FULL PAPER

'.) Check for updates

ADVANCED
MATERIALS
TECHNOLOGIES

www.advmattechnol.de

Hybrid Manufacturing of 3D Hierarchical Porous Carbons

for Electrochemical Storage

Panfeng Wang, Hao Zhang, Huizhi Wang,* Dawei Li, Jin Xuan,* and Li Zhang*

Carbon is one of the most attractive electrode materials for electrochemical
energy storage. An ideal electrode structure requires a pore distribution
ranging from nanoscale to milliscale to simultaneously enable efficient mass
transfer, enlarge the specific surface area, and minimize the electrical resist-
ance. Here, a novel hybrid method to fabricate carbon electrodes with a des-
ignable hierarchical pore structure is presented. The proposed manufacturing
combines stereolithography, pyrolysis, and chemical activation, which con-
tribute to producing pores in millimeter, micrometer, and nanometer, respec-
tively. The prepared hierarchical microarchitectural material outperforms the
commercial carbon paper by five times in current density. Further enhance-
ment in the electrochemical performance can be achieved through optimizing
the distribution of hierarchical pores, which is proved feasible in the applica-

stable reaction conditions.’19-121 Devel-

oping electrodes with hierarchically dis-
tributed pores at multiple length scales
from nanometer to millimeter is a prom-
ising approach to achieve these desirable
requirements. For example, the pores at
micrometer scales can effectively guide
the bulk flow of the electrolyte throughout
the electrode.’>™ Down to the micro-
scopic level, the macropores (>50 nm)
distribute the electrolyte into the inner
electrode matrix and buffer the ions./]
The mesopores between 2 and 50 nm
enable efficient transport of species. The
micropores under 2 nm provide tremen-

tions of vanadium redox flow battery and supercapacitor applications.

1. Introduction

Carbon is widely used in electrodes as both active materials and
supports for the electrochemical energy storage (EES) applica-
tions,!'3] for example, fuel cells, batteries,®! flow batteries,®!
and super-capacitors,”] due to its superior properties such
as chemical stability, environmental friendliness, and excel-
lent electrical conductivity.®% An ideal carbon electrode must
present multiple functions simultaneously, such as offering
fast mass diffusion routes supplying large reaction surfaces,
providing rapid electrons transfer pathways, and maintaining
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dous electroactive sites for the electro-
chemical reaction.”1% The microscopic
porous structures also affect the electrode
resistance and electrode/electrolyte interface length.'1”] Excel-
lent electrical properties like large specific capacitances,®1!
good electrocatalysis performances,'"!! fast ion diffusivity,®1¢l
and high electro-conductivity?” can be achieved through intro-
ducing proper hierarchical structures.

Many methods have been reported to synthesis the
hierarchical porous carbon structures, such as template
methods,®2122 aerogel,'% direct carbonization,?*?4 and activa-
tion methods (chemical, physical,®l hydrothermal, and molten
salt?®l approach). Most of the existing protocols and synthesis
methods focus on the optimization of micro- and meso-
structures.8! However, the importance of macro-architectures
at the micrometer scale, which is crucial for the electrolyte
transport,[©2% electrode electric resistance,”’! and electrode—
electrolyte interface area,’?l has been largely overlooked.

Recently, opportunities have been provided by additive
manufacturing (AM) to customize macro-architectures at the
micrometer scales. Several attempts were reported for the 3D
printing of carbon materials, such as direct ink writing,!?82°]
fused deposition modeling,3*3! inkjet printing,3?l and select
laser sintering.33] Very recently, two-photon polymerization
(2PP),B4 stereolithography (SLA),®°l and digital light pro-
cessingl*®! were used to print carbon materials.l’”*®¥ Among
them, the optical-based methods (2PP and SLA) present the
highest printing accuracy (sub-micrometer for 2PPB4) and
minimum design limitations in model shaping, which makes
the bespoke design of sophisticated porous macro-architectures
possible. However, these methods are not yet ready for the
manufacturing of electrode materials for EES applications due
to the lack of structural control at nanoscale.

To address the gap, in this study, designable microstructure
and macro-architectures were bridged by a novel hybrid process
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that couples SLA 3D printing and chemical activation. The
precise SLA printing creates sophisticated macro-architectures
with model-based design, followed by a well-controlled pyrolysis
scheme that carbonizes the polymer structure while main-
taining the design shape. A proper activation process is devel-
oped to enrich the hierarchical micro-, meso-, and macropore
structures. The as-prepared 3D hierarchical porous carbon
electrodes show superior performance in energy storage appli-
cations such as supercapacitor and redox flow battery.

2. Results and Discussion

2.1. Hybrid Manufacturing of Multiscale Structured Carbons

A novel hybrid approach that combines SLA and chemical
activation is employed to fabricate porous carbon electrodes
with tailorable hierarchical structures and compositions. As
illustrated in Figure 1a, a 3D geometry model that defines
the shape and size of the macro-architectures is first printed
by SLA (Figure 1b) from the photosensitive resin (SOMOS
IMAGINE 8000, DSM, Holland) as the polymer precursor. The
3D printed structure is then carbonized (Figure 1c) through
well-defined slow pyrolysis. To prevent the deformation and col-
lapse of printed structures caused by the volume shrinkage, a
slow heating rate of 0.05 °C min™! at the main mass loss region
was chosen for the pyrolysis process. The slow heating up is
found to be an effective way to release the stresses and thus
help retain the designed pore shapes. A uniform shrinkage of
67.6% in dimension was measured after pyrolysis due to the
stripping of non-carbon elements (Figure le—g), but no obvious
structure deformation is spotted. Then, the activation process
(Figure 1d) is conducted, during which no apparent shrinkage
is detected. The scanning electron microscopy (SEM) images
of the resulting activated carbons in Figure 1h clearly show the
designed macro-architectures. The enlarged features (Figure 1i)
show that the structure wall is covered with macropores after
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activation which is composed of intrinsic mesopores (Figure 1j)
and micropores (Figure 1k). The other designed structures and
non-carbon elements releasing pores in carbonization are pre-
sented in Figure S1, Supporting Information.

2.2. Tuning of Microscopic Pore Structures

At the microscopic level, the micropores provide high surface
area for the active sites, while the mesopores enhance the active
species transferring in the electrodes of EES devices.™ There-
fore, it is essential to optimize the pore size distribution to
obtain an optimized structure. The pore size and distribution
in the carbon matrix can be tuned by the duration, temperature,
and potassium hydroxide amount in the activation process.[?%]
In this research, various mass ratios of KOH to carbon material
were employed to form different porosities of the structure.

To investigate the influences of the pore distribution on the
electrochemical performance, activated carbon electrode sam-
ples with different pore distribution features were tested in two
typical EES applications, that is, supercapacitor and vanadium
redox flow battery. The 860-Act sample is carbonized at 860 °C
and activated by the KOH retained on the electrode surface
after immersed in 6 M KOH at a mass ratio of 1:4. The 960-
Act sample is carbonized at 960 °C and activated at a mass ratio
of 6:1 (960-Act). The pore volume and BET surface of 960-Act
are 0.206 cm?® g™! and 101.323 m? g7, respectively, both of which
are larger than the values of the 860-Act, 0.018 cm?® g™ and
8.250 m? g1, respectively. Type I isotherm, according to TUPAC
classification, are obtained for both samples (Figure 2a) corre-
sponding to microporous materials.” The steep increase at a
low relative pressure (P/P, < 0.05) indicates the abundance of
micropores, while the small rise at 0.5-0.9 P/P, reveals the pres-
ence of mesopores for the 960-Act sample. The results show
that 960-Act samples have more micro and mesopores than 860-
Act, which is consistent with the BET analyses. The porous fea-
tures are further confirmed by the pore size distribution curves,

Printed
polymer strucutre g

Carbonized
structure

Designed
model f

J

Macropores Mesopores Micropores

Figure 1. The proposed hybrid manufacture process of the hierarchical porous electrode. a) CAD design of the electrode with spherical and cubic
pores (S25 sample); b) SLA 3D printing process; c) carbonizing process; and d) activating process. The photographs of €) CAD design of the porous
electrode; f) printed porous polymer structures; and g) the carbonized carbon electrode. Electron microscopic images of the printed carbon electrode
samples: h) SEM image of the macro-architectures after the activation; i) SEM image of the wall surface of the activated electrode; j,k) TEM images of
the activation carbon material; scale bars: 1 mm (h); 20 um (i); 100 nm (j); 5 nm (k).
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Figure 2. The mesopores and micropores of the prepared materials. a) Nitrogen adsorption—desorption isotherm; b) pore size distributions of the
activation carbon; TEM images of c) 860-Act and d) 960-Act carbon. Scale bars: 50 nm.

as shown in Figure 2b. The curve of 960-Act shows two obvious
peaks in the region less than 2 and at 3.8 nm, corresponding to
micropores and mesopores, while the plots of 860-Act carbon
only show micropores at 1.8 nm. The TEM images further con-
firm these phenomena. Figure 2c presents the micropore fea-
tures of the 860-act carbon, and Figure 2d confirms the exist-
ence of mesopores (=20 nm) in the 960-Act carbon.

2.3. Analysis of Prepared Materials

As shown in Figure 3a, the carbon yield (beyond 670 °C) is
=~1.12% in the thermogravimetric analysis (TGA) at a heating
rate of 5 °C min™! in the high purity nitrogen atmosphere.
The initial and terminal pyrolysis temperature of the printed
sample polymer precursor is about 300 and 480 °C, which
is in accordance with the results of other polymer precur-
sors.[*l Considering the change of the heating rate (from
0.05 to 0.5 °C min™' compared with 5 °C min™ at TGA) to
carbonize the electrode, a broad region from 300 to 480 °C,
beyond which the mass loss rate is approaching to 0, is set as

Adv. Mater. Technol. 2020, 5, 1901030 1901030 (3 of 11)

main mass loss regions. After several trials at various heating
rates (Figure S1d—f, Supporting Information), a much smaller
heating rate (0.05 °C min™}) is selected to maintain the designed
shape in the carbonization. However, from the process eco-
nomic aspect, the long processing time led by the slow heating
rate could potentially increase the cost of the fabrication.

The energy dispersive X-ray spectroscopy (EDS) results
(Figure 3b) show that the elements in the prepared materials
are mainly C and O, and a handful of residual Si (Table S1, Sup-
porting Information). The X-ray-diffraction (XRD) spectroscopy
in Figure 3c displays two XRD peaks centered at =25° and =44°
which can be attributed to the (002) and (100) crystallographic
plane of graphite, respectively. The broad reflections peaks indi-
cate that amorphous carbons*%! are obtained when the carbon-
ization temperatures are above 760 °C. The high carbonization
temperature leads to a similar crystallinity of carbon particles,
but the purity of nanostructure is improved, according to the
TGA and EDS analysis. Two peaks were observed in the Raman
spectra (Figure 3d) for each sample at 1350 and 1590 cm™,
which are corresponding to the D-band (vibration of dangling
bond carbon atoms) and G-band (vibration of sp?-bonded

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The materials analysis of the prepared electrodes. a) thermogravimetric analysis (TGA) and differential thermal gravity (DTG) curves of the
printed resin in nitrogen atmosphere (heating rate: 5 °C min™); b) elements in the electrodes carbonized at 760, 860, and 960 °C and the sample KOH
activated (3:1) at 800 °C; c) XRD pattern and d) Raman spectra of carbonized samples with and without activation; high-magnification TEM images of
e) 860-Act and f) 960-Act carbon samples. Scale bars: 10 nm.
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carbon atom) associated with disordered carbon and graphitic
carbon, respectively.*l The intensity ratio of D-band to G-band
(Ip/Ig) can be calculated to be 0.82 to 1.03 (Table S2, Supporting
Information), suggesting a highly disordered structure of the
prepared carbons.”#! The intensity ratio differences might be
ascribed to the chemical structure of the photosensitive resin
precursor.[*248]

After activation, the atom ratio of silicon to carbon is slightly
increased to 0.023 from 0.0203, as shown in Figure 3b, due to
the etch of the carbon by KOH in the activation process. The
XRD plots (Figure 3c) and Raman spectra (Figure 3c) show
that the compositions of the carbon after activation (760-Act,
860-Act) are rarely different from the corresponding non-
activation samples. The distinguished decrease of the Ip/I¢ of
960-Act sample compared with the 960 sample is because the
KOH amount is large, which enhances the graphitization./]

www.advmattechnol.de

The TEM images of 860-Act (Figure 3e; Figure S2,
Supporting Information) and 960-Act (Figure 3f; Figure S3,
Supporting Information) show the presence of the graphite
with a disordered structure. Therefore, the activation process
can tune the crystalline structures of carbon. In contrast, the
carbonization temperature below 960 °C cannot tune the crys-
talline structures substantially, but the high carbonization tem-
perature can improve the purity.

2.4. Effects of Activation Process on Electrochemical
Performance

Figure 4a,b compares the electrochemical performance of
a carbonized sample (C10) with and without the activation
process in a classic ferri/ferro system. The electrochemical
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Figure 4. The electrochemical performance related with the activation conditions. a) CV curves (50 mV s™) of the water activated electrode, carbon-
ized electrode, carbon paper, and platinum carbon paper (0.2 mg cm=2); b) Nyquist plots of carbon electrodes with and without water vapor activation
in T mm K;Fe(CN)g + 0.5 m KCl electrolyte; c) CV curves at 10 mV s™' and d) Nyquist plots curves of the KOH activated carbon electrodes in VOSO,
(0.1 M) and H,SO, (3 M) electrolyte; ) CV at 50 mV s™' scan rate and f) galvanostatic charge—discharge curves (0.1 A g™') of the KOH activated carbon
electrodes in KOH solution (6 m); the preparation conditions of these electrode is presented in Table S3 and Supporting Methods, Supporting Informa-
tion; g—i) FESEM images of the carbon activated by KOH with weight ratios of 3:1, 6:1, and 9:1. Scale bars: 100 nm.
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performance of commercial carbon papers (with or without
Pt loading) is also presented for comparison. The activated 3D
carbon material shows a 5.85-fold higher peak current density
(PCD) in the cyclic voltammogram (CV) compared with carbon
papers, and even higher than that of carbon paper loaded with
Pt, as shown in Figure 4a. It is observed that the activation pro-
cess can lower the peak-to-peak separation (AE,) of the carbon
electrodes, resulting in an improvement in electrocatalytic
ability. The activated carbon material exhibits a AE,, of 75 mV,
which is between the values of carbon papers without (82 mV)
and with (63 mV) Pt loading. The electrochemical impedance
spectroscopy (EIS) measurements in Figure 4b further confirm
that the activation process can decrease both the ohmic resist-
ance and charge transfer resistance of our carbon electrodes.
The enhancement of the electrochemical performance may be
attributed to the exposed edge carbon sites acting as active sites
and the increase of surface area.l”20]

The effects of activation conditions on electrochemical per-
formance are further examined, as shown in Figure 4c—f.
Figure 4c,d illustrates the CV and EIS plots of the carbon mate-
rials activated at different KOH to carbon mass ratios. It is
found that PCD increases significantly with mass ratio growing
from 3:1 to 6:1, while a slight drop occurs as mass ratio fur-
ther rising to 9:1. The improvement of the electrochemical per-
formance is attributed to the increase of the surface area and
exposed active sites.”®>] However, further activation results in
the collapse of the activated pores, which lead to the decrease of
the surface area and conductivity (Figure 4d).°! A similar effect
of the concentration of the activation agent on the electrochem-
ical performance is found, as shown in Figure 4e,f.

The pore size evolution during the activation process is
explained through field emission scanning electron micros-
copy (FESEM) images in Figure 4g—i. The activation is initiated
at the defects and forming small pores (Figure 4g) acting as
active sites.3%°233 The amount and the size of small pores are
enlarged (Figure 4h) by further activation to achieve the desired
electroactivity.”*>°] After reaching the optimal point, undesired
collapse (Figure 4i) of pore structure occurs and causes loss in
catalytic performance.l20->]

2.5. Designability of Macro-Architectures through 3D Printing

The morphology, pore distribution, and size of macro-architec-
tures in the electrode impose significant impacts on electro-
chemistry performance through determining the mass transfer
of reactive species.l'>5738 Here, we define the geometry of the
macro-architectures by two factors, that is, the diameter of the
pores and the overlap ratio (Figure 5a). For the pores stacked
shown in Figure 5b, the overlap ratio is defined as:
k=(D-S)xD ke (0,0.29) (1)
where k refers to the overlap ratio, D is the pore diameter, and
S refers to the space between two adjacent pores, as shown in
Figure 5a.

To derive a general design principle for macro-architecture
morphology, electrodes with tunable micrometer holes were
investigated numerically and experimentally in four aspects,
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that is, porosity, thickness of pore wall, specific surface area,
and electrical resistance.

High porosity is regarded as favorable for mass distribution
within the porous material.[>>%%% The theoretical porosity of the
porous architectures can be calculated by Equations (S8)—(S13),
Supporting Information. It is found that the porosity of the
structure is solely dependent on the value of overlap ratio k. As
shown in Figure 5c, the porosity ranges from 0.54 to 0.96 when
k grows from 0% to 29%, which matches the porosity evalua-
tions of the geometry model derived by CAD software.

As shown in Figure 5d, the effective diffusivities of ions
increase for nearly four times with the growth of overlap ratio
and the reciprocal of the wall thickness. The thickness of the
wall between two pores is tunable through manipulating k and
pore size, as indicated in Equation (S14), Supporting Infor-
mation. It is found that the wall thickness decreases with the
rising of overlap ratio k, while increase with the growth of pore
size, as shown in Figure S4a, Supporting Information.

To accelerate the electrochemical reaction rate at the elec-
trode, a larger specific surface area (SSA) is preferred in
designing the porous structure. The SSA can be theoretically
evaluated from Equations (S15)—(S20), Supporting Informa-
tion. Figure 5e shows that the calculated SSA decreases with
the rising of pore diameter and overlap ratio. The electrochem-
ical active area and PCD follow the same trends as SSA along
with the pore diameter and overlap ratio variations (Figure 5f),
which confirms the theoretical prediction of SSA.

Keeping the electrical resistance of electrode as lower as
possible is another important criterion in designing the porous
structure. The electrical resistance of the ordered porous layer
can be estimated by Equations (S21)—(S25), Supporting Infor-
mation, which shows the resistance is affected only by overlap
ratios. Figure 5g shows that the calculated resistance monotoni-
cally increases with the overlap ratio (also shown in Figure S4b,
Supporting Information). The simulation results of resistance
obtained from COMSOL are very close to the calculated ones.
The actual ohmic resistance, which was measured by EIS
(shown in Figure S5, Supporting Information), shows the same
variation trend along with the overlap ratio. The current den-
sity distributions derived from COMSOL simulation within the
macro-architectures are revealed in Figure Sh. It is found that
the current density decreases with the overlap ratio increasing,
corresponding to a resistance rising.

(61]

2.6. Electrochemical Storage Applications

The electrodes made of the bespoke carbon structures were
tested in two typical electrochemical storage devices, that is,
a supercapacitor (Figure 6a) and vanadium redox flow battery
(VRFB) (Figure 7a).

For the case of supercapacitor, as illustrated in Figure 6a, the
cation (K* in this test) and anion are electro-adsorbed to the
corresponding electrode surface, which is oppositely charged
in the charging process.'® The performance measurements
of the SO0 series (Table S3, Supporting Information) samples
as supercapacitor electrodes in KOH solution (6 M) are shown
in Figure 6b—e. The current densities (Figure 6b) are stepping
down with the designed pore diameter in the macro-architecture

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The structure-performance of the prepared carbon electrodes. a) The diameter, space, and overlap length; b) the pore stacking form at different
overlap ratio; c) the porosity varying with overlap ratio; d) mass transport ability related to reciprocal of wall thickness; e) the SSA associated with diameter
and overlap ratio; f) the electrocatalytic performance and SSA of the electrode with different diameters and k; g) the resistance varies with overlap ratio; h) the
current densities distribution in the various electrodes simulated and visualized by COMSOL (See value on Table S4, Supporting Information).
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raising until the minimum SSA sample (S25, Table S4, Sup-
porting Information). Meanwhile, the galvanostatic charge—
discharge curves (Figure 6¢) show a decrease against the
charge/discharge time. It should be noticed from Figure 6d that
the specific capacitances of S25 (12.89 F g!) are much lower
than S20 (1793 F g') despite nearly the same SSA, porosity and
resistance (Table S4, Supporting Information). This is because
the effective diffusivity of K* in S25 electrode is higher than
the S20 (Table S4, Supporting Information). As shown in
Figure Ge, the S10 electrode presents the largest capacitances
(38.45 F g7!) since the large specific surface area and small wall
thickness among the electrodes (Table S4, Supporting Informa-
tion). However, the specific capacitances (30-40 F g7}) is lower
compared with the other carbon supercapacitors,”1%2] due to
the activation conditions should be further optimized compre-
hensively considering the activation temperature, activation
time, and activator amount for high performance.

The application of the vanadium redox flow battery is
depicted in Figure 7a. In the cell design, the electrolyte flow
through the designed macro-architectures to ensure the elec-
trodes are immersed. Subsequently, the electrolyte with active
species (VO?*/VO," in this half-cell test) are conveyed into the
inner carbon matrix through macropores. Then the active spe-
cies transport by mesopores to the active site, followed by the
redox reaction. The electrons migrate through the external cir-
cuit and drive the loading. Similar values of AE, (Figure 7b)
in the CV test imply close electrocatalytic performance. The
slightly higher PCD of D08 can be attributed to the maximum
SSA and minimum resistance (Table S4, Supporting Infor-
mation). On the contrary, the D14 shows the lowest PCD is
because of the maximum resistance and minimum SSA. The
charge time and electrolyte utilization of the positive electrode
in an H-type cell were presented in Figure 7c,d, respectively.
The D14 electrode exhibit the maximum electrolyte utilization
ratio (65.6%) and the least charge time (12 190 s). It is because
of the superior diffusion performance in the carbon matrix
resulting from the minimum thickness and maximum porosity
(Table S4, Supporting Information). However, the electrolyte
utilization ratio is smaller than Zhengyang’s work (729%)2% and
Zhou’s work (58-92%),1 since the leakage of the H-type cell.
As Figure 7e shown, the D14 electrode exhibits the excellent
coulombic efficiency (93.48%), voltage efficiency (90.64%), and
energy efficiency (84.73%) than the other electrodes, benefiting
from the superior ion transport performance. The energy effi-
ciency is comparable with the other researchers’ works,20:56:63.64]
considering the quite small current density, the low concentra-
tion of active species, and the electrolyte leakage in the H-type
cell. This phenomenon confirms the mass transport plays a
crucial role in the flow battery, when the specific surface area,
resistance, and electrocatalytic ability are similar.

3. Conclusion

A novel hybrid manufacturing method to fabricate 3D hier-
archical porous carbon electrodes for electrochemical energy
storage is developed. The electrode structure was printed
through SLA to manufacture the bespoke macro-architectures
at the micrometer scale, followed by a slow pyrolysis process
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to carbonize the electrode structure. At last, an activation
process was implemented to enrich the micro-, meso-, and
macropores of the carbon. The hybrid manufacturing has
enabled the fabrication of hierarchical porous structures in the
scale range from nanometer to micrometer to maximize the
electrochemical performance. The process has been proven an
efficient approach to develop highly electro-active electrodes,
with 5.85-fold greater PCD than the commercial carbon papers
in the ferri/ferro system. The porosity and SSA of the carbon
electrode can be facilely manipulated by adjusting the hole
diameter and overlap ratio, which provides great opportuni-
ties on tuning electrode structure for a specific application sce-
nario. It can be concluded that small designed hole diameter
in the macro-architecture can enhance both effective diffusivity
and SSA, while a low overlap ratio improves the SSA and elec-
troconductivity, but restrains the effective diffusivity. The 3D
carbon electrodes were applied in two energy storage systems,
that is, supercapacitor and VRFB. In both systems, the SSA was
found the most crucial element to determine electrochemical
performance. In VRFB, maintaining high effective diffusivity
of reactant in pore structure is more important than reducing
the electrical resistance. The novel hybrid manufacture method,
along with the improved understanding of the structure-
performance relationship, paves a new way to fabricate carbon
electrodes. After materials and structure optimization, the elec-
trodes with high electrocatalytic performance, larger surface
area, small ohmic resistance, and even the low pressure drop in
the flow cells, can be obtained.

4. Experimental Section

Carbon Structure Manufacture: All the models were designed by
SolidWorks 2014 (Dassault Systemes S.A.) and printed on an SLA
machine (RS6000, UnionTech) using a commercial photosensitive resin
(SOMOS IMAGINE 8000, DSM, Holland). These designs are shown
in Figure S6, Supporting Information, containing three series: C10
electrode with cubic pores; DOO series for the electrodes with different
pore spaces named D06, D08, D10, D12, and D14; and SO0 electrodes
with different spherical pore diameters named S10, S15, S20, S25,
and S30. After washed and dried (Figure S7, Supporting Information),
the structures were heated in a quartz tube furnace filled with high purity
nitrogen (99.999 vol%) at 760, 860, and 960 °C (Table S3, Supporting
Information) for 4 h at 101.3 kPa. To exclude the influences from
water steam and oxygen, all the devices in the furnace (furnace plugs,
crucibles, and flanges) were dried at 120 °C and high purity nitrogen
(99.999 vol%). The optical and SEM images of these pyrolyzed carbon
structures are seen in Figures S8 and S1, Supporting Information,
respectively. Finally, the steam or KOH activation was conducted in a N,
flow (200 mL min™"). The temperatures were 700 and 800 °C for steam
and KOH activation, respectively, and KOH was added into the carbon
electrode in both approaches (seen in Supporting Methods, Supporting
Information). The detailed activation parameters are listed in Table S3,
Supporting Information.

Materials Characterization: The TGA was conducted on NETZSCH
STA 409 PC/PG analyzer in high purity nitrogen at 5 °C min~' heating
rate at 101.3 kPa to determine the main mass loss region of the
additive manufactured resin. SEM images were obtained on HITACHI
S-3400N machine equipped a CDU X-ray detector and a digital pulse
height analyzer, which could detect the elements from the fifth one
(B) to the 92nd one (U). FESEM experiments were performed on
GeminiSEM 500 electron microscopes. High-resolution transmission
electron microscopy images were acquired from an FEI Tecnai G2 F20
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microscope with an operating voltage of 200 kV. The XRD measurements
were carried out on a D/max2550VB/PC X-ray diffractometer. The 26
angular region was between 5° and 80°. Raman spectra were acquired
from an inVia Reflex Laser Micro-Raman Spectrometer with 514 nm
laser excitation. N, adsorption—desorption analysis was carried out
on a Micrometrics ASAP 2020 to analyze the porosity and pore size
distribution. The carbon samples were degassed under vacuum at 150 °C
for 12 h, and all adsorption—desorption measurements were carried out
at =196 °C. The functional groups on designed carbon were detected by
Fourier transform infrared spectra (FTIR, Nicolet 6700).

Electrochemical Measurements: All the electrochemical measurements
were carried out on CHI660E electrochemical workstation. The techniques
utilized for different electrodes were listed in Table S3, Supporting
Information. The CV, chronoamperometry (CA), and GCD measurements
were conducted in a conventional three-electrode cell at room temperature.
All the printed electrodes were utilized as a working electrode, a platinum
plate electrode (1 cm?) was employed as the counter electrode, and the
Ag/AgCl electrode (in 3.5 m KCl) was acted as a reference electrode.
Before the collection of the final date, more than 50 cycles of CV test
were conducted until the curves were stable to ensure the stability of the
materials (Figure S9, Supporting Information). For the investigation of the
macropores effect, the electrolyte consisting of K3Fe(CN)g (1 mm) and KCl
(0.5 m) solution was employed. The CV was performed from —0.1to 0.6 V,
CA was conducted under the initial potential of 0.6 V, and EIS was carried
out at 0.25 V with the excitation signal of 5 mV in the frequency range
from 10° to 107" Hz. For the supercapacitor application, the KOH solution
(6 M) was selected as the electrolyte, while C10 and SO0 electrodes were
involved. The CV (1.0 to 0 V), and GCD measurements were performed
for the SO0 and C10 electrodes. The CV (0.55-1.25 V), EIS (potential: 0.91V,
amplitude: 5 mV, frequency: 10° to 107" Hz) were performed in VOSO,
(0.1 m) and H,SO4 (3 M) solution for VRFB applications on D00 and C10
electrodes. An H-type glass cell was employed for the VRFB application.
Each compartment contained 15 mL electrolytes with a magnetic stirrer.
The electrolytes were separated by quartz sands. The working electrode
and reference electrode were placed on the side with VOSO, (0.1 m) and
H,SO4 (3 M) solution, and the counter electrode was placed on the other
side with H,SO, (3 m). The cell test was performed at current densities of
10 mA cm2 with the potential range from 1.25 to 0.55 V.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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