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Pseudocapacitors are an important class of energy storage devices that could balance 

the need of high energy density and fast charging/discharging.1-6 Pseudocapacitive materials 

such as manganese oxide (MnO2) deposited on current collectors have achieved outstanding 

gravimetric capacitances sometimes even close to their theoretical values. Yet, this is only 

achievable with very low mass loading of active material typically less than 1 mg cm-2.7

Increasing mass loading often leads to drastic decay of capacitive performance due to 

sluggish ion diffusion in bulk material.8, 9 The low mass loading and poor areal capacitance 

limit the practical feasibility of pseudocapacitors. Here, we demonstrate a 3D printed 

graphene aerogel scaffold that is able to support ultrahigh mass loading of MnO2. A 4 mm 

thick graphene aerogel with MnO2 loading of 182.2 mg cm-2 achieves a record high areal 

capacitance of 44.13 F cm-2, which to our knowledge is the highest value reported for any 

supercapacitor electrode. Most importantly, the areal capacitance increases linearly with the

mass loading of MnO2 and electrode thickness while the gravimetric capacitance remains 

almost unchanged, indicating that the capacitive performance is not limited by ion diffusion,

even at such a high mass loading. A device fabricated via a symmetric assembly of two 4 mm 

thick electrodes yields a maximum energy density of 1.56 mWh cm-2, which is significantly 

higher than the reported values of any aqueous symmetric capacitors. These findings

validate the concept of “printing” a practically feasible pseudocapacitive electrode, which 

could revolutionize the way of fabricating pseudocapacitor electrodes and devices.
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             Manganese oxide (MnO2) stands out among many pseudocapacitive materials for its high 

theoretical specific capacitance, wide availability and environmental friendliness.7, 10 Since the 

pioneering study of MnO2 by Goodenough et al. in 1999, various strategies have been employed 

to improve the capacitive performance of MnO2, including crystallinity engineering, crystal 

structure selection, morphology control, defect introduction and elemental doping.11-16 Excellent

specific capacitance (150-600 F g-1) were obtained from electrodes with small mass loadings of 

MnO2 (0.1-0.8 mg cm-2). However, increasing MnO2 loading often causes severe deterioration of 

capacitive performance due to inefficient electron transport and ion diffusion.8, 9 Deposition of 

MnO2 nanomaterials onto conductive and high surface area current collectors have proven to be

an effective way to improve electron transport,7 they are less effective in addressing the sluggish 

ion diffusion in thick MnO2 film, especially for thick electrodes. Therefore, developing a current 

collector that simultaneously enables efficient electron transport and ion diffusion is particularly 

important for realizing practical feasible pseudocapacitors. 

The advance in 3D printing techniques offers new possibilities in addressing this 

outstanding challenge for pseudocapacitors. In a recent study, a 3D printed graphene aerogel 

electrode showed considerably improved rate capability compared its bulk counterpart.17 The 

enhancement was believed to be due to periodic macropores, which facilitate the diffusion of 

electrolyte and ions, and thus, improve the electric double layer capacitance at high current 

densities. Significantly, the findings also suggested that these 3D printed carbon aerogels could 

serve as good scaffolds for pseudocapacitive materials. In this work, we validate this concept by 

demonstrating a new 3D printed graphene aerogel that supports ultrahigh mass loadings of MnO2

up to at least 182.2 mg cm-2, without significantly affecting its gravimetric capacitance and rate 



4

capability. To our knowledge, this is the first report of a current collector that is capable of

supporting MnO2 loading at the hundred mg cm-2 level.  

The fabrication process of 3D printed graphene/MnO2 electrodes is illustrated in Fig. 1. 3D 

graphene oxide structures were printed by direct ink writing method (Methods) using an “ink” 

containing a mixture of graphene oxide (GO) suspension (40 mg/mL) and 5% hydroxypropyl 

methylcellulose. The 3D printed structures were consequently freeze dried to form aerogels, 

followed by annealing in nitrogen gas to convert graphene oxide to graphene. The printed lattice 

structure is constructed with multiple orthogonal layers of parallel porous cylindrical rods (Fig. 2a, 

b). The diameter of the cylindrical rods and the center-to-center rod spacing are around 400 and 

800 µm, respectively. The lattice structure has a reasonably low mass density of 46 mg/cm3 and 

specific surface area of 27 m2/g (Supplementary Fig. 1). MnO2 nanosheets were then 

electrodeposited onto the graphene aerogel lattice (Fig. 1 and Methods). As shown in Fig. 2c and 

d, the porous cylindrical rods are coated with MnO2 (Fig. 2c, d). Importantly, the deposition of 

MnO2 take place not only on the exterior surface, but also the interior of the entire lattice 

(Supplementary Figs. 2 and 3). The uniform deposition of MnO2 indicates that the graphene 

aerogel has good electrical conductivity and the 3D printed lattice allows efficient diffusion of 

electrolyte solution. Notably, the thickness of MnO2 layer increases slowly with the 

electrodeposition time, as shown in Fig. 2e. It provides good control on the mass loading of MnO2.

Scanning electron microscopic (SEM) images revealed that the MnO2 layer contains 

interconnected nanosheets, which have an average diameter of hundreds of nanometers and 

thickness of several nanometers (Fig. 2f, Supplementary Fig. 4). The addition of these ultrathin 

nanosheets increase the specific surface area of the graphene aerogel lattice to around 100 m2/g

(Supplementary Fig. 1). X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 
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results identified the nanosheets are ε-MnO2 (Supplementary Figs. 5 and 6).12 Taken together, 

these results confirm the successful integration of the 3D printed graphene aerogel and 

pseudocapacitive MnO2 nanosheets. 

Electrochemical properties of 1 mm thick 3D printed graphene aerogel (G) and graphene

aerogel/MnO2 (G/MnO2) electrodes were investigated in 3M LiCl solution in a three-electrode 

electrolytic cell. As shown in Fig. 3a, the deposition of MnO2 on a graphene aerogel electrode for 

just 5 mins (with a loading of 2 mg cm-2) significantly increases its capacitance. The areal 

capacitance of G/MnO2 electrode is ~25 times higher than the value of bare G electrode obtained 

at the same current densities (Fig. 3b, Supplementary Figs. 7 and 8). There is a linear relationship 

between mass loading of MnO2 and electrodeposition time, which allows precise control of MnO2

loading (Fig. 3c). An ultrahigh mass loading of 45.2 mg cm-2 MnO2 was obtained after 120 mins 

deposition. Significantly, the areal and volumetric capacitance of 3D G/MnO2 electrodes also 

increase almost linearly with the MnO2 loading at different current densities (Fig. 3d). The most 

highly loaded (45.2 mg cm-2) electrode delivers excellent areal and volumetric capacitances of 

11.55 F cm-2 and 115.5 F cm-3, respectively (Supplementary Fig. 9). Most importantly, under such 

an ultrahigh mass loading, the 3D G/MnO2 electrode retains an extraordinarily high rate capability 

of 73.2 % from 0.5 to 10 mA cm-2 (Supplementary Fig. 10, Supplementary Table 1). These results 

unambiguously show that charge transfer and ion diffusion in these 3D printed electrodes are 

highly efficient. As a result, their gravimetric capacitances normalized to the mass of MnO2 only 

slightly decrease when the MnO2 loading increased drastically from 2 to 45.2 mg cm-2 (Fig. 3e). 

The electrode with MnO2 loading of 45.2 mg cm-2 achieved a specific capacitance of 187.2 F/g at

10 mA cm-2, which is even higher than the values reported for most of the MnO2-based electrodes 

with fractions of the present mass loading.8-10, 12, 18, 19 Moreover, when the gravimetric capacitance 
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is normalized to the mass of the entire G/MnO2 electrode, it increases with the loading MnO2 and 

remains almost unchanged when the loading of MnO2 is significantly higher than the mass of 

graphene aerogel (4.6 mg cm-2) (Supplementary Fig. 11). These results demonstrates the practical 

importance of having an electrode with the mass of active material considerably higher than the 

weight of current collector.20 A major breakthrough demonstrated in these results is the capability 

of substantially increasing the loading of pseudocapacitive material without sacrificing the rate 

capability and gravimetric capacitance, which is essential for developing practically useful

pseudocapacitors. 

The outstanding performance of 3D G/MnO2 electrodes is believed to be closely related to 

its unique 3D porous architecture that is highly conductive and favourable for electrolyte and ion 

diffusion. A number of control experiments were performed to understand the role of 3D printed 

lattice structure on the electrode performance. First, we compare the performance difference 

between a 3D printed and a non-3D printed graphene aerogel, which are made by the same method 

(except printing) and have comparable electrical conductivity, sample thickness and 

electrochemically active surface area (Supplementary Fig. 12). The morphology of MnO2

nanosheets grown on both samples are also similar (Supplementary Fig. 13). Under the same 

loading of MnO2 (~45 mg cm-2), the non-3D printed graphene aerogel/MnO2 exhibits considerably 

lower areal capacitance compared to its 3D printed counterpart, as shown in Fig. 3f. The 

capacitance discrepancy between these two samples is even larger at high current densities, 

suggesting that ion diffusion is the key limiting factor in the non-3D printed structure. We also 

conduct further comparisons between 3D printed graphene aerogel and other commonly used 

carbon substrates, including carbon cloth, carbon paper, carbon fiber and carbon foil

(Supplementary Figs. 14-18). Under similar loading of MnO2 (~45 mg cm-2), 3D G/MnO2 again 
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showed significantly higher areal capacitance than all control samples at all current densities we 

studied (Supplementary Fig. 19). These comparative studies confirmed the important role of 3D 

printed lattice structure as a scaffold for supporting high mass loading of MnO2. We believe the 

unique structural features of the 3D printed graphene aerogel in enhancing the performance under 

ultrahigh mass loading is the reasonably large surface area of porous graphene aerogel and the 

periodic arrangement of macroscopic scale pores that enables sufficient and rapid diffusion of ions 

to the electrode surface. 

The capability of increasing mass loading of pseudocapacitive materials on 3D printed 

graphene aerogel could open up exciting new opportunities in supercapacitor electrode design and 

fabrication. Currently, the commercial supercapacitor electrodes were fabricated by depositing 

thin carbon-based film on metal current collectors.1 The film thickness is limited by the sluggish 

ion diffusion and/or charge transfer in the electrode, as the performance of most electrodes 

deteriorate rapidly with the increase of electrode thickness. To achieve higher capacitance and 

energy density for practical application, these thin carbon film electrodes have to be stacked 

together, resulting in additional weight and material cost as multiple layers of metal current 

collector and separator are required. The excellent ion diffusion demonstrated in the 1 mm thick 

3D G/MnO2 electrode suggests that the electrode thickness could be further increased without 

significantly affect the capacitive performance. Eliminating the need of stacking multiple thin film 

electrodes by directly “printing” the entire thick, monolith electrode could revolutionize the way 

of fabricating supercapacitor electrodes and devices. 

To investigate the feasibility of this electrode fabrication concept, we increase the thickness 

of 3D printed graphene aerogel lattice from 1 mm up to 4 mm (Fig. 4a). Extremely high mass 

loading of 89.8, 135.3 and 182.2 mg cm-2 were obtained on the 2 mm, 3 mm and 4 mm thick 
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electrodes, respectively. To our knowledge, this is the first report of a supercapacitor electrode 

with mass loading of active material over 100 mg cm-2. Remarkably, the areal capacitance of the 

3D G/MnO2 electrodes increases linearly with the electrode thickness at both low current density 

of 0.5 mA cm-2 and high current density of 10 mA cm-2 (Fig. 4b). Electrodes with different 

thicknesses all have similar gravimetric and volumetric capacitances (Fig. 4c), indicating that ion 

diffusion is still not limiting the capacitive performance even in the thickest 4 mm electrode. The 

4 mm thick electrode achieves an ultrahigh areal capacitance of 44.13 F cm-2, which is the highest 

areal capacitance reported for supercapacitor electrodes (Fig. 4d).6, 12, 19, 21-30 It also achieves 

impressive gravimetric capacitance of 242.19 F g-1 and volumetric capacitance of ~110 F cm-3 (Fig. 

4e). These values (gravimetric and volumetric capacitances) are considerably higher than the 

values reported for MnO2-based electrodes with substantially smaller loadings of MnO2 (Fig 4e 

and Supplementary Table 2).9, 12, 18, 19, 31, 32 The 3D printed graphene aerogel as a scaffold 

successfully breaks the trade-off between high areal capacitance, high gravimetric capacitance and 

high volumetric capacitance. Notably, 4 mm is not the thickness limit for 3D G/MnO2 electrode, 

we anticipate that the areal capacitance can be further increased by increasing the electrode 

thickness until the performance is eventually limited by ion diffusion, while further performance 

optimization is not the focus of this work. These results have validated the concept of “printing” a 

practically feasible electrode, which could pave a new way for fabricating high areal capacitance 

supercapacitor electrodes.

Symmetric supercapacitor devices were fabricated through the assembly of two 4 mm thick 

3D G/MnO2 electrodes (Methods). The device shows characteristic capacitive behaviour with 

triangular galvanostatic charging and discharging curves (Fig. 5a). It delivered an excellent areal 

capacitance of 18.74 F cm-2 at 1 mA cm-2 and was able to retain ~67% of the capacitance at high 
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current density of 20 mA cm-2 (Fig. 5b). The areal capacitance of the 8 mm thick device is 

approximately 4 times higher than the 2 mm thick device, which demonstrate the scalability of 3D 

G/MnO2 device. Furthermore, good cycling stability is equally important for any charge storage 

devices. This symmetric device retains a remarkable 92.9 % of its initial capacitance after 20000 

cycles (Fig. 5c). Low energy density has been considered as a major drawback of supercapacitors 

as energy storage devices. Since the energy density is directly proportional to the device 

capacitance, achieving ultrahigh areal capacitance in 3D G/MnO2 devices offer new possibility in 

addressing this long-standing challenge. The 8 mm thick device yields a maximum areal energy 

density of 1.56 mWh cm-2, which is the highest value reported for aqueous symmetric capacitors

(Fig. 5d).5, 8, 21, 24, 33-35

In summary, we demonstrated the capability of 3D printed macro-porous graphene aerogel 

scaffold for supporting hundreds mg cm-2 level MnO2 loading for the first time. The engineered 

porous structure allows efficient ion diffusion and therefore enables the ultrahigh mass loading of 

pseudocapacitive materials without sacrificing their gravimetric and volumetric capacitive 

performance. Most importantly, the linear increase of areal capacitance with the thickness of 3D 

printed monolithic electrodes suggests their great promises for practical application and could

innovate the conventional layer-by-layer stacking fabrication process of commercial 

supercapacitors.
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Fig. 1 | Schematic illustration of fabrication of 3D printed graphene aerogel/MnO2 electrode.
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Fig. 2 | Microscopic characterization of 3D printed electrodes. a, Top view SEM image of a 

3D printed graphene aerogel lattice. Scale bar: 1 mm. b, magnified image collected from a 

cylindrical rod highlighted in a. Scale bar: 40 μm. c, Top view SEM image of a 3D printed 

graphene aerogel lattice electrodeposited with MnO2 for 600 s. Scale bar: 1 mm. d, magnified 

image collected from a cylindrical rod highlighted in c. Scale bar: 40 μm. Insets in a and c are top 

view digital images of 3D printed graphene aerogel and graphene aerogel/MnO2, respectively.

Scale bars in insets are 5 mm. e, SEM images collected from the edge of a graphene nanosheet at 

different stages of electrodeposition of MnO2. Scale bars: 2 μm. f, SEM image of MnO2 nanosheets

electrodeposited on a graphene nanosheet. Scale bar: 300 nm.
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Fig. 3 | Electrochemical performance of 3D G/MnO2 electrodes. a, CV curves of 3D G and 3D 

G/MnO2 electrodes (5 min deposition) collected at 5 mV/s. b, Areal capacitance of 3D G and 3D 

G/MnO2 electrodes (5 min deposition) obtained at different current densities. c, Relationship 

between the mass loading of MnO2 and the electrodeposition time. d, Areal capacitances and 

volumetric capacitances obtained from 3D G/MnO2 electrodes with different mass loading of 

MnO2 at different current densities. e, Gravimetric capacitances obtained at different current 

densities from 3D G/MnO2 electrodes loaded with different amount of MnO2. f, Areal capacitances

of 3D G/MnO2 and non-3D printed G/MnO2 electrodes obtained at different current densities. The 

percentage values are the capacitance retention percentages when the current density increase from 

0.5 to 50 mA cm-2.



13

Fig. 4 | Electrochemical performance of 3D printed graphene/MnO2 electrodes with different 

thicknesses (1-4 mm). a, Schematic illustration of 3D G/MnO2 electrodes with different 

thicknesses and mass loadings of MnO2. b, Areal capacitance of the electrodes measured at 0.5 

mA cm-2 and 10 mA cm-2 are plotted as a function of electrode thickness. c, Gravimetric 

capacitance and volumetric capacitances are plotted as a function of electrode thickness. d, A plot 

compares the areal capacitances of 3D G/MnO2 electrodes with the values of previously reported 

electrodes with high mass loading of pseudocapacitive materials (PANI,21 N-CNT,22 MoO3,23

PPy,24 Graphene,25 G/MnO2,26 Ti3C2Tx,6 VN/CNT,27 CNT-MnO2, CNT/V2O5,28 ECC/MnO2,12 Ni-

HAB MOF29). Inset: digital image of 3D printed graphene/MnO2 electrodes with different 
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thicknesses (1-4 mm). e, A plot compares the areal capacitance, gravimetric capacitance and 

volumetric capacitance of the 4 mm thick 3D printed graphene/MnO2 electrode with the values of 

previously reported high mass loading MnO2-based electrodes (Ni foam/MnO2,18 ECC/MnO2,12

Wood C/MnO2,31 G/MnO2,9 G/Ni/MnO2,26 CNT/MnO2,19 TCC/MnO2
32).
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Fig. 5 | Electrochemical performance of symmetric 3D G/MnO2 // 3D G/MnO2

supercapacitor devices. a, Galvanostatic charging and discharging curves of an 8 mm thick 

symmetric supercapacitor measured at different current densities. b, Areal capacitances of 2 mm 

and 8 mm thick device obtained at different current densities. c, Capacitance retention of a 2 mm

thick device tested at a scan rate of 20 mV/s for 20000 cycles. Inset: schematic illustration of a 

symmetric supercapacitor device tested in aqueous electrolyte. d, A plot compares the areal 

capacitance, energy density and device thickness of 3D printed graphene/MnO2 based 

supercapacitors with the values of previously reported symmetric supercapacitor devices (MnO2,9

LSG,33 Ti3C2,5 PPy,24 TiN,34 PANI,21 NC35). 
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Methods

Fabrication of 3D printed graphene aerogel: 

Single layer graphene oxide sheets (GO) having a lateral dimension of 300-800 nm 

purchased from Cheaptubes Inc. were used to prepare the aerogel inks. The GO suspension was 

prepared by ultra-sonicating 0.8 g of GO in 20 g of water for 24 h in a sonication bath. This 

combination yields a GO concentration of 40 mg/mL. The suspension is then mixed with 5 wt% 

of hydroxypropyl methylcellulose (from DOW chemicals) in a planetary Thinky mixer at 2000 

rpm for 5 minutes. 

The ink is loaded into a 3ml syringe barrel (EFD) and centrifuged for a minute at 4500 rpm 

to remove air bubbles, after which the ink is extruded through a micro nozzle (400 µm diameter) 

to pattern 3D structures on a glass substrate. For direct ink writing, the syringe was attached by a 

luer-lock to a smooth-flow tapered nozzle whose inner diameter(d) is 400 µm. The ink was then 

extruded by means of an air powered fluid dispenser (Ultimus V, EFD) which provides an 

appropriate pressure (in the range of 15-20 psi) for writing and the writing speed was kept at 3 

mm/sec for all the 3D printed structures. Simple cubic lattices with multiple orthogonal layers of 

parallel cylindrical rods were printed alternately. The diameter of the cylindrical rods equals the 

diameter of nozzle and the center-to-center rod spacing of 0.8 mm (for 400 µm nozzle). The height 

of the electrodes was varied from 1 mm to 4 mm and the layers were stacked on the structure such 

that each layer has a z spacing of 0.24 mm. To avoid cracking or drying due to evaporation of 

water, soon after printing, the 3D printed structures are immersed in liquid nitrogen and freeze 

dried for 48 h in vacuum to form aerogels. The printed aerogels are then subjected to a heat 

treatment process where the samples were heated in a tube furnace under nitrogen atmosphere at 

1050 °C for 3 h with a heating and cooling rate of 2 °C/min to form graphene aerogels.
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Electrodeposition of MnO2 nanosheets:

MnO2 nanosheets were electrodeposited on the 3D printed graphene electrodes under a 

constant current density of 10 mA cm-2 in a three-electrode electrolytic cell using 0.1 M manganese 

acetate aqueous solution as electrolyte. The 3D printed graphene aerogel, graphite foil and 

saturated calomel electrode (SCE) were used as working electrode, counter electrode and reference 

electrode, respectively. For the 1 mm thick 3D printed graphene aerogel, the deposition time was 

varied from 300 s to 7200 s to obtain a mass loading of MnO2 from 2 to 45.2 mg cm-2. After 

deposition, the electrodes were washed with deionized water to remove any residuals and then 

dried in air at 70 °C overnight. For electrodes with thickness of 2, 3 and 4 mm, the MnO2 deposition 

time was increased to 14400, 21600 and 28800 s, respectively. 

Control samples were prepared by electrodepositing a comparable amount of MnO2 onto 

different substrates including non-3D printed graphene aerogel, carbon cloth, carbon paper, carbon 

fiber and carbon foil, under the same current density of 10 mA cm-2. The non-3D printed graphene 

aerogel is prepared under the similar manner with 3D printed graphene aerogel only without

employing 3D printing process. Carbon cloth, carbon paper and carbon fiber are purchased from 

Fuel Cell Earth company, US and carbon foil is purchased from SLG group, Germany.

Materials characterization:

X-ray diffraction (XRD) spectra of the samples were collected on a powder X-ray 

diffractometer (Rigaku D-MAX 2200 VPC). Diffraction spectra were recorded from a 2θ angle of 

10 to 70° with a step size of 0.02° at a rate of 10° min-1. The morphology of the materials was 

investigated by a field emission scanning electron microscope (SEM, FEI Quanta 3D FEG dual 

beam). X-ray photoelectron spectroscopy (XPS, ESCALab 250) was employed to analyze the 
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chemical composition of samples. Textural properties were determined by Brunauer-Emmett-

Teller (BET) and Barrett-Joyner-Halenda (BJH) methods using an ASAP 2020 Surface Area 

Analyzer (Micromeritics Instrument Corporation) via nitrogen porosimetry.36 Samples of 

approximately 0.1 g were heated to 423 K under vacuum (10-3 Pa) for at least 24 hours to remove 

all adsorbed species before the measurements. The electrochemical performance of the electrodes 

and devices were evaluated in a 3M LiCl aqueous electrolyte using electrochemical workstations 

(CHI 660D and BioLogic EC-Lab SP-300). The geometric area of all working electrodes is 0.2 

cm2.

Calculations

Electrode capacitances:

Gravimetric capacitance (CG), areal capacitance (CA) and volumetric capacitance (CV) of single 

electrodes and devices are calculated based on the galvanostatic charging and discharging curves 

using Equation 1, Equation 2 and Equation 3, respectively.
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  (Equation 3)

Where CG, CA and CV are the gravimetric, areal and volumetric capacitance (F g-1, F cm-2 or F cm-

3), ΔU is the potential window (V), I is the discharge current (A), t is the discharge time (s), m is 

the mass loading of the materials on the electrodes (g), A is the geometric electrode working area 

(cm2), and V is the volume of the electrodes (cm3). For the devices, m is the total mass of two 

identical electrodes (g), A is the geometric electrode working area (cm2), and V is the total volume 

of the two electrodes (cm3)
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Energy density and power density of the symmetric device:

Areal energy density (E, mWh cm-2) and power density (P, mW cm-2) are calculated using the 

following equations:
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�� =
����×��

�
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Where CA is the areal capacitance (F cm-2), U is the working voltage (V) and t is the discharging 

time (s) measured in the galvanostatic charging and discharging experiments.

Data availability

All data generated or analyzed during this study are included in this published article (and its 

Supplementary Information files).


