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Abstract 

Disruptive custom electronics require a transformation in energy storage systems from traditional thin-

film units to shape conformable 3D components. However, current thick electrodes suffer from 

uncontrollable geometries and architectures, which lead to ion diffusion limitations, and poor 

mechanical properties. Here, we fabricate designed, superelastic polypyrrole (PPy) coated graphene 

aerogel (GA) electrodes via 3D printing and polymer self-assembly methods. This resilient GA template 

(up to 90% compression) can be printed into any desired shape including engineered 3D architectures 

with periodic macropores, which promote the uniform deposition and adhesion of PPy onto the 

support. The coated PPy thin film increases the specific gravimetric capacitance of the GA electrode 

from 14 to 395 F∙g-1 with 90% retention after 5000 charging-discharging cycles. The capacitance remains 

the same value after 100 times compression cycles. It also improves the compressive strength by one 

order of magnitude from 0.14 to 2.4 MPa. Areal capacitance and energy density of the PPy-GA electrode 

are 2 F·cm-2 and 0.78 mWh·cm-2, respectively, which to the best of our knowledge break the record for 

compressible electrodes, respectively. This approach enables the fabrication of complex architectured 

energy storage modules with enhanced compressibility, ultrahigh areal electrochemical performance, 

and excellent cyclability. 
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Research highlights 

• Arbitrary-shaped 3D polypyrrole-graphene electrodes are fabricated using 3D printing method. 

• This category of ultra-thick electrodes exhibit ultrahigh areal capacitance with outstanding 

mechanical tolerance (up to 90% compression). 



• The mechanism can be attributed to the microstructure of graphene templates, which enhance the 

polypyrrole coating and adhesion. 

• The supercapacitors using these electrodes show exceptional areal and volumetric energy density. 
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1. Introduction 

Wireless electronics [1] increasingly need high-performance micro-power sources with designed 

form factors and mechanical adaptability [2]. Supercapacitors are becoming widespread primary energy 

storage components due to their high power density, fast charging rate, and ultra-long cycle lifetime [3]. 

Although a few bendable or stretchable planar supercapacitors with high gravimetric capacitance have 

been developed [4], they are still unable to provide satisfied capacities due to low active mass loading. 

One way to overcome this limitation is to load extra active or pseudocapacitive materials into the third 

dimension [5]. The important parameter for characterizing electrodes with high active mass loadings is 

areal capacitance. Thus, 3D cells are expected to boost areal energy density by fully utilizing limited 

available footprints. However, because the ionic transport resistance increases with electrode thickness 

[6], it is of critical importance to optimize the 3D electrode architecture to minimize ionic transport 

losses [7]. When going from 2D to 3D electrodes, their compressibility becomes a more important 

mechanical requirement specifically in the context of capacity retention [8]. To date, it is still a huge 

challenge to fabricate shape and architecture tunable 3D supercapacitors with enhanced mechanical 

and electrochemical properties.  

Graphene is a promising capacitive carbon material for energy storage applications due to its large 

surface area, high electrical conductivity, and chemical stability [9]. However, stacking between 

graphene sheets significantly affects their intrinsic properties owing to the limited ion-accessible 

surface, narrow channels and contact resistances [10]. Currently, a few attempts have been made to 

create 3D carbon-based compressible devices [11]. For example, a self-assembly method has been used 

to generate an interdigitated device by successively coating graphene and separator thin films onto an 

inactive aerogel template [12]. Another kind of elastic graphene aerogel (GA) electrode has also been 

synthesized through hydrothermal reduction and freeze drying [13]. Nevertheless, the graphene 

networks from these methods remain largely random, precluding the ability to tailor mass/ion transport 

and mechanical durability. Most of these 3D electrodes must keep low mass loading to maintain their 

elasticity, which largely attenuates their performance metrics. For practical applications, superelastic 3D 

electrodes with increased mass loading, apparent density and thickness without decreasing the electron 

and ion transport rates should be created to reconcile the conflicts between the compressibility and 

energy storage capability. 

Recently, 3D printing has been used to additively manufacture carbon-based materials for energy-

related applications [14]. Previously, we have employed a 3D printing method, called direct-ink writing 

(DIW) [15] to fabricate 3D GA microlattices, which were assembled into supercapacitors with periodic 

macropores [16]. They displayed exceptional capacitive retention and power densities that equal or 



exceed those of reported devices made with electrodes 10-100 times thinner [17]. Polypyrrole (PPy) is 

one of the most widely used pseudocapacitive materials, which generally boosts specific capacitance of 

graphene through synergetic effects [5]. Here, we demonstrate a facile strategy for creating PPy-GA 

composite-based, highly compressible electrodes with designed 3D shapes and architectures. The 3D 

printed GA scaffolds facilitate the chemical deposition of PPy. The addition of PPy not only greatly 

increases the specific capacitance but also enhances the mechanical properties. The concept proposed 

here will open a new paradigm for the fabrication of arbitrarily shaped, deformable 3D GA-based 

composite supercapacitors and broaden their range of applications.  

2. Experiment 

2.1. GO Composite Inks Preparation 

The raw GO powders (Cheaptube) were sonicated at the concentration of 40 mg∙cm-3 in water for 24 

hours to prepare the starting GO suspension. In a typical inks preparation, 2.7 g of 40 mg∙cm -3 GO 

suspensions, 2.7 g of 5 wt. % HMPC solution, 1.2 g of Pluronic F127, and 0.5 g of 20 wt. % (NH4)2CO3 are 

mixed, respectively. A planetary centrifugal mixer (Thinky) was used for mixing these samples for 2 min 

in a 35 ml container using a custom adaptor. Rheological properties of the ink were characterized using 

a stress-controlled Rheometer (AR 2000ex, TA) with a 40 mm flat plate geometry and a gap of 500 µm 

for the GO inks. All measurements were preceded by a one-minute pre-shear step at a constant shear 

rate of 1 s-1, followed by a 10 minutes rest period to allow the ink structure to reform. A stress sweep 

from 10-2 to 103 Pa at a constant frequency of 1 Hz was conducted to record the storage modulus and 

loss modulus variations as a function of sweep stress. The yield stress (y) was defined as the stress 

where storage modulus falls to 90 % of the plateau value. A strain sweep from 10-1 to 102 s-1 was also 

performed to record the apparent viscosity at varying shear rates.  

2.2. 3D Printing and chemical deposition 

The GO composite ink was housed in a 3 cm3 syringe barrel (EFD) attached by a luer-lok to a 

smooth-flow tapered nozzle (250 mm inner diameter, d). An air-powered fluid dispenser (Ultimus V, 

EFD) provided the appropriate pressure to extrude the ink through the nozzle. The target patterns were 

printed using an x-y-z 3-axis air bearing positioning stage (ABL 9000, Aerotech), whose motion was 

controlled by writing the appropriate G-code commands. The 3D GO structures were printed onto silicon 

wafers, with a nozzle height (h) of 0.7d to ensure moderate adhesion to the substrate and between 

printed layers. Printed parts were immersed into isooctane and cured in sealed glass vials at 85 oC for 

overnight. After gelation, the wet GO gels were removed from the glass vials and washed in acetone to 

remove water from the pores. Liquid nitrogen was used to freeze-dry the GO gel, and pyrolysis was 

performed at 1050 oC in nitrogen atmosphere for 2 hours. The reduced GO lattices were immersed in a 

pyrrole (VWR, 98%) solution containing methanol (VWR, ACS grade) 5 ml for overnight to ensure a good 

soaking and kept in refrigerator between 0-4 oC. In order to study the best ratio between GA and PPy, 

three different concentrations of PPy solutions were chosen including 0.05, 0.1 and 0.2 M. Then, 0.4 g 

FeCl3 (VWR, ACS grade) dissolved in 5 ml water was added as an oxidant and kept in refrigerator 

between 0-4 oC for 6 hours. After the growth of PPy onto GA, the samples were rinsed with acetone for 

several times to remove the extra PPy on the surface. The corresponding samples were freeze dried 



using the same protocol as GO lattices. We tracked the weight change before and after PPy coating 

process and the corresponding data are shown in Table S1.    

2.3. Physical and electrochemical characterization 

  

The dimension and weight of the samples were determined with a caliper with an accuracy of 0.01 

mm and an ultra-micro balance (XP24, Mettler Toledo) with an accuracy of 0.001 mg. An optical camera 

(Canon 7D) and SEM (JEOL 7401-F at 10 keV (20 mA) in secondary electron imaging mode with a working 

distance of 2-8 mm) were used to study the morphology of the printed samples. Surface area and pores 

size distribution were determined by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

methods using an ASAP 2000 Surface Area Analyzer (Micromeritics Instrument Corporation) via nitrogen 

porosimetry. The compressibility of printed samples was measured using a universal testing machine 

(Instron 5943) equipped with a 1,000 N load cell at a nominal rate of 5 μm∙s -1. All the electrochemical 

characterizations of single electrodes were conducted in a conventional three-electrode electrolytic cell 

using an electrochemical workstation (Bio-Logic VSP-300). A Pt wire (≈1 mm in diameter) severed as 

counter electrode and a Ag/AgCl (Sigma Aldrich, double junction) was used as the reference electrode. 

Cyclic voltammetry and constant-current charge and discharge profiles were collected in an alkaline 

aqueous electrolyte containing 2 M KOH (VWR, ACS). Stability tests were carried out in the same 

electrolyte with a scan rate of 200 mV∙s -1 for 5000 cycles. Electrochemical impedance spectra were 

recorded in 2 M KOH aqueous electrolyte in a frequency range from 10-1 to 105 Hz at open circuit 

potential with a perturbation of 5 mV. The symmetric supercapacitor was assembled using two pieces of 

PPy-GA-0.1M composite electrodes and a coffee filter as the separator.  

The gravimetric capacitance can be calculated from the galvanostatic charging/discharging curve 

according to Equation 1: 

Cg = (I∙Δt)/(m∙ΔV)                                                                      (1) 

where Cg is the gravimetric capacitance, I is the current, Δt  is the discharging time, ΔV is the potential 

window, and m is mass of the electroactive material (here we use the total weight of the electrode). The 

volumetric capacitance can be calculated from Cg and volume of total electrode according to Equation 

2: 

Cv = Cg·/V                                                                           (2) 

where Cv is the volumetric capacitance, V is the total volume of the electrode. The areal capacitance can 

be calculated from Cv and projection area of the electrode according to Equation 3: 

Ca = Cv/A                                                                           (3) 

where Ca is the areal capacitance, A is the projection area of the electrode.  

3. Results and discussion 

The fabrication process of 3D compressible PPy-GA composites is illustrated in Fig. 1. The 

prerequisite for this approach is to develop an ink that can reliably flow through the fine nozzle, rapidly 

maintain the shape after deposition, and provide the structural integrity during drying and 



carbonization, and easily converting into a compressible aerogel. A concentrated, aqueous-based 

graphene oxide (GO) suspension was used as the starting material. Since this GO suspension lacks the 

required rheological behavior for DIW, hydroxypropyl methylcellulose (HPMC) solution was added as a 

viscosifier to impart both shear thinning behavior and a higher yield stress. In addition, the amphiphilic 

triblock copolymer Pluronic F127 (PEO-PPO-PEO) with hydrophilic PEO blocks and hydrophobic PPO 

blocks was used as not only a gelling agent inducing viscoelastic properties, but also a well-known soft 

template to generate mesopores [18]. An aqueous base solution (i.e., 10wt% ammonium carbonate, 

(NH4)2CO3) was introduced to directly crosslink GO sheets via the functional groups (e.g., epoxide and 

hydroxide) during the gelation step. The GO suspension, HPMC solution and Pluronic F127, as well as 

(NH4)2CO3 catalyst were mixed together to form a homogenous, highly viscous and thixotropic ink. The 

apparent viscosity of the representative composite ink shows orders of magnitude higher apparent 

viscosity than GO suspension at varying shear rates and both of them are shear-thinning non-Newtonian 

fluids (Fig. S1a).  Meanwhile, we can find that HPMC and Pluronic F127 increase the storage modulus 

and yield stress of the starting GO suspensions by one order magnitude (Fig. S1b). These rheological 

data are in good agreement with those reported for other colloidal inks designed for DIW [19]. The 

printed samples were further processed through gelation, freeze drying, and carbonization following 

standard literature methods [16]. Finally, a thin layer of PPy was chemically deposited onto the surface 

of GA as a pseudocapacitive component.  

To demonstrate this ink’s 3D printing capability, we first printed woodpile cubic lattices consisting of 

multiple orthogonal layers of parallel cylindrical filaments by repeating x and y layers alternately (Fig. 

2a). These simple cubic lattices are designed with an in-plane center-to-center rod spacing (L) of 0.6 mm, 

a rod diameter (d) of 0.2 mm, resulting in a spacing-to-diameter ratio (L/d) of ≈ 3. The printed composite 

aerogel lattice shows excellent structural integrity and micro-architectural accuracy, which indicates the 

high-quality printing. We further fabricated a series of GA microlattices with varying shapes and 

thicknesses, such as radial circular and triangular lattices (Figs. 2b and c). One of the challenges to 

obtaining a uniform polymer distribution in bulk porous materials is the mass transport during the 

polymer deposition. This limitation results in polymer film variations and inhomogeneity throughout the 

bulk material. This phenomenon has long been recognized in electrodeposition process of bulk porous 

materials due to the depletion of ions in the internal pores where extra ions cannot diffuse to 

compensate for the ion loss. This effect results in more deposition at the surface than that in the 

internal pores. As such, depositing PPy into a fully porous structure with a thickness beyond 2 mm 

presents a similar challenge. Here, the use of designed pore structures can facilitate the mass transport 

which can lead to a uniform deposition throughout the internal pore structure of the bulk material. BET  

surface area measurements on these GA samples show a large specific surface area of 786 m2/g (Fig. 

S2a). BJH pore size and volume analysis of these GA also shows their wide pore size distribution from 2 

nm to 0.2 m and a peak pore size at about 10-20 nm (Fig. S2b). The large specific surface area and 

hierarchical porosity are essential prerequisites of electrode materials for supercapacitor applications, 

making our GA lattice an ideal backbone to accommodate active materials such as PPy and metal oxides 

to improve the specific capacitance. The printed GA lattice has a highly porous structure and the 

expected wrinkled sheet morphology (Fig. 2d). After deposition in 0.1 M pyrrole solution, PPy formed a 

porous continuous network on the GA with a thickness of around 30 nm (Fig. 2e). 



To explore the best ratio between PPy and GA, pyrrole solutions with three varying concentrations 

(0.05, 0.1, and 0.2M) were used to decorate GA. For GA treated in 0.05 M pyrrole solution (PPy-GA-

0.05M), a similar wrinkled feature was observed. At a higher magnification (Figs. S3a and b), a network 

of PPy appeared along with the GA suggesting the PPy load is small. This is also supported by weight 

measurements (Table S1) and specific capacitance measurements showing PPy-GA-0.05M has the 

lowest specific capacitance. A thicker porous network of PPy can be found in PPy-GA-0.2M of around 

100 nm (Figs. S3c and d). Based on the weight measurement before and after PPy coating, the weight 

gain of PPy in the three different concentration pyrrole solutions is a linear relationship (Fig. S4).  

The electrochemical performance of PPy-GA electrodes was examined by universal evaluation 

measurements including: galvanostatic charge–discharge (GCD), cyclic voltammetry (CV), and 

electrochemical impedance spectroscopy (EIS). The GCD curves of GA are almost linear and present the 

typical symmetrical triangle shape, indicating that GA has a good double-layer capacitive behavior (Fig. 

3a). This is also confirmed by the rectangular shape of CV curves, up to scan rates as high as 1000 mV·s -1 

(Fig. 3b). The GCD curves of PPy-GA composites with different PPy loadings deviate from the ideal 

triangle shape due to the Faradaic pseudocapacitive contributions involving PPy oxidation-reduction 

reactions (Figs. 3c, S5a and b). These phenomena are briefly attributed to pseudocapacitance in the PPy 

oxidation–reduction process. Gravimetric capacitances were calculated based on GCD curves and the 

corresponding data are shown in Fig. 3d. The gravimetric capacitance for GA is 14.1 F·g -1 at 0.1 A·g-1 

charging/discharging rate. The maximum gravimetric capacitances for PPy-GA composites are 540, 395, 

and 145 F·g-1 at 0.1 A·g-1 scan rate for samples treated in 0.2, 0.1, and 0.05 M pyrrole solutions, 

respectively. PPy-GA-0.2M has a maximum specific capacitance, which is close to the theoretical 

capacitance of PPy. However, the rate and cycling performance are not optimal (Fig. 3e). For PPy-GA-

0.2M, the capacitance retention is only 80% for a current density of 4 A·g -1. By contrast, the capacitance 

retention of PPy-GA-0.1 M remains above 90% even at 4 A·g-1 charging/discharging rate. PPy-GA-0.1M 

also exhibits improved cyclability compared with PPy-GA-0.2M. After 5000 cycles, PPy-GA-0.1M shows 

capacitance retention of 90%, while that of PPy-GA-0.2M decreases to only 60%. The cyclic stability and 

fast charging are two important parameters for supercapacitor electrode materials. Thus, we focus our 

study on the PPy-GA-0.1M composites. 

EIS studies reveal the internal resistance of our electrodes before and after PPy coating in a 

frequency range of 0.1-10 kHz (Fig. S5c). The solution resistance of GA derived from the Nyquist plots 

(inset of Fig. S5c) is 5.5 Ω. A small semicircle which is related to the charge transfer resistance can be 

found for GA, which may result from the residual functional group. For GA coated with PPy, the 

semicircle disappeared suggesting that this composite has good interfacial conductivity. The total 

resistances of GA before and after PPy coating were comparable to each other around 7.5 Ω. The major 

limitation of PPy as a supercapacitor electrode material is the lack of cycling stability due to its 

propensity to crack during the redox process [20]. Lower coverage of PPy on GA decreases the specific 

capacitance but offers a better charging/discharging performance. Low loading of PPy on GA appears to 

facilitate stress relaxation upon charging/discharging during the redox reactions. This effect could be 

attributed to the synergetic effects of GA and PPy. For example, the improvement of conductivity and 

the enhancement of ion diffusion by the formation of the π –π networks between them is a result of this 

phenomenon [21]. The rapid decay of PPy-GA-0.2M samples can be attributed to the thick coverage of 

PPy on GA, which does not allow for stress relaxation to occur.  This effect is supported by the cycling 



measurements in Fig. 3f. In addition, the appearance of the surface of the filament in the lattice 

structure after PPy coating in 0.1 and 0.2 M pyrrole solution is quite different (Fig. S6). For PPy coating in 

0.1 M pyrrole solution, the ligament has a uniform porous structure (Fig. S6a). However, that of PPy-GA-

0.2M shows a string of pearls morphology suggesting an excess coverage of bulk PPy on GA (Fig. S6b).  

Both 3D printed GA and PPy-GA exhibit extraordinary compressibility, with full recovery after large 

strains (Figs. 4a and b). The maximum compressive stress of PPy-GA-0.1M composites is over one 

magnitude higher than that of GA. Both of their loading curves show three distinct regions, typically 

observed in other elastic cellular materials [22], namely an initial Hookean region at 5% < ɛ < 10% with 

linear bending deformation, a plateau at 10% < ɛ < 40% with bucking deformation, and a steep regime 

for ɛ > 40% with a densification. Hysteresis loops were found in the loading-unloading cycles, which 

indicate energy dissipation that can be attributed to the buckling of microstructures, the friction and 

adhesion between branches and the cracks that occur primarily in the first compression for the large 

dissipation. The initial increase of stress in the range of ɛ < 5% is attributed to the increase of contact 

area between the sample and the platen for our compression fixture. Even after compression to 90% 

strain, only less than 5% residual deformation was observed (Fig. 4c and Video S1). We have also 

monitored the capacitance before and after 100 compression cycles. The CV curves before and after 100 

compression cycles (to 90% strain) remained almost the same suggesting the capacitance of our 

electrodes was well maintained (Fig. 4d) without significant compression fatigue. 

To demonstrate their superior capacitive performance, we first compare PPy-GA-0.1M composites 

(6×6×2 mm) with other elastic electrodes based on their gravimetric capacitances and compressibility 

(Table 1). Note that most reported carbon-based compressible electrodes show high gravimetric 

capacitance only at low scan rate with limited maximum compressive strain of < 80%, e.g., carbon 

nanofiber aerogel (CNF) (25 F·g-1 at 5 mV·s-1 with < 75% strain) [12], nitrogen-doped carbon foam (NCF) 

(52 F·g-1 at 1 mA·cm-2 with < 80% strain) [23], nitrogen-doped graphene aerogel (NGA) (150 F·g -1 at 0.3 

A·g-1 with < 75% strain) [24], carbon nanotube-Polypyrrole (CNT-PPy) (376 F·g-1 at 0.5 A·g-1 with < 60% 

strain) [25], graphene-polypyrrole (G-PPy) (350 F·g-1 at 1.5 A·g-1 with < 50% strain) [26], and polyaniline-

carbon nanotube sponge (PANI-CNTs) (216 F·g-1 at 0.64 A·g-1 with < 65% strain) [27]. Remarkably, our 

electrodes maintain a gravimetric capacitance over 300 F·g-1 even at a charging-discharging rate of 6 A·g-

1 with over 90% strain, which exceeds the performance of those reported samples. Since most reported 

electrodes can only be shaped by manual cutting, they all own a fairly large and uncontrollable footprint 

and thickness (centimeter scale). In contrast, our approach has the advantage of accurate control of 

electrodes geometries and dimensions.  

It is known that gravimetric capacitance decreases with increasing active materials . We further 

investigate areal and volumetric capacitance as a function of electrode thickness. Generally, thicker 

electrodes will include more active mass, but volumetric capacitance will decrease due to volume 

expansion, and areal capacitance will also be affected because of increasing internal resistance. We 

compared our PPy-GA-0.1M composites with a few reported non-compressible, thin-film electrodes 

claiming ultrahigh areal and/or volumetric capacitance (Table 2). Our electrodes achieves an ultrahigh 

areal capacitance of 2 F·cm-2 at 6 A∙g-1, which is among the best values of those reported, e.g., reduced 

graphene oxide/gold nanoparticle (rGO-Au) (7.7×10-4 F·cm-2) [28], onion-like carbon (OLC) (9×10-4 F·cm-

2) [29], laser-induced porous graphene film (LIG) (> 4×10-3 F·cm-2) [30], polyimide (PI) (4.26×10-2 F·cm-2) 

[31], reduced graphene oxide-carbon nanotube (rGO-CNT) (2.8×10-3 F·cm-2) [32], polyaniline nanowire 



(PANI-NW) (4.52×10-2 F·cm-2) [33], graphene-based compact film (PxGy) (0.196 F·cm-2) [34]. Our 

electrodes also show impressive volumetric capacitance of 10 F·cm-3 due to high mass loading of around 

27 mg·cm-3, which makes our electrodes comparable or even higher than those reported. Since our 

electrodes are superelastic, their volumetric capacitance can be further increased during compression. It 

is clear that PPy-GA-0.1M electrodes show both superior areal capacitance and excellent volumetric 

capacitance, suggesting their outstanding electrochemical performance with enhanced compressibility.  

A symmetric supercapacitor was fabricated via simply stacking of a thin separator and two identical 

PPy-GA-0.1M electrodes. The GCD curves displayed linear and symmetric shape at all current density 

(Fig. S7a). The CV curves also remain quasi-rectangular shape when the scan rate increased from 10 to 

50 mV·s-1 (Fig. S7b). These results indicate that the device internal resistance is relatively small. The as -

prepared PPy-GA supercapacitor delivers a maximum areal and volumetric capacitance of 1.1 F·cm-2 (at 

0.5 mA·cm-2) and 3.5 F·cm-3 (at 1 mA·cm-3) and both retained about 60% when current density increased 

by over 10 times (Fig. S7c and d). Moreover, this supercapacitor shows excellent electrochemical 

stability with capacitance retention of 75% after testing for 5000 consecutive charge and discharge 

cycles (Fig. 7e). Energy density is another critical parameter used to characterize energy storage devices 

performance. Especially, a high areal/volumetric energy density is an important feature for portable 

microelectronics. Fig. 5 presents the Ragone plot of our sandwiched supercapacitor compared with 

reported devices. Our device shows a maximum areal energy density of 110 Wh·cm-2 at the power 

density of 0.4 mW·cm-2, which is much better than most high-energy supercapacitors (Fig. 5a) [32, 35-

38]. Besides, we have calculated the volumetric power and energy densities based on the total volume 

of the device. It achieves a maximum volumetric energy density of 0.4 mWh·cm-3 at the power density of 

1.2 mW·cm-3, which is still substantially higher than a number of carbon-based supercapacitors (Fig. 5b) 

[23, 36, 39-41]. 

4. Conclusion 

In summary, we have demonstrated the fabrication of PPy-GA composites with tailorable shape and 

stable supercapacitor performance under repeated compression cycles. We found that an appropriate 

PPy loading is a crucial factor for simultaneous structure reinforcement and significant improvement in 

specific capacitance for GA. The GA prepared by 3D printing with hierarchical pore structures provide a 

general template, on which functional materials such as metal oxides can be introduced in a controlled 

way to enable multifunctionality and broaden areas of application. With the advance of 3D printing 

techniques, the realization of scalable and controllable production of 3D supercapacitors should 

significantly impact the development of high performance supercapacitors. The concept of using 3D 

printed designed materials introduced here can also be applied to other energy applications including 

batteries, fuel cells, and solar cells. 
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Figures 

 

Fig. 1. Schematic diagram showing the fabrication process of 3D hierarchical PPy-GA composites. 

Graphene oxide was mixed with Pluronic F127 in water to form an aqueous-based gel material. Using 3D 

printing, the ink was printed through a micro-nozzle into the designed structure. After gelation, the 3D-

printed structure was freeze dried and thermally reduced to compressible GA architecture. This GA 

matrix was then immersed in pyrrole monomers and followed by a polymerization process to chemically 

deposit a uniform PPy onto the GA surface. 



 

Fig. 2. Optical images of 3D-printed (a) radial circular, (b) square, and (c) triangle GA microlattices. SEM 

images showing the cross-sectioned microstructure of (d) GA microlattice, and (e) PPy-GA composite 

obtained from 0.1 M pyrrole solution. Inset in (e) is a higher magnification image showing the detailed 

structure of coated PPy. 

 

 

Fig. 3. (a) Charging and discharging profiles of GA collected at different current densities, (b) Cyclic 

voltammetry of GA microlattice at various scan rates, (c) Charging and discharging profiles of PPy-GA-0.1 

M collected at different current densities, (d) Specific capacitance and (e) capacitive retention calculated 

as a function of current density, (f) Cyclability performance scanned for 5000 times. 
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Fig. 4. Compressive stress-strain curve of (a) GA and (b) PPy-GA-0.1M microlattice. (c) Optical images of 

0-80% strain cycles of a PPy-GA microlattice. Scale bar, 3 mm. (d) Cyclic voltammetry before and after 

100 compression cycles showing a good capacitance retention after compression.  

 

 

Fig. 5. (a) Areal and (b) volumetric energy and power density of PPy-GA-0.1M in a Ragone plot. 

Table 1. Gravimetric capacitive of various compressible carbon-based electrodes. 

Electrode Thickness 
[mm] 

Cg 
[F·g-1] 

Compression 
% 

Test 
condition 

CNF[12] 7 25 75 5 mV·S-1 

NCF[23] 4 52 80 1 mA·cm-2 

NGA[24] NA 150 75 0.3 A·g-1 

CNT-PPy[25] 2 376 60 0.5 A·g-1 

G-PPy[26] 1 350 50 1.5 A·g-1 

PANI-CNT[27] 4 216 65 0.64 A·g-1 

PPy-GA-0.1M 2 395 90 6 A·g-1 

a b 



Table 2. Areal and volumetric capacitive performance of various carbon-based devices. 

Electrode 
Thickness 

[ m] 
Cv 

[F·cm-3] 
Ca 

[F·cm-2] 
Test 

condition 

rGO-Au[28] 0.45-13.7 0.56-17.1 7.7×10-4 1 V·S-1 

OLC[29] 7 1.29 9×10-4 100 V·S-1 

LIG[30] 20-30 >1.3-2 >4×10-3 20 mV·S-1 

PI[31] 140 3.04 4.26×10-2 5 mV·S-1 

rGO-CNT[32] 9 3.1 2.8×10-3 50 V·S-1 

PANI-NW[33] 50 105 4.52×10-2 0.3 mA·cm-2 

PxGy[34] 5 377 0.196 10 mV·S-1 

PPy-GA-0.1M 2000 3.5 1.1 6 A·g-1 
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Fig. S1. Log–log plots of (a) apparent viscosity as a function of shear rate and (b) storage (G’) and loss 

(G”) modulus as a function of shear stress of starting GO suspension and GO composite ink. 

 

 

Fig. S2. (a) Brunauer-Emmett-Teller (BET) surface area and (b) Barrett-Joyner-Halenda (BJH) pore size 

results of GA.   

 

 
Fig. S3. SEM image showing the cross-sectioned microstructure of PPy-GA- (a and b) 0.05 and (c and d) 

0.2M. 
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Fig. S4. The relationship between PPy weight gained and starting pyrrole concentration. 

 

 
Fig. S5. Charge and discharge profiles of PPy-GA- (a) 0.05 and (b) 0.2 M collected at different current 

densities. (c) Electrochemical impedance spectroscopy data of GA and PPy-GA-0.1 M. 

 

 
Fig. S6. SEM image showing the surface microstructure of PPy-GA- (a) 0.1 and (b) 0.2M. 
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Fig. S7. (a) Charging and discharging profiles of the symmetric supercapacitor, composing two PPy-GA-

0.1M electrodes and a separator, collected at different current densities, (b) Cyclic voltammetry of the 

symmetric supercapacitor at various scan rates, (c) Gravimetric specific capacitance of the symmetric 

supercapacitors, (d) Areal specific capacitance of the symmetric supercapacitor, (e) volumetric 

capacitive specific capacitance of the symmetric supercapacitor, and (f) Cyclability performance scanned 

for 5000 times. 

 

Table S1. Weight of PPy-GA composites before and after PPy coating onto 3D-printed GA. 

Pyrrole concentration 
(M) 

Starting weight 
(mg) 

End weight  
(mg) 

Weight gain  
(mg) 

0.05 0.8 1.3 0.5 

0.1 0.9 1.8 0.9 

0.2 0.9 2.6 1.7 

 

 

 

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
R

e
te

n
ti
o
n

 (
%

)

Current density (mAcm-2)A
re

a
l 
S

p
e
c
if
ic

 C
a
p
a
c
it
a
n
c
e
 (

F
c

m
-2

)

0

20

40

60

80

100d e f 

0 500 1000 1500 2000 2500 3000 3500
0.0

0.2

0.4

0.6

0.8

P
o

te
n

ti
a

l 
(V

)

Time (s)

 0.1 A/g

 0.3 A/g

 0.5 A/g
 0.8 A/g

 1 A/g

 

-0.8 -0.6 -0.4 -0.2 0.0
-15

-10

-5

0

5

10

C
u

rr
e

n
t 

(m
A

)

Potential (V)

 10 mV/s

 20 mV/s

 30 mV/s

 50 mV/s

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

50

100

150

200

250

Current density (Ag-1)G
ra

v
im

e
tr

ic
 S

p
e
c
if
ic

 C
a
p
a
c
it
a
n
c
e
 (

F
g

-1
)

R
e
te

n
ti
o

n
 (

%
)

0

20

40

60

80

100a b c 

0 1000 2000 3000 4000 5000
0

20

40

60

80

100

R
e

te
n

ti
o

n
 (

%
)

Cycle numbers


