, the ink also
demonstrated a excellent stability with no obvious change after 30 days (Figure 2d-e). The
viscosity and moduli’s cyclic changes are shown in Figure 2f-g to investigate the transient
response and stability of the Cu/Co-THQ @CNTs @GO ink. The ink is subject to three cycles
of low/high shear rate for 60 s, respectively. The viscosity of the as-fabricated ink suddenly
drop to below 6.6 Pa‘s from ~ 1800 Pa-s when the shear rate is increased to 100 times (from
0.1 to 100 s) and is still stable for each cyclic test. The moduli also exhibits a similar
changing trends with the viscosity when the shear stress suddenly increases or decreases
(Figure 2g). The inks exhibit minimal mechanical hysteresis during circulation, which may be
due to the initial disequilibration.'® All the results strongly demonstrate the outstanding
printing  performance of the Cu/Co-THQ@CNTs@GO ink. In  addition,
Cu-THQ@CNTs @GO, Cw/Ni-THQ@CNTs@GO and C60@VNNWs@GO inks exhibited
similar behaviors (Figure S4, Figure S5 and Figure S6). The fabrication process of 3D-printed

M-THQ@CNTs @rGO microlattices is illustrated in Figure 2a. 3D M-THQ@CNTs @GO



microlattices were printed via DIW technology using a homogeneous ink containing a
mixture of M-THQ, CNTs and GO suspension. The printed architectures were then
freeze-dried to obtain aerogels, and then annealed under Ar atmosphere to convert GO to rGO.
Indeed, the fabrication strategy of 3D C60@VNNWs@rGO microlattice is consistent with
that of M-THQ@CNTs @rGO. In the C60 @ VNNWs@rGO microlattice anode, the VNNWs
with porous structure shows a high theoretical capacity, promoting the electrochemical
performance (Figure S7).°> The 3D-printed M-THQ @CNTs @rGO microlattice cathode and
C60@VNNWs@rGO microlattice anode both demonstrate multiple orthogonal layers of
parallel porous cylindrical rods (Figure 3a, Figure S8a, Figure S9a and Figure S10a), in which
the diameter of the porous cylindrical rod and center-to-center rod spacing are ~250 and 600
pm, respectively. Energy dispersive X-ray spectroscopy (EDX) images of the 3D
Cu/Co-THQ@CNTs @rGO microlattices exhibit that Cu, Co, O and C are homogenously
distributed in the whole microlattice (Figure 3b-e), demonstrating the formation of
Cu/Co-THQ@CNTs @rGO electrode. Furthermore, the laser confocal scanning microscopy
(LCSM) image demonstrates that the as-prepared electrode possesses an orderly channel
structure (Figure 3f). The high-magnification SEM and LCSM images (Figure 3g and its inset)
exhibit the 3D-printed Cu/Co-THQ@CNTs @rGO architecture with an interconnected porous
network structure, which consists of Cu/Co-THQ, CNTs and randomly oriented rGO (Figure
3h). Moreover, the homogeneous Cu/Co-THQ@CNTs@rGO ink with high viscosity and
optimum elasticity was printed to form various patterns with high precision (Figure S11 and
Figure 3i-1). Indeed, the EDX images confirm the formation of C60@VNNWs@rGO

mircolattice ~ anode  (Figure  S10c-f). The 3D-printed Cu-THQ@CNTs@rGO,



Cu/Ni-THQ@CNTs @rGO and C60@VNNWs@rGO architectures also achieve the
interconnected porous network structure (Figure S8b and c, Figure S9b and c and Figure
S10b,g,h).
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Figure 2. (a) Schematic diagram of the as-fabricated microlattices. Rheological properties of
Cu/Co-THQ@CNTs @GO slurry inks. (b) The relationship between the apparent viscosity and
hear rate for inks. (c) The relationship between the storage modulus (G') and loss modulus
(G") and the shear stress for inks. (d, ) The relationship between the apparent viscosity and
the shear rate for inks, and storage modulus (G') and loss modulus (G") and the shear stress

for inks after 4 weeks of storage. (f, g) Cyclic shear-thinning experiment of the as-fabricated



ink exhibiting viscosity, storage (G') and loss (G") modulus response.

Furthermore, electrochemical performances of Cu-THQ@CNTs@rGO,
Cu/Co-THQ@CNTs@rGO and Cu/Ni-THQ@CNTs@rGO microlattice cathodes were
investigated in a two-electrode system. Benefitting from the high specific surface areas of
Cu-THQ@CNTs@rGO, Cu/Co-THQ@CNTs@rGO and  Cu/Ni-THQ@CNTs@rGO
microlattices  (Figure S8d, Figure S9d and Figure S12), the 3D-printed
Cu/Co-THQ@CNTs@rGO electrode with 4 layers achieved a high specific capacity of
338.19 mAh g! at 100 mA g'!. And the 3D-printed Cu/Co-THQ@CNTs@rGO with 8 and 12
layers show a similar gravimetric capacity with 4 layers (332.18 and 325.44 mAh g,
respectively), which demonstrates that ion diffusion remain not restricting the capacitive
performance even in the 12 layers thick electrode (Figure 3m). Additionally, the 3D-printed
electrode with 16 layers thick yield a low capacity due to the long electron transfer path
(Figure 3m). To realize the feasibility and practicability of printing microlattice cathode, the
Cu/Co-THQ@CNTs @rGO electrode with 12 layers is selected. Figure 3n and o, Figure S13,
Figure S14 and Figure S15 indicate that the 3D-printed Cu/Co-THQ@CNTs@rGO electrode
delivers an excellent rate and cycling performance, low electrical resistance and high
reversibility. Moreover, the electrochemical performance of the C60@VNNWs@rGO

microlattice anode was investigated (Figure S16), the specific details are provided in the SI.
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Figure 3. (a) SEM image, (b-e) EDX images of Cu, Co, O and C elements in (a), (f) LCSM
image of the as-printed Cu/Co-THQ@CNTs @rGO microlattices electrode and its gradient
porous structure. (g) Magnified image from a cylindrical rod in (a), inset shows its porous
structure. (h) TEM images of the printed Cu/Co-THQ @CNTs @rGO microlattices electrode.
(i-1) Photographs of the 3D-printed Cu/Co-THQ @CNTs @rGO architectures with multifarious
patterns. Scale bars, 2 mm. Electrochemical performance of the printed
Cu/Co-THQ@CNTs @rGO electrode. (m) The typical charging/discharging curves of printed
microlattices electrodes with various layers with the operating potential window from 3.0 to
45 V (vs Li/Li*) at 0.05 A g'. (n) The charging/discharging curves of the printed
microlattices electrodes with 12 layers at the current densities of 50-1000 mA g'. (o) Rate

capability of the 3D-printed electrodes with 12 layers at the different current densities ranging

from 0.05 to 1.0 A g\,

The X-ray absorption spectroscopy measurements were carried out to explore the local
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structural information for Cu, Co and Ni. Figure 4a shows The X-ray absorption near-edge
structure (XANES) spectras of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ at Cu K-edge are
exhibited in Figure 4a, and they are similar to that of CuO reference rather than the Cu foil
reference, demonstrating that the valance of Cu in Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ is
+2.8 Moreover, the doping of Co or Ni element is not able to cause any changes in the local
structure of copper atoms as well as the formation of alloys or distortions in the as-prepared
Cu/Co-THQ and Cu/Ni-THQ samples. In addition, the magnified Cu K-edge XANES curves
(Figure S17a) demonstrate the near-edge absorption energy of Cu/Ni-THQ located between
Cu/Co-THQ and Cu-THQ, which demonstrates that the average electron density of Cu in
Cu/Ni-THQ is higher and lower than that in Cu-THQ and Cu/Co-THQ, respectively. Figure
S17b and Figure S17c display the XANES spectra of Cu/Ni-THQ at Ni K-edge and
Cu/Co-THQ at Co K-edge, respectively. Cu/Ni-THQ exhibits similar XANES spectra with
those of NiO reference, which proves the valence of Ni in Cu/Ni-THQ is +2. Indeed, the
XANES spectra of Cu/Co-THQ sample is similar to those of metal oxides references and
different from Co foil. The Fourier transform extended x-ray absorption fine structure
(EXAFS) spectras of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ are illustrated in Figure 4b.
Apparently, the spectras of both Cu/Co-THQ and Cu/Ni-THQ are similar to those of Cu-THQ.
It can be observed that these samples exhibited one conspicuous Fourier transform peak at
155A belongs to the scattering of Cu-N/O coordination. Moreover, a shoulder peak at 2.13 A
was also detected and attributed to Cu-C scattering. Furthermore, the EXAFS data of
Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ at Cu K-edge were fitted via the Artemis software

(Figure 4c¢ and Figure S18a and b) to collect more detailed structural parameters (Table S1).
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The fitting curves of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ are corresponded well with the
experiment spectra, revealing that the doped Co and Ni have no obvious effect on the pristine
Cu-THQ structure. According to the coordination number of Cu-O in Table S1, the simulated
EXAFS spectra of all three samples are based on Cu-O4 model. The main Fourier transform
peaks of Cu/Ni-THQ at Ni K-edge (Figure S18c) and Cu/Co-THQ at Co K-edge (Figure S18d)
and their EXAFS structural parameters were further investigated (Table S2 and Table S3). The
fitting curves of both Cu/Ni-THQ and Cu/Co-THQ are consistent with their experiment
spectra, which represents that no Ni or Co cluster are formed after doping process. For the
Cu/Co-THQ, the coordination number of Co-O is 4.4 (Table S2), which means that there are
four oxygen atoms around a cobalt atom. Similar results can be found in Cu/Ni-THQ (Table
S3). For more clarification regarding the coordination structures in Cu-THQ, Cu/Ni-THQ and
Cu/Co-THQ, high-resolution wavelet transform (WT) in both k and R spaces of Cu K-edge
EXAFS oscillation was further invstigated, as shown in Figure S19. Compared with the WT
signals of Cu foil, no Cu-Cu coordination was detected in Cu-THQ, Cu/Ni-THQ and
Cu/Co-THQ. Moreover, one maximum intensity at 4.5 A-! can be observed for Cu-THQ,
Cu/Ni-THQ and Cu/Co-THQ, which is consistent with the CuO reference. Similar results
were achieved in the WT plots of Cu/Ni-THQ at Ni K-edge (Figure S18e) and Cu/Co-MOF at
Co K-edge (Figure S18f), which further identifies the isolated feature of Cu, Co and Ni

species in the as-prepared Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ.

Density functional theory (DFT) calculations were also performed to deepen the
understanding about the process of improvement in electrochemical performance of

Cu/Co-THQ. Density of states (DOS) plots of Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ are
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demonstrated in Figure 4d and Figure S20a and b, respectively. Evidently, no band gap at O
eV can be observed, revealing that all Cu-THQ, Cu/Co-THQ and Cu/Ni-THQ show metallic
properties. Meanwhile, there is a conspicuous band gap at 2.5 eV in Cu-THQ and Cu/Ni-THQ,
which indicates that Cu/Co-THQ possesses more empty states for electrons, and consequently
higher electronic conductivity (Table S4).'"” In addition, the Li* migration through Cu-THQ,
CuCo-MOF and CuNi-MOF was surveyed by climbing-image nudged elastic band (CI-NEB)
methods.?*?! The calculated energy barrier of Li-ion migration for three THQs is shown in
Figure 4e and Figure S20c and d. The inset of these figures displays the corresponding
migration process, containing seven Li ions which represent the whole path. Two asymmetric
peaks appear in the process of Li* migration because the surrounding ions environment of Li
ions migrated from layer A to layer B (Lil) is different from that migrated from layer B to
layer A (Li2).>*** The corresponding Li* diffusion energy barrier at Lil site for Cu-THQ is
much higher than that for Cu/Co-THQ and Cu/Ni-THQ, suggesting that the lowest Li*
migration occurs in the pristine Cu-THQ. Furthermore, a lower energy barrier is obtained in
Cu/Co-THQ at Li2 site compared with that in Cu/Ni-THQ, which is beneficial for fast
reaction kinetics and superior electrochemical properties of Cu/Co-THQ. The smallest
bandgap of the Cu/Co-THQ is demonstrated by UV-vis spectra (Figure 4f), which is
calculated to be ~ 0.34 eV, much lower than that for the Cu-THQ (0.72 eV) and Cu/Ni-THQ
(0.57 eV). This result matches well with the DFT results. Therefore, the
Cu/Co-THQ@CNTs @rGO microlattice in all of the M-THQ@CNTs@rGO microlattice
cathode with 12 layers thick that achieves the best electrochemical performance according to

the X-ray absorption fine structure (XAFS) spectrum and experimental results (Figure 4g-1).
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Figure 4. (a) Cu K-edge XANES spectra, and (b) Corresponding Fourier transforms of
k3-weighted EXAFS spectra for Cu-THQ, Cu/Ni-THQ and Cu/Co-THQ and references. (c)
The typical fitting curve of the EXAFS signal in k-space for Cu/Co-THQ. (d) Density of state
for Cu/Co-THQ. (e) Energy barrier profile of Li* migration in Cu/Co-THQ, inset is the
corresponding migration process. (f) Estimated bands of Cu-THQ, Cu/Ni-THQ and
Cu/Co-THQ. Electrochemical performance of M-THQ@CNTs @rGO microlattice electrodes
with 12 layers thick (M = Cu, Cu/Co and Cu/Ni). (g) CV curves at the scan rate of 0.5 mV s,
(h) The typical charging/discharging curves with the operating potential window ranging from

3.0to 4.5 V (vs Li/Li*) at the current density of 0.05 A g!. (i) Nyquist plots.

3D-printed LIHCs device is composed of 3D-printed Cu/Co-THQ @CNTs @rGO cathode,
C60@VNNWs@rGO anode and LiPFs/EC/DMC liquid electrolyte (Figure 5a, Figure S21).

Cyclic voltammetry (CV) carried out on the 3D-printed LIHCs device between 0 and 4.0 V is
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exhibited in Figure S22a, demonstrating an excellent reversibility. Figure 5b exhibits the
charging/discharging curves of the 3D-printed LIHCs device at the different current densities
of 1-12 A ¢! in a two-electrode configuration. The large specific capacity of 178.68 F g'! and
symmetric triangular-like GCD curves (Figure 5b-c) demonstrate that the 3D-printed LIHCs
delivers an splendid capacitive behavior and rate capability. Additionally, 3D-printed LIHCs
device yields an excellent areal specific capacitance of 2.99 F cm™ and volumetric specific
capacitance of 53.98 F cm™. These values have exceeded those of previously reported
electrochemical energy storage systems (Figure 5d), such as M-TiO»-RG//PDPC,”> TSNs
electrode,?® 3D-TisCo2//HPAC,” G-ZVOIIOM-HSTC,* OCGIIOCG,”
PEDOT@MnO,//C@Fe;04,° CNT@MnO,/CNT@PPy,*! rGO/CNT@NiCo BOH,*
MnO,@TiN/C@TIiN*,  VN-RGO//APDC®,  G/ZnV,06/Co3V,0s//G/VN'?  and 3D
GA/MnO,//SF-3D GA'®. Meanwhile, the relatively low electrical resistance of the as-printed
LIHCs demonstrates its excellent electrochemical performance (Figure S22b). Ragone plots
of the 3D-printed LIHCs shows a high gravimetric energy density of 396.89 Wh kg™ at the
gravimetric power density of 1999.90 W kg!, and depicts a gravimetric energy density of
313.56 Wh kg! at a ultrahigh gravimetric power density of 24002.04 W kg™' (Figure Se),

y5,12,16,25—34 and

which surpasses the most advanced energy storage devices reported previousl
further confirms the excellent electrochemical property of the printed LIHCs device.
Moreover, the printed LIHCs device achieves an impressive cycle performance with a

capacity retention of 89.43% after 4000 charging/discharging cycles at 2 A g' and a

Coulombic efficiency (CE) of nearly 100% (Figure 5f).
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Figure 5. (a) Working principle and schematic diagram of the 3D-printed LIHCs device. (b)
GCD curves. (c) Rate capability. (d) Comparison of electrochemical performance of this
3D-printed LIHCs device with previous electrochemical energy storage devices.>!%162533 (e)
Ragone plot (power density versus energy density).>!21625-3 (f) The capacity retention and
CE after 4000 cycles.

In summary, a series of graphene-based mixed-dimensional hybrid aerogel electrodes
were synthesized by utilizing the software-controlled 3D printing DIW technique. These

hybrid aerogel electrodes embrace an engineered porous architecture, which allows a fast
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electron transport and efficient ion diffusion, thereby yielding an excellent electrochemical
performance. Additionally, introducing 2D M-THQ into graphene-based aerogel electrodes
leaded to an outstanding electrochemical performance of 3D printing microlattices electrodes
owing to their high capacity and “lubricant” function of 2D M-THQ. Benefitting from the rich
and hierarchical porous structure of the Cu/Co-THQ @CNTs@rGO aerogel cathode and
C60@VNNWs@rGO aerogel anode, the 3D-printed LIHCs device achieved a large
gravimetric specific capacitance of 178.68 F g!, excellent gravimetric energy density of
396.89 Wh kg' and impressive cyclic stability. Moreover, this work introduces the 2D
conductive metal-organic frameworks into 3D-printed aerogel electrodes, which demonstrates

a great prospect for the future more efficient electrochemical energy storage devices.
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