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A B S T R A C T

Advanced energy storage technologies require electrodes with optimized structures to enhance performance. 3D 
printing has emerged as an innovative technique for combining conductive scaffolds and electroactive nano
materials, offering precise control over electrode architecture and performance. To achieve optimal 3D printing 
results, ensuring strong and stable integration between the conductive scaffold and electroactive nanomaterials is 
essential. In this study, we present a novel approach for fabricating porous MnO2/carbon composite electrodes 
using the fast joule heating (FJH), which transforms natural rhodochrosite and polyimide precursors into hier
archical MnO2 nanoparticles anchored on carbon fibers under extreme conditions (≈1800 ◦C in 1 s). This 
composite material exhibits robust interfacial bonding and high porosity, critical for superior electrochemical 
performance. The MnO2/carbon composite is processed into a conductive ink for direct ink writing, enabling the 
fabrication of 3D-printed electrodes with tailored structures. The resulting electrodes demonstrate remarkable 
electrochemical performance, with a high specific capacitance of 411.3 mF cm− 2 at 1.0 A g–1 for supercapacitors 
and a stable capacity of 570.9 mAh g− 1 after 400 cycles for lithium-ion batteries, with 97.8 % coulombic effi
ciency. This work highlights the potential of combining FJH method and 3D printing for high-performance 
energy storage applications.

1. Introduction

In recent years, energy storage technologies, including super
capacitors (SCs) [1,2], lithium-ion batteries (LIBs) [3,4], sodium-ion 
batteries [5,6], and zinc-ion batteries (ZIBs) [7,8], have garnered sig
nificant attention for their critical role in the transition to a sustainable 
energy future. Central to the performance of these devices is the design 
and architecture of their electrodes, which directly influence energy 
density, power density, and cycling stability [9,10]. Among the various 
fabrication techniques, 3D printing has emerged as a groundbreaking 
method for fabricating electrodes with enhanced structural control and 
performance capabilities [11,12]. The precision of 3D printing allows 
for the creation of intricate, tailored architectures that maximize surface 
area, facilitate ion diffusion [13,14], and optimize mechanical robust
ness [15], all while minimizing material waste. As a result, 3D-printed 
electrodes offer significant advantages over conventional bulk elec
trodes, especially in terms of scalability, cost-effectiveness, and design 

versatility [16,17].
3D-printed electrodes typically consist of two critical components: a 

conductive scaffold and electroactive nanomaterials. The conductive 
scaffold, often made from materials such as graphene [18], carbon 
nanotube [19] and MXenes [20], serves dual purposes—it provides the 
necessary electrical pathways for efficient electron transport and acts as 
a mechanical backbone to support the overall 3D structure. Meanwhile, 
the electroactive nanomaterials, which include transition metal oxides 
like MnO2 [21], Co3O4 [22], and layered double hydroxides (LDHs) 
[23], enhance the electrode’s electrochemical properties by contrib
uting pseudocapacitance or faradaic activity. By combining these com
ponents, 3D-printed electrodes can achieve high electrochemical 
performance, with improved charge storage capacity, rate capability, 
and cycling stability. The fabrication of 3D-printed electrodes can 
generally be categorized into two approaches. The first approach in
volves printing the conductive scaffold first, followed by the deposition 
of electroactive nanomaterials onto the scaffold using methods such as 
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Fig. 1. (a) Schematic diagram of the FJH process for preparing FJH-Mn-C composite material. (b) DIW method for 3D print electrode process and applications.

Fig. 2. (a) SEM images of rhodochrosite loaded PI paper. (b-c) Low and high magnified SEM images of FJH-Mn-C-1800. (d) TEM image of FJH-Mn-C-1800. (e-f) 
HRTEM image of FJH-Mn-C-1800. (g) HAADF-STEM images of FJH-Mn-C-1800.
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electrodeposition [24] or wet-chemical techniques [19,25]. While this 
method allows for precise control over the scaffold structure, it comes 
with limitations. Since the electroactive nanomaterials are typically 
deposited only on the surface of the scaffold, the overall material utili
zation is inefficient, and the limited interface between the conductive 
scaffold and the electroactive materials can lead to poor charge transfer 
kinetics. The second approach integrates the conductive materials and 
electroactive nanomaterials directly into printable ink, which is then 
used to fabricate the electrode via direct ink writing (DIW) [26]. While 
this method ensures the uniform distribution of electroactive materials 
throughout the electrode structure, it also introduces certain drawbacks. 
The ink formulation often requires the addition of insulating polymer 
binders, and the intense mixing or grinding processes during ink prep
aration can disrupt the interaction between the conductive scaffold and 
electroactive nanomaterials. This can hinder charge transfer efficiency 
at the interfaces, compromising the electrode’s electrochemical 
performance.

To address these limitations, it is crucial to ensure strong, stable 
anchoring between conductive scaffolds and electroactive nano
materials prior to ink formulation. Traditional wet-chemical methods, 
which rely on a bottom-up approach to grow electroactive materials 
directly on the conductive matrix, can provide such riveted structures 
[27,28]. However, these techniques often involve multiple steps, 
consume large amounts of solvents and chemicals. Moreover, the pro
longed processing times and low scalability of wet-chemical methods 
further limit their practicality for large-scale production. In response to 
these challenges, extreme nanofabrication methods, such as laser abla
tion [29–32] and flash joule heating (FJH) [33,34], have gained atten
tion. These methods create non-equilibrium, high-temperature, and 
high-pressure conditions that enable rapid synthesis of nanomaterials 
with unique properties. Temperatures exceeding 3000 K can be achieved 
in microseconds [35], allowing for the formation of riveted structures 
between conductive scaffolds and electroactive nanomaterials. The 
rapid synthesis not only minimizes energy consumption and chemical 
waste but also leads to nanocomposites with high porosity and excellent 
electrochemical properties. These extreme fabrication techniques are 
especially suited for the preparation of conductive inks for 3D printing, 
as they ensure that the nanomaterials are well-integrated and highly 
functional.

In the present study, we demonstrate the use of FJH method to 
synthesize MnO2/carbon composites to 3D-printed electrode for energy 
storage applications. MnO2 was chosen as a typical electrochemically 
active material due to its high theoretical capacity [36] and pseudoca
pacitive behavior [37]. The FJH process can achieve extreme reaction 
conditions of heating to 1800 ◦C in ≈1 s (Fig. 1a, Fig. S1 and Movie. S1), 
which transforming rhodochrosite/polyimide composite into hierar
chically porous MnO2/Carbon composites. This composite was subse
quently formulated into ink and used to print 3D-structured electrodes 
(Fig. 1b) for SCs and LIBs. Our results show that the extreme conditions 
of the FJH method led to a MnO2/carbon composite with stronger 
interfacial interaction between MnO2 and high porosity carbon (Fig. S2), 
which contributed to the excellent electrochemical performance of the 
printed electrodes. The 3D-structured porous electrodes exhibited su
perior energy storage capabilities compared to conventional bulk elec
trodes, demonstrating their potential for use in next-generation energy 
storage devices.

2. Results and discussions

The fabrication of the MnO2/carbon composite begins with the FJH 
treatment of a precursor mixture composed of natural rhodochrosite and 
polyimide (PI) paper (Fig. 2a). This precursor formulation, derived from 
our previous work [38], utilizes rhodochrosite as a natural manganese 
source to generate MnO2 nanoparticles (NPs). Compared with Mn- 
containing chemical reagents, rhodochrosite provides notable advan
tages, including abundant reserves, low cost, and environmental 
friendliness. In addition, the use of rhodochrosite is also of certain sig
nificance for high-value mineral utilization. The PI paper, composed of 
17–20 μm PI fibers, is utilized as the carbon source to create a porous 
carbon matrix. The FJH process involves sandwiching the precursor 
between two conductive carbon paper electrodes, through which a high 
electrical current is applied, inducing a rapid temperature rise to 
approximately 1800 ◦C within ≈1 s (Movie. S1). The resulting com
posite, referred to as FJH-Mn-C-1800, exhibits a unique combination of 
MnO2 NPs and porous carbon fibers (8–10 μm) (Fig. 2b-c), formed by the 
simultaneous carbonization of PI and the explosive decomposition of 
rhodochrosite under transient high-temperature conditions. Rapid 
heating during the FJH treatment plays a pivotal role in the 

Fig. 3. (a) XRD pattern of FJH-Mn-C-1800. (b) Raman spectra of FJH-Mn-C-1800. (c) XPS spectra of FJH-Mn-C-1800. (d-f) High-resolution XPS spectra of C 1 s, O 1 s, 
and Mn 2p, respectively.
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morphological transformation of the precursor materials. The extreme 
temperature causes micro-sized rhodochrosite particles to disintegrate 
explosively into uniform MnO2 NPs, while PI fibers are carbonized into 
porous carbon fibers, as observed in the scanning electron microscopy 
(SEM) images (Fig. 2b). The volatile organic compounds within the 
polyimide matrix evaporate quickly, leaving voids that contribute to the 
porous nature of the carbon fibers (Fig. 2c). This porous architecture is 
critical for energy storage applications, as it increases the accessible 
surface area for electrochemical reactions. It also enhances ion diffusion 
and promotes efficient electrolyte penetration [39], which are essential 
for optimizing the performance of Micro-supercapacitors (MSCs) and 
LIBs.

To further investigate the microstructure of FJH-Mn-C-1800, trans
mission electron microscopy (TEM) and high-resolution transmission 
electron microscopy (HRTEM) were employed. TEM images reveal that 
MnO2 NPs are well-dispersed and anchored within the carbon matrix. 
The simultaneous formation of MnO2 and the carbon matrix during FJH 
treatment not only facilitates strong attachment of MnO2 onto the car
bon fibers but also results in MnO2 NPs potentially being enveloped by 
carbon layers (Fig. 2d). This encapsulation provides structural stability, 
ensuring that the MnO2 NPs remain firmly anchored within the carbon 
matrix during subsequent mechanical processing, such as ink prepara
tion [27,36,38]. Furthermore, the transient high-pressure conditions 
generated during the FJH process strengthen the junctions between 
MnO2 and the carbon matrix, which is crucial for efficient charge 
transfer in energy storage devices. The robustness of the MnO2 
anchoring was verified by grinding the FJH-Mn-C-1800 composite into a 
fine powder for ink preparation. Despite the mechanical disruption, 

which broke the long carbon fibers into shorter fragments, the MnO2 
NPs remained securely attached to the porous carbon matrix (Fig. S2). 
This highlights the strong and stable interface between the two com
ponents, a critical factor in ensuring long-term electrode performance by 
preventing detachment or agglomeration of active materials during 
cycling in energy storage applications [40,41]. The HRTEM analysis 
(Fig. 2e-f) shows that the lattice spacing of 0.367 nm corresponds to the 
(002) plane of graphite; the lattice spacings of 0.24 nm and 0.16 nm 
correspond to the (211) and (600) planes of MnO2, respectively [38]. 
The elemental distribution as shown in Fig. 2g visually confirms the 
uniform distribution of MnO2 in the carbon fibers. Further character
ization of the FJH-Mn-C-1800 was conducted using X-ray diffraction 
(XRD), Raman spectra, and X-ray photoelectron spectroscopy (XPS). The 
XRD pattern (Fig. 3a) displayed a prominent diffraction peak at 2θ =
26◦, corresponding to the (002) plane of graphitic carbon derived from 
the polyimide paper. Additional peaks at 2θ = 28.5◦, 37.5◦, and 56.7◦

were observed, attributed to characteristic MnO2 phases [42]. These 
findings confirm the coexistence of carbon and MnO2 within the com
posite material. Raman spectra (Fig. 3b and Fig. S3) further supported 
these results, with the carbon structure exhibiting characteristic D and G 
peaks at 1372 cm− 1 and 1592 cm− 1, respectively, corresponding to 
defects and sp2-hybridized carbon vibrations in the hexagonal lattice 
[43]. A broad 2D peak at 2697 cm− 1 confirmed the presence of crys
talline graphitic domains, while a distinct peak at ~ 650 cm− 1 corre
sponded to the Mn-O bond in MnO2, indicating successful incorporation 
of MnO2 into the carbon matrix [38]. XPS analysis provided additional 
confirmation of the composite’s composition. The full XPS spectra 
(Fig. 3c) revealed the presence of carbon (C), oxygen (O), and 

Fig. 4. (a) CV curves of FJH-C-1800 and FJH-Mn-C-X (X = 1000, 1400 and 1800) SCs at a scan rate of 70 mV s–1. (b) Galvanostatic charge–discharge curves of FJH-C- 
1800 and FJH-Mn-C-X (X = 1000, 1400 and 1800) SCs at a current density of 1 A g–1. (c) Specific capacitance of FJH-C-1800 and FJH-Mn-C-X (X = 1000, 1400 and 
1800) SCs. (d) GCD curves of FJH-Mn-C-1800 LIB at different cycles of 0.2 A g–1. (e) Cycling performance of FJH-C-1800 and FJH-Mn-C-X (X = 1000, 1400 and 1800) 
LIBs with respect to capacity and coulombic efficiency at a current density of 0.2 A g–1. (f) Rate performance from 0.1 A g–1 to 6.0 A g–1 of FJH-C-1800 and FJH-Mn-C- 
X (X = 1000, 1400 and 1800) LIBs. (g) Cycling performance of FJH-C-1800 and FJH-Mn-C-X (X = 1000, 1400 and 1800) LIBs with respect to capacity and coulombic 
efficiency at a current density of 1.0 A g–1. (h) Schematic diagram of Li+ storage for FJH-Mn-C LIB.
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manganese (Mn), consistent with the expected material composition. 
The high-resolution C 1 s spectra (Fig. 3d) showed peaks at 285.8 eV and 
284.8 eV, corresponding to C-O and C = C/C-C bonds, respectively. The 
O 1 s spectra (Fig. 3e) exhibited peaks at 529.8 eV and 532.1 eV, indi
cating Mn-O-H and Mn-O-Mn bonds [44]. The Mn 2p spectra (Fig. 3f) 
displayed characteristic peaks at 642.5 eV and 654.2 eV, with a peak 
separation of 11.7 eV, confirming the Mn4+ oxidation state in MnO2 
[45]. These results collectively demonstrate that the FJH method suc
cessfully synthesized MnO2/carbon composites with well-integrated 
MnO2 NPs anchored onto the carbon matrix.

Before employing the FJH-Mn-C composite for 3D printing, its 
electrochemical performance as a SC was evaluated using a three- 
electrode system. To assess the influence of the FJH processing tem
perature, FJH-Mn-C composites were prepared at varying temperatures 
of 1000 ◦C, 1400 ◦C, and 1800 ◦C, referred to as FJH-Mn-C-1000, FJH- 
Mn-C-1400, and FJH-Mn-C-1800, respectively. A pure carbon sample 
derived from polyimide paper processed at 1800 ◦C served as a control. 
The cyclic voltammetry (CV) (Fig. 4a and S4) and galvanostatic char
ge–discharge (GCD) (Fig. 4b and S5) curves demonstrated that the 
MnO2/C composites exhibited a larger CV area and longer discharge 
times compared to the pure carbon sample, indicating a significant 
pseudocapacitance contribution from MnO2. Notably, a redox peak at 
0.39 V was observed, corresponding to the MnO2 energy storage 
mechanism [46]. Among the various composites, FJH-Mn-C-1800 
exhibited the best electrochemical performance, as reflected in both 

CV and GCD curves. Specific capacitance values calculated (Fig. 4c) 
from the GCD curves further confirmed the superior performance of 
FJH-Mn-C-1800 (692.3 F g− 1@1 A g–1) compared to FJH-Mn-C-1400 
(473.7 F g− 1@1 A g–1) and FJH-Mn-C-1000 (315.8 F g− 1@1 A g–1). 
The superior performance of FJH-Mn-C-1800 compared to FJH-Mn-C- 
1400 and FJH-Mn-C-1000 is attributed to the extreme reaction condi
tions at 1800 ◦C, including extreme high temperature, high pressure, 
and non-equilibrium [47]. This process resulted in the formation of a 
more porous carbon matrix and smaller MnO2 NPs in FJH-Mn-C-1800 
(Fig. 2c and Fig. S6). These features also contribute to higher specific 
surface areas (Fig. S7a) and pore volumes (Fig. S7b), which facilitating 
improved mass, ion, and charge exchange.which facilitating improved 
mass, ion, and charge exchange. Additionally, the higher temperature 
enhances the crystallinity of the carbon matrix, as shown in the XRD 
patterns (Fig. S8), and improves conductivity, reflected in reduced series 
resistance (Fig. S9), thus enhancing electron transport rates.

The superior electrochemical performance of FJH-Mn-C-1800 also 
extended to its use as an anode material in LIB. Within a voltage window 
of 0.01–3.0 V, the initial discharge and charge capacities of FJH-Mn-C- 
1800 were 891.5 mAh g− 1 and 428.6 mAh g− 1 (Fig. 4d), respectively, 
significantly higher than those of FJH-Mn-C-1400 (Fig. S10a) and FJH- 
Mn-C-1000 (Fig. S10b). The cycling performance (Fig. 4e) showed that 
the capacity of FJH-Mn-C-1800 increased to 1190.9 mAh g− 1 at 0.2 A g–1 

after 400 cycles, with a coulombic efficiency of 99.4 %. Furthermore, its 
rate performance demonstrated the highest capacity retention across all 

Fig. 5. (a) Rheological behavior of the inks during the extrusion-based 3D printing process. (b) The self-supporting properties and actual printing process of ink 2. (c) 
Printing microlattice on different substrates. (d) Optical images of various patterns printed by 3D printing. (e-f) Top SEM images of the microlattice. (g) Cross-section 
SEM images of the microlattice. (h) Top SEM-EDS mapping of microlattice with C, Mn, and O elements.
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current densities, with excellent recovery. At 1.0 A g–1, FJH-Mn-C-1800 
maintained the highest capacity (Fig. 4f). Moreover, at 1.0 A g–1, FJH- 
Mn-C-1800 LIB also demonstrates remarkable cycling performance, 
maintaining a capacity of 801.2 mAh g− 1 after 800 cycles (Fig. 4g), 
which is better than most reported MnO2/C anodes [48–50]. Compared 
with FJH-Mn-C-1400 and FJH-Mn-C-1000 LIBs, FJH-Mn-C-1800 LIB 
shows superior electrochemical performance. This can be due to its more 
hierarchical porous carbon fibers and uniformly distributed MnO2 NPs 
(Fig. 2c) significantly improving the pathways for ion and electron 
transport (Fig. 4h), which enhances reaction kinetics. Electrochemical 
impedance spectroscopy (EIS) results support this point in the following 
two aspects: As shown in Fig. S11 and Table S1, compared to FJH-Mn-C- 
1400 (134.5 Ω) and FJH-Mn-C-1000 LIBs (138.2 Ω), FJH-Mn-C-1800 LIB 
(112.2 Ω) has a lower charge transfer resistance (Rct), indicating faster 
charge transfer behavior [51,52]; Further analysis of Z’ and ω-1/2 using 
eq. (S9) was conducted to determine the value of warburg impedance 
factors (δ). The δ value of FJH-Mn-C-1800 is lower than FJH-Mn-C-1400 
and FJH-Mn-C-1000, indicating that FJH-Mn-C-1800 exhibits faster Li+

diffusion capacity [53].

In subsequent experiments, FJH-Mn-C-1800 was utilized as the 
active material (120 mg) to prepare 3D printing inks with varying 
amounts of NMP solvent: 1.0 mL, 1.5 mL, and 2.0 mL, denoted as ink 1, 
ink 2, and ink 3, respectively. Viscosity measurements (Fig. 5a) 
demonstrated that all inks exhibited shear-thinning behavior. Among 
them, ink 2 demonstrated optimal printability. In contrast, ink 1 was 
excessively viscous, causing nozzle clogging, while ink 3 had too 
insufficient viscosity, resulting in structural instability. The viscosity of 
ink 2, ranging from 0.6 to 0.9 MPa⋅s, aligns with the typical viscosity 
range of 3D printing inks reported in previous studies [54]. Ink 2 dis
played excellent self-supporting properties and good fluidity (Fig. 5b), 
successfully printing complex structures on substrates such as glass, PET, 
nickel foam and paper (Fig. 5c and Movie. S2). It allowed for the for
mation of intricate patterns, including microlattices and hexagonal grids 
(Fig. 5d). SEM analysis of the 3D-printed microlattice revealed an 
orderly, porous structure with uniformly dispersed FJH-Mn-C-1800 
short fragment (Fig. 5e-f). The microlattice cross-section revealed a 
layer thickness of approximately 170 µm (Fig. 5g). Energy-dispersive 
spectroscopy (EDS) mapping analysis showed a uniform distribution of 

Fig. 6. (a) CV curves of bulk and 3D-printed SCs at a scan rate of 70 mV s–1. (b) GCD curves of bulk and 3D-printed SCs at a current density of 1A g–1. (c) Specific 
capacitance of bulk and 3D-printed SCs at different current densities (1–10 A g–1). (d) Ragone diagrams of bulk and 3D-printed SCs. (e) Nyquist plots of bulk and 3D- 
printed SCs. (f) Contribution percentages of the capacitive and diffusion-controlled process at different scan rates (10–70 mV s–1) of 3D-printed SCs.
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C, O, and Mn elements throughout the structure, confirming the suc
cessful integration of MnO2 NPs (Fig. 5h and S12).

The microlattice electrode was then fabricated on nickel foil for use 
in a three-electrode supercapacitor (3D-printed SC). A conventional 
electrode prepared via bulk coating served as a reference (bulk SC). CV 
(Fig. 6a and S13) and GCD (Fig. 6b and S14) tests showed that the 3D- 
printed SC had a significantly larger CV curve area and longer 
discharge time compared to the bulk SC, suggesting much higher 
capacitance. At 10 A g–1, the specific capacitance of the 3D-printed SC 
reached 309.6 F g− 1, which is 5.8 times higher than the bulk SC (Fig. 6c). 

Additionally, the 3D-printed SC exhibited an energy density of 72.5 Wh 
kg− 1, 3.1 times that of the bulk SC (Fig. 6d). EIS results (Fig. 6e) indi
cated lower series resistance and improved ion transfer efficiency for the 
3D-printed SC, attributed to the hierarchical pore structure that en
hances capacitance and ion diffusion. Further analysis of the energy 
storage mechanisms (Fig. 6f and S15-16) showed that the capacitance- 
controlled process dominated in the 3D-printed SC, accounting for 90 
% of the energy storage at a scan rate of 70 mV s–1, compared to only 62 
% in the bulk SC (Fig. S16). This indicates faster charge transfer kinetics 
in the 3D-printed SC.

Fig. 7. (a-b) Cross-section view of 1 layer、2 layers and 3 layers 3D-printed MSCs. (c) GCD curves of 1 layer、2 layers and 3 layers 3D-printed MSCs at a current 
density of 1A g–1 (d) Area specific capacitance of 1 layer、2 layers and 3 layers 3D-printed MSCs at different current densities (1–10 A g–1). (e) Nyquist plots of 1 
layer、2 layers and 3 layers 3D-printed MSCs. (f-g) CV curves and capacitance retention of 3 layers 3D-printed MSC under bending angles from 0◦ to 180◦ at 70 mV 
s–1. (h) Contribution percentages of the capacitive and diffusion-controlled process at different scan rates (10–70 mV s–1) of 3 layers 3D-printed MSC.
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To explore the scalability of our approach, one-layer, two-layers, and 
three-layers interdigitated electrodes were printed on PET substrates to 
create MSCs, which were subsequently combined with gel electrolytes. 
SEM analysis showed that the electrode thicknesses were proportional to 
the number of printed layers, with the one-layer, two-layers, and three- 
layers MSCs measuring 184 µm, 362 µm, and 556 µm, respectively 
(Fig. 7a-b). CV (Fig. S17) and GCD (Fig. 7c and S18) tests revealed that 
the three-layers MSC exhibited the highest specific capacitance (Fig. 7d), 
as demonstrated by the larger integrated CV curve area and longer 
discharge times. The three-layers MSC had a specific area capacitance of 
411.3 mF cm− 2 at 1.0 A g–1, which was three times higher than that of 
the one-layer MSC (139.5 mF cm− 2). Even at a high current density of 
10.0 A g–1, the three-layers MSC retained a specific area capacitance of 
279 mF cm− 2, surpassing most reported MSCs of this type (Table S2). 
The EIS results (Fig. 7e) indicated that the charge transport dynamics 
were similar across all MSCs, regardless of the number of printed layers, 
demonstrating consistent ion and electron transport. Furthermore, the 
three-layers MSC exhibited excellent cycling stability, retaining 90 % of 
its capacitance after 1000 charge–discharge cycles (Fig. S19). This sta
bility is attributed to the uniform distribution of FJH-Mn-C-1800 com
posite by 3D printing, which facilitates efficient contact between 
electrolyte ions and active sites. Flexibility tests (Fig. 7f-g) showed that 
the three-layers MSC maintained nearly unchanged CV curves under 
varying bending angles. There was only a 3 % decrease in capacitance at 
a 180◦ bending angle, indicating minimal impact from mechanical 
deformation. Energy storage mechanism analysis (Fig. 7h and S20-21) 
showed that capacitance control was the dominant mechanism in all 

MSCs, accounting for over 80 % of the total energy storage at higher scan 
rates. This suggests that ion and electron transport remained efficient 
even with increased electrode thickness.

Finally, LIBs were assembled using both 3D-printed microlattice 
electrodes and traditional bulk electrodes with comparable active ma
terial loadings, referred to as 3D-printed LIB and bulk LIB, respectively 
(Fig. 8a). The electrochemical performance of these systems was thor
oughly examined, revealing significant advantages for the 3D-printed 
electrodes. According to the GCD curves in Fig. 8b and Fig. S22, the 
initial discharge capacity of 3D-printed LIB reaches 1082 mAh g− 1 at 0.2 
A g–1, significantly outperforming the bulk LIB (709.9 mAh g− 1). As 
shown in Fig. 8c, after 400 cycles at 0.2 A g–1, the 3D-printed LIB 
retained a capacity of 570.9 mAh g− 1, compared to only 325.8 mAh g− 1 

for the bulk LIB. The capacity of the 3D-printed LIB initially decreased 
and then increased during cycling, attributed to the formation of a solid- 
electrolyte interphase (SEI) layer [55–57] and the activation of MnO2 
NPs in the electrode [38]. Moreover, the feasibility of practical appli
cations for 3D-printed LIB was demonstrated, as shown in Fig. 8c (inset), 
where the device successfully powered a red LED. Even at a high current 
density of 1 A g–1, the 3D-printed LIB achieved a maximum capacity of 
610.7 mAh g− 1 (Fig. S23), which is comparable to previously reported 
MnO2/C-based LIBs (Table S3). After 800 cycles, the 3D-printed LIB 
retained a capacity of 485.7 mAh g− 1, far exceeding the bulk LIB, which 
dropped to 112.3 mAh g− 1. Rate performance tests (Fig. 8d-e) at current 
densities ranging from 0.1 A g–1 to 6.0 A g–1 demonstrated the superior 
capacity of the 3D-printed LIB. Its capacities were 695.6 mAh g− 1, 640.7 
mAh g− 1, 599.2 mAh g− 1, 568.2 mAh g− 1, 510.6 mAh g− 1, 390.7 mAh 

Fig. 8. (a) Schematic diagram of the construction of 3D-printed LIB. (b) GCD curves of 3D-printed LIB at different cycles of 0.2 A g–1. (c) Cycling performance of bulk 
and 3D-printed LIBs with respect to capacity and coulombic efficiency at a current density of 0.2 A g–1. (d-e) Rate performance from 0.1 A g–1 to 6.0 A g–1 of bulk and 
3D-printed LIBs. (f) Nyquist plots of bluk and 3D-printed LIBs. (g) Schematic diagram of Li+ storage advantages in 3D-printed LIB.
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g− 1, and 291.8 mAh g− 1, significantly better than the bulk LIB, which 
recorded 357.7 mAh g− 1, 342.5 mAh g− 1, 287.7 mAh g− 1, 203.9 mAh 
g− 1, 108 mAh g− 1, 67.9 mAh g− 1, and 50.1 mAh g− 1. When the current 
density returned to 0.1 A g–1, the capacity of the 3D-printed LIB 
recovered to 691 mAh g− 1, demonstrating excellent reversibility. To 
understand the improved performance of the 3D-printed LIB, EIS was 
conducted (Fig. 8f). The Nyquist plots show that the 3D-printed LIB 
exhibits significantly lower series resistance (Rs) than the bulk LIB, 
indicating better ion conductivity. Compared to bulk LIB, the 3D-printed 
LIB exhibits a higher slope in the low-frequency region, indicating 
stronger reaction kinetics. This improvement is likely attributed to the 
microlattice structure, which enhances the efficiency of ion and electron 
transport. In summary, the superior electrochemical performance of the 
3D-printed LIB can be attributed to its three-dimensional hierarchical 
porous architecture (Fig. 8g), which facilitates electrolyte penetration, 
accelerates ion/electron transport, and improves reaction kinetics. 
Furthermore, the uniform distribution of FJH-Mn-C-1800 within the 
microlattice electrode ensures optimal contact with the electrolyte, 
contributing to the excellent rate capability and long-term cycling sta
bility of the 3D-printed LIB.

3. Conclusion

In summary, we employed the carbothermal shock method to rapidly 
synthesize MnO2/carbon composites as electrochemically active mate
rials for 3D-printed electrodes in energy storage devices. The extreme 
reaction conditions, reaching 1800 ◦C within 1 s, enabled the trans
formation of rhodochrosite into MnO2 NPs anchored on porous carbon 
fibers derived from PI. This unique structure enhanced interfacial in
teractions, leading to superior electrochemical performance. Using a 
scalable direct ink writing technique, we fabricated 3D-printed elec
trodes with hierarchical porous architectures, achieving a high specific 
capacitance of 411.3 mF cm− 2 at 1.0 A g–1 for MSCs and exceptional 
flexibility under mechanical deformation. For LIBs, the 3D-printed 
porous electrodes exhibited a stable capacity of 570.9 mAh g− 1 after 
400 cycles with a 97.8 % coulombic efficiency, significantly out
performing traditional bulk electrodes. This work highlights the poten
tial of combining FJH method synthesis and 3D printing to develop 
advanced, high-performance materials for next-generation energy stor
age applications.
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