Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 07 March 2024. Downloaded on 10/18/2025 11:36:04 PM.

(cc)

g
Journal of ROYAL SOCIETY
. . OF CHEMISTRY
Materials Chemistry A -

View Article Online

View Journal | View Issue

W) Checkfor updates Sub-mm? dimensional scaling of fully-integrated
et s o crem 1 200 o, ADDlItIVEly-fabricated microsupercapacitors for
10229 ~ embedded energy storage applicationst

Amin Hodaei @2 and Vivek Subramanian*2°

Microsupercapacitors (MSCs) are attractive energy devices for applications in loT, wireless sensors, and
other microelectronic systems due to their small footprints. In this work, the dimensional scaling of fully-
integrated additively-fabricated MSCs is systematically investigated. The dimensions of the MSCs are
scaled by varying the length and cross-section of their electrodes to study their scalability to the mm?®
range, making them attractive for even chip-scale embedding. MSCs with the thickest electrodes
demonstrate the highest values of capacitance and energy density, while MSCs with the thinnest
electrodes show lower capacitance and energy densities, but deliver higher power densities. We observe
that as expected, capacitance scales with dimensions. We observe excellent performance levels,
including maximum areal capacitance of ~731.7 mF cm™2, areal energy density of ~36.59 uW h cm™2,

areal power density of ~2669.8 mW cm™2

, and ~95% capacitance retention after 17000 cycles. These
MSCs also show maximum volumetric capacitance, volumetric energy density, and volumetric power
density of 8.7 F cm™, 0.436 mW h cm™, and 31.78 W cm™3, respectively. Overall, these are the highest
values reported to date for such systems. These results are achieved by utilizing novel chemistries for the
components of the MSCs and from tuning their geometry. The electrodes of the MSCs are formed from
a nanocomposite of edge-oxidized graphite oxide (EOGO)/cerium oxide nanoparticles to benefit from
both electrical double-layer capacitance (EDLC) and pseudocapacitance, the electrolyte is a UV-curable
hydrogel based on (poly(ethylene glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) + water), and the current collector is a silver paste. These MSCs are
fully packaged and sealed by 3D printing a package using polycaprolactone (PCL) and depositing a UV-
curable resin-based encapsulant. Our findings demonstrate that such devices can be scaled to mm?®
volumes while continuing to deliver excellent performance, making them attractive candidates for
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Introduction

Microsupercapacitors (MSCs) are small-scale (mm to cm-scale)
energy storage devices that have attracted attention for use in
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+ Electronic supplementary information (ESI) available: Dimensional scaling ~applications for Internet of Things (IoT),* to name a few, acting

details of the MSCs, thermogravimetric analysis (TGA) plots of electrode active  as energy storage devices. Wide ranges of materials, such as

material and the EOGO powder, TGA and Differential Scanning Calorimetry  ~5rhonaceous materials.*>2 metal oxides.*®** MXenes.*®¢ and
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DSC) curves of the silver paste used for 3D printing of the current collector, . .
(DSC) er b >0 printng ) " conductive polymers'”*® have been used in these systems as the
XRD PDF files of graphite and CeO, showing their corresponding characteristic

peaks, XPS spectroscopy data of the electrode active material, nitrogen gas electrode active materials with the aim to maximize the
adsorption/desorption measurement of the electrode active material, the performance of these systems. Depending on the energy and
conductance as a function of heat treatment temperature for the silver current  power requirements of the speciﬁc microelectronic system,
collector, the calculations for the electrochemical performance evaluations, the their energy storage /delivery systems should be custom
calculations of the kinetics of charge storage mechanisms, and the EIS designe d.*® This customization is particularly important as it
measurments of the MSC (ID: L2) before and after 17000 of charge/discharge | R K
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The physical dimensions of energy storage devices plays
a decisive role in determining their usability in different
microelectronics applications.*®** Depending on needs of the
target application, it is crucial to fabricate these energy storage
systems with the appropriate footprint while fulfilling the
requisite power and energy requirements. Given the interest in
integration within microelectronic systems, there have been
numerous reports on the fabrication of microsupercapacitors
through rapid and flexible fabrication methods,">****>4% on the
other hand, the realized devices have generally been larger than
mandated by real application demands, and dimensional
scaling studies on these systems have been very rare. There have
been some dimensional scaling studies performed on micro-
supercapacitors, but these have been mostly focused on
microsupercapacitors  fabricated through conventional
subtractive microfabrication techniques, and the electrodes
used (carbon nanofibers,* graphene® and RuO, (ref. 28)) have
not realized state of the art performance levels. While dimen-
sional scaling studies have been performed on printed micro-
batteries,'?** few such studies have been reported for printed
microsupercapacitors, and the performance has been far below
state of the art so far,* leaving performance wanting for real
applications. To the best of our knowledge, no dimensional
scaling study on hybrid microsupercapacitors, which deliver
both electrical double-layer capacitive (EDLC) (i.e., usually
stemming from carbonaceous materials) and pseudocapacitive
charge storage mechanisms (i.e., stemming from conductive
polymers, metal oxides, metal carbides, etc.) and, more specif-
ically, which are fully additively fabricated, have been reported
in the literature. Such hybrid systems represent the current
state of the art in terms of microsupercapacitor performance,*
and therefore, scaling studies are highly warranted.

In this study, for the first time in the literature, we system-
atically study sub-mm?® dimensional scaling of all-additively-
fabricated ultra-small planar microsupercapacitors (MSCs),
offering high energy and power density, by utilizing both EDLC
and pseudocapacitive charge storage mechanisms. The study
utilized 3D printed electrodes with control of both their length
and cross-section; this is specifically important as fabricating
microsupercapacitors with thick and porous electrodes is seen
as a potential way to increase the energy density of these
systems.”> The MSCs show excellent performance—areal
capacitance of ~731.7 mF cm™ 2, maximum energy density of
~36.59 tW h cm ™2, maximum power density of ~2669.8 mW
em 2, and ~95% capacitance retention after 17 000 cycles, for
an MSC possessing 3.75 mm-long electrodes printed with
a nozzle of 840 um diameter. We achieve these remarkable
levels of performance through systematical dimensional scaling
of the components of the MSCs by using novel chemistries for
the components of the MSCs, which we have reported in our
recent work.*" Our electrode active material is a nanocomposite
of edge-oxidized graphite oxide (EOGO)/cerium oxide nano-
particles (NPs) (~95 wt% EOGO-~5 wt% cerium oxide (ceria)
NPs) which simultaneously benefits from both EDLC and
pseudocapacitance. The electrode ink used for 3D printing only
contained this nanocomposite dispersed in water without using
any binders, organic additives, or rheology modifiers. We use
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a UV-curable hydrogel electrolyte based on (poly(ethylene
glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) + water). The current
collector is a silver paste. The dimensions of the MSCs are
scaled by varying the length of the electrodes and the diameter
of the nozzles with which the electrodes are 3D printed to vary
their cross-sections. The MSCs are fully packaged and sealed by
printing a package using poly caprolactone (PCL) and depos-
iting a UV-curable resin-based encapsulant, respectively, to
a maximum height of ~2 mm. We thus are able to study the
dimensional scaling of a fully-integrated MSC delivering state of
the art levels of performance down to the mm? scale.

Fabrication of microsupercapacitors
and designing their dimensional scaling

We additively fabricated the planar MSCs via a combination of
fused deposition modeling (FDM) and extrusion-based 3D
printing following the procedures reported in our recent
research article. Fig. 1 exhibits the printing procedure of the
MSCs and the dimensional scaling methodology. We started
with extrusion-based 3D printing of the current collectors using
a silver paste (DELO-Dualbond IC343) on wet-oxidized silicon
wafer (Fig. 1A). The current collector patterns resemble
a parallel plate configuration such that two finger (i.e., plates)
are located at known distance from each other (750 um for all
our MSCs). After printing, the current collectors were heat
treated in air at 450 °C for 10 min. We optimized this heat
treatment regime based on electrical resistivity measurements
of the current collectors after heat treatments using a four-point
probe setup (details of the electrical resistivity as a function of
heat treatment temperatures and duration in ESIf). Next, we
FDM printed the package walls around the fingers of the current
collectors using polycaprolactone (PCL) (Fig. 1B). We then
extrusion 3D printed the electrodes on the fingers of the heat
treated current collectors without any following post treatments
(Fig. 1C). Next, a UV-curable electrolyte based on (poly(ethylene
glycol) diacrylate (PEGDA) + LiCl + lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) + water) was deposited in
the interior space of the package walls to fully immerse the
electrodes. This was followed by UV curing to form a hydrogel
electrolyte and to consolidate the components (Fig. 1D). Finally,
we deposited a UV-curable resin-based encapsulant (DELO
Dualbond AD 761—a modified epoxy resin) on top of the UV
cured electrolyte. This was also followed by a UV curing step to
fully seal the MSCs (Fig. 1E). As shown in Fig. 1F, we designed
the dimensional scaling study in such a way that the perfor-
mance of the MSCs are evaluated as a function of change in the
length of the electrodes and also the inner diameter of the
nozzles with which the electrodes are 3D printed, which
changes the electrode cross-section. The electrodes are 3D
printed at three levels: 2.5 mm, 3.75 mm, and 5 mm. The inner
diameters of the nozzles used to 3D print these electrodes are
250 um, 330 um, 510 pum, and 840 um. Thus, the smallest active
volume (including the electrodes and the inter-electrode gap) of
the fabricated microsupercapacitors is under 1 mm?®. A more

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The Schematics of the fabrication steps of the microsupercapacitors, (A) extrusion-based 3D printing the current collectors on a wet-
oxidized silicon wafer using a silver paste and subsequently, heat treating the current collectors, (B) FDM printing of the package using PCL, (C)
extrusion-based 3D printing of the electrodes on the current collectors (inside the package space), (D) deposition of UV-curable electrolytes
inside the package to immerse the electrodes and subsequently, UV curing the electrolyte, (E) deposition of an encapsulant on top of the UV-
cured electrolyte and subsequently UV curing it, (F) illustration of the design of dimensional scaling of the microsupercapacitors by changing the
diameter of the nozzles used to 3D print the electrodes with different lengths, (G) a top view image of one of the fully 3D printed micro-
supercapacitors (nozzle diameter of 840 pm and electrode length of 2.5 mm), and (H) a side view image the same fully 3D printed micro-

supercapacitor as in (G) scale bars are 500 um.

detailed description of the dimensional scaling of the MSCs is
provided in Table S1 (ESI).}

Results and discussion
Chemistries of the components of the microsupercapacitors

As described in our previous work,* the electrode active mate-
rial is a nanocomposite of edge-oxidized graphite oxide (EOGO)/
cerium oxide (ceria) nanoparticles (NPs). We selected EOGO as
it provides a combination of attractive properties—providing
graphitic sheets with an almost intact sp* carbon basal plane
resembling that of graphene in addition to proper dispersion in
polar suspension media such as water due to the presence of
oxygen containing functional groups at the edges of its
planes.**** We anchored ceria NPs, with sizes smaller than 5-
10 nm, onto EOGO through an in situ synthesis procedure to

This journal is © The Royal Society of Chemistry 2024

introduce the intrinsic electrochemical properties of these
particles to the resultant nanocomposite. Ceria is one of the
most abundant and least expensive rare-earth metal oxides, and
it has shown promising redox reactivity as the active electrode
material for supercapacitors.*>** We formulated the electrode
inks using a nanocomposite of EOGO/ceria NPs (~95 wt%
EOGO-~5 wt% ceria NPs) dispersed in water without using any
organic additives, binders, or rheology modifiers. The novel
chemistry of our electrode inks provides a hybrid system
delivering both electrical double-layer capacitance (EDLC)
(stemming mostly from EOGO sheets) and pseudocapacitance
(originating mostly from ceria NPs). Fig. 2A shows the XRD
patterns of the bare EOGO powder and the air-dried electrode
ink. The concurrent presence of the sharp peak at ~26° and the
wide and less intense peak at ~13° in the XRD pattern of the
bare EOGO corresponds to its almost intact sp® graphitic basal

J. Mater. Chem. A, 2024, 12,10229-10241 | 10231
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(A) XRD characterization of the bare EOGO powder and the air-dried electrode ink comprising 5 wt% ceria nanoparticles, rheological

characterizations of the aqueous electrodes ink (EOGO/ceria nanocomposite—5 wt% ceria nanoparticles) (B) viscosity as a function of shear rate,
(C) oscillation measurement demonstrating the storage modulus (G) and the loss modulus (G”) of the same ink as a function of oscillation stress,
and (D) TEM images of the air-dried electrodes, the same used for XRD characterization as shown in (A).

plane and the presence of oxygen-containing functional groups
on its edges.* The XRD pattern of the air-dried electrode ink
shows the formation of CeO, crystalline phase.?”**

We also investigated the rheological characterizations of the
aqueous electrode ink as shown in Fig. 2B and C. The aqueous
electrode ink demonstrated a shear-thinning behavior—
decrease in its viscosity as a function of increase in shear rate
(Fig. 2B), and a viscoelastic behavior with a more dominant G/
(storage modulus, ie., elastic behavior) values than G” (loss
modulus, i.e., viscous behavior) before their intersection point
(known as the flow point) (Fig. 2C), which are all indicators of
the suitability of the ink for extrusion-based 3D printing.*
Changing the shear rate from 0.01 Pa s to 100 Pa s, the viscosity

10232 | J Mater. Chem. A, 2024, 12, 10229-10241

of the ink significantly dropped (by almost four orders of
magnitude). The oscillation rheometry showed that the G’ of the
electrode ink in the linear viscoelastic region is almost one
order of magnitude larger than its G”. We also investigated the
morphological details of the EOGO/ceria NPs nanocomposite
using TEM imaging as shown in Fig. 2D. Crystalline ceria NPs
with sizes of less than 5-10 nm are anchored onto the EOGO
sheets and they quite uniformly distributed on the surface of
the EOGO sheets. The electrode active material (i.e., EOGO
(~95 wt%)/cerium oxide NPs (~5 wt%)) showed a specific
surface area of ~284 m* g~ (N, adsorption/desorption plot in
ESIt).

This journal is © The Royal Society of Chemistry 2024
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We formulated a UV-curable hydrogel electrolyte based on
(poly(ethylene glycol) diacrylate (PEGDA) + LiCl + lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) + water). LiCl
has been widely employed in electrolytes of printed micro-
supercapacitors.*>**>* PEGDA****® and LAP (a water-soluble
photo-initiator)**** have been commonly utilized in 3D
printing of hydrogels. By combining these, the resultant elec-
trolyte showed a gel structure after UV curing, providing suit-
able mechanical stability in the MSCs eliminating the need for
a separator between the electrodes.” The chemical composition
and processing condition for the electrolyte was set to a total
LiCl concentration of (1.6 M), while the concentration of the
PEGDA was set to 0.08 g ml~" and the concentration of LAP was
0.16 wt% (by weight of PEGDA) that was cured for 20 seconds by
a 365 nm UV lamp (these concentrations are calculated based
on a 25 ml total volume of the electrolyte).

For FDM printing the package walls, we used poly-
caprolactone (PCL). PCL is a biocompatible polymer with a low
melting temperature and a hydrophobic nature.** The main
reason for printing the package walls is that it acts as
a container for the electrolyte before it is UV-cured.
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We encapsulated the MSCs in order to enhance their stability
to ensure that the electrolyte is not evaporated over time. We
used a modified epoxy-based resin, which is UV-curable. The
encapsulant was UV cured using a 405 nm UV lamp for 60
seconds.

Performance evaluation of the microsupercapacitors

We systematically investigated the electrochemical perfor-
mance of the microsupercapacitors as a function of their
dimensions (i.e., length of the electrodes, and the diameter of
the nozzle with which they are printed). In order to investigate
how changing the dimensions influences the charge-discharge
behavior of the MSCs, we performed galvanostatic charge-
discharge (GCD) measurements on MSCs with varying dimen-
sions. As shown in Fig. 3A-D, by a simultaneous increase of the
length of the electrodes, and the nozzle size used for printing
the electrodes, the duration of full cycle of charge-discharge
was increased. For example, a full charge-discharge cycle at
a current of 50 pA took ~175 s for an MSC printed 250 pum
nozzle and electrode length of 5 mm, while for the MSC
comprising a 5 mm long electrode printed with a 840 pm nozzle,
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Fig. 3 Galvanostatic charge—discharge diagrams of the additively fabricated MSCs as a function of electrode length and the nozzle diameter
with which the electrodes are printed, (A) nozzle diameter: 250 um, (B) nozzle diameter: 330 um, (C) nozzle diameter: 510 pum, (D) nozzle

diameter: 840 pm.
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MSCs as a function of their electrode length and the diameter of the
nozzle used for printing them.

a full cycle takes ~1140 s. These results demonstrate that, as
expected, longer electrodes printed with larger nozzle diameters
realize higher capacitance levels due to their larger active
volumes and larger overall surface area of the active materials
available in these electrodes.

We further investigated the electrochemical properties of
the MSCs by cyclic voltammetry (CV). As shown in Fig. 4,
capacitance of the MSCs scales with the length of the elec-
trodes and the diameters of the nozzle with which they are
printed. At each nozzle diameter level, increase in the length of
the electrode resulted in an increase in the capacitance of the
MSCs, as expected by pure dimensional scaling laws. This is
due to the greater increase in the active surface area when
electrodes become thicker and longer. This observation is in
agreement with the results from GCD measurements dis-
cussed earlier.

We used electrochemical impedance spectroscopy (EIS)
measurements to calculate the equivalent series resistance
(ESR) of the MSCs (examples of EIS plots of the MSCs are shown
in ESIt). Fig. 5A illustrates the ESR of the MSCs as a function of
the length of the electrodes and the printing nozzle diameter
used for them. ESR, also known as the internal resistance, is an
indication of the total resistance of the system—defined as the
sum of the bulk electrolyte resistance, the resistance of the
electrode, and the contact resistance between the electrode and
the current collector.®* It is one of the important performance
metrics of MSCs since it correlates to how much internal energy
loss a system has. We observed that at each nozzle diameter,
increasing the length decreased the ESR of the MSCs, which is
expected, since this effectively realizes a capacitor with a larger
“plate”. We also observed that electrodes printed with larger
nozzle diameters showed smaller ESR values. Again, this is ex-
pected, since increasing the length and the thickness of the
electrodes increases the available surface. Hence, lower values

10234 | J Mater. Chem. A, 2024, 12, 10229-10241
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of ESR are obtained for longer and thicker electrodes. All the
ESR values obtained for the MSCs are less than ~90 Q.

We further studied the dependence of the kinetics of charge
storage of the MSCs on their dimensions. As shown in Fig. 5B,
we compared the charge storage kinetics of the MSCs with
3.75 mm long electrodes printed with the smallest (i.e., 250
pm) and largest (i.e., 840 pm) nozzles (the details of the
calculations in ESIT). The inks that are extrusion 3D printed
experience substantial shear stresses at the wall of the printing
nozzles and these shear stresses are increased by decreasing
the nozzle dimeter.>* Therefore, the shear stress at the wall of
the nozzle of 250 um diameter was the highest, and in case of
printing the electrodes with the printing nozzle of diameter
840 um, the shear stress at the wall of the nozzle was the
lowest. It has been shown that the shear stress at the wall of
the printing nozzle causes the graphitic sheets to align along
the printing direction.>*** Thus, due to higher shear stresses at
the walls of the nozzles with smaller diameters, the graphitic
sheets align more strongly along the printing direction
resulting in lower surface roughness/porosity at the outmost
surface of the printed electrodes.>® For the same reason, lower
shear stresses are experienced by the graphitic sheets during
printing with larger nozzles, hence, these printed electrodes
could possess higher surface roughness/porosity at their
outmost surface as the graphitic sheets experience less align-
ment. The kinetic study of the charge storage also demon-
strates the increase in the diffusion-controlled charge storage
(i.e., slow kinetic charge storage mechanism) in thicker elec-
trodes possibly due to more available diffusion pathways,
which might be due to higher surface roughness/porosity at
the outmost surface of these electrodes. This observation
further emphasizes that even with the same chemistry of
electrodes, the printing conditions (such as nozzle diameter)
can significantly affect the charging kinetics of the resultant
3D printed MSCs.

Fig. 5C exhibits the cyclic life of the MSC comprising
3.75 mm long electrodes printed with the 840 pm nozzle ach-
ieved by GCD measurements. A remarkable cyclic life—94.98%
capacitance retention after 17 000 cycles at a current of 600 nA
was realized. Each cycle took almost 50 seconds and in total the
cyclic life test was going nonstop for ~230 hours. Fig. 5D shows
the GCD diagrams of the 1st and the 17000th cycles and shown
that there is not a significant change in the shape of the
diagrams. The increase in the capacitance after ~13 000 cycles
of charge/charge at this current (600 pA) may be attributed to
surface activation of the electrode coupled with the diffusion of
ionic species of the electrolyte in the pores of the electrode
materials®” and/or to introduction of new surfaces by (partial)
exfoliation of graphitic sheets as a result of shrinkage/
expansion of the electrode materials through the charge/
discharge process.*®

We continued with performing CV and GCD measurements
at different scan rates and currents, respectively, on the MSCs
possessing 3.75 mm long electrodes printed with 250 um and
840 pum nozzles (Fig. 6A-D). As shown in Fig. 6A and B, the CV
curves were collected at scan rates ranging from 2 mV cm > to
250 mV cm™ 2. Unlike the MSC printed with the 840 um nozzle,

This journal is © The Royal Society of Chemistry 2024
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the smallest (i.e., 250 um) and the largest (i.e., 840 um) nozzles, (C) cyclic life of the MSC possessing 3.75 mm long electrodes printed with a 840
um nozzle, and (D) GCD plots of the same MSC showing the 1st and the 17000th charge/discharge cycles.

the MSC printed with the 250 pm nozzle showed a better scan
rate ability—the CV curves continued to get larger by increasing
the scan rate. It can be inferred from this result that the MSC
printed with the 250 pm nozzle could facilitate faster charge
storage. This observation is also in agreement with the results of
the kinetic study of charge storage where the MSC printed with
the larger nozzle diameters showed more pronounced slow
kinetic charge storage. We note that the CV and GCD curves
show strong EDLC-like behavior, which is expected, since the
ceria loading is only 5% and the observation of redox charac-
teristics in the hybrid electrodes is therefore not dominant.
Similar behavior has been observed in other similar
systems.?®3%59

Fig. 6C and D exhibit GCD curves at different currents
ranging from 50 pA to 500 pA. For both MSCs, by increasing the
current, the duration of the full charge-discharge cycle was
decreased. The GCD curves of the MSC printed with the 840 pm
nozzle show longer durations at each given current. In agree-
ment with the CV curves, this observation is also an indication
that the capacitance values of the MSC printed with the 840 um
nozzle is larger than those of the MSC printed with the 250 pm
nozzle. The areal and volumetric capacitance of these MSCs,

This journal is © The Royal Society of Chemistry 2024

which were calculated by using their CV curves, are depicted in
Fig. 6E and F. While the areal and volumetric capacitances (scan
rates of 2 mV s~ to 250 mV s ') of the MSC printed with the 840
um nozzle ranged between 731.7-25.7 mF cm ™2, and 8.7-0.31 F
ecm?, respectively, the MSC printed with the 250 um nozzle
showed areal and volumetric capacitances of 194.68-40.94 mF
cm 2, and 7.79-1.64 F cm ™, respectively.

We next compared the energy density and power density
values of these MSCs with some of examples of printed MSCs
from the literature as shown by the Ragone plot in Fig. 7. We
used CV curves at different scan rates to calculate these
performance metrics (details of calculations in ESIt). These
examples include MSCs with electrodes of graphene-vanadium
quantum dots/reduced graphene oxide (G-VNQDs/rGO),** Ag-
polypyrrole,*® MXene,*** and graphene oxide/Ag NPs/CNT/
MoS,.%* Our MSCs with electrodes of 3.75 mm of length which
were printed with an 840 um nozzle (MSC ID: L2) or a 250 um
nozzle (MSC ID: XS2) (more details on the MSCs IDs in ESIf)
both showed a combination of high energy and power densi-
ties. The MSC printed with an 840 pm nozzle generally showed
higher energy density values with a maximum energy density
of 36.59 uW h cm ™2, however, it showed a sharp decrease in its
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Fig. 6 CV curves of the MSCs with an electrode length of 3.75 mm and printed with a nozzle diameter of (A) 250 um, and (B) 840 um, and GCD
curves with an electrode length of 3.75 mm and printed with a nozzle diameter of (C) 250 um, and (D) 840 um, and areal and volumetric
capacitance values of the MSCS (as a function of scan rates used in CV measurements) with an electrode length of 3.75 mm and printed with

a nozzle diameter of (E) 250 um, and (F) 840 pm.

energy density at higher scan rates (points that are more on the
right side of the plot for each reference correspond to higher
scan rates). On the other hand, the MSC printed with the 250
pum nozzle showed higher power density values at higher scan
rates, with a maximum value of 3070.77 mW cm™ 2. Maximum
volumetric energy and power densities of the MSC printed
with the 250 pum nozzle are 0.389 mW h cm™?, 122.8 W cm >,
and for the MSC printed with the 840 pm nozzle are 0.436
mW h cm™?, and 31.78 W cm®, respectively.

Such high levels of energy and power densities attest to the
remarkable combination of performance of our MSCs
compared to examples of MSCs from the literature.

10236 | J Mater. Chem. A, 2024, 12, 10229-10241

We also compared the areal energy and power densities of
our microsupercapacitors with results from the literature. The
set of comparison encompasses microsupercapacitors with
electrode thicknesses ranging from nm-scale up to pm-scale. It
should be noted that when a comparison of the performance of
microsupercapacitors are made, their geometrical features (e.g.,
electrode thickness) should be mentioned. While the thickness
of the electrodes in our microsupercapacitors range between
250 um and 840 pm, the thickness of the electrodes in the
selected examples form the literature are as follows: 412 pm,*
3.97 pm,® 1.4-18 pm,* 530 =+ 120 nm,** and 500-2000 pm.%

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Ragone plot exhibiting areal energy and power densities of our
MSCs possessing an electrode length of 3.75 and printed with nozzle
diameters of 250 um and 840 um in comparison with some of the
selected examples of printed MSCs from literature.

Conclusions

In summary, we systematically studied the effects of dimen-
sional scaling on the performance of all-additively fabricated
encapsulated hybrid MSCs. We observed that capacitance scales
with dimensions, as expected. Moreover, we achieved
a remarkable combination of performance levels included
a realized areal capacitance of ~731.7 mF cm ™2, energy density
of ~36.59 uW h ecm™?, power density of ~2669.8 mW cm 2,
~95% capacitance retention after 17 000 cycles, and maximum
volumetric capacitance, volumetric energy density, and volu-
metric power density of 8.7 F cm >, 0.436 mW h cm*, and
31.78 W ecm 3, respectively. Our results show that appropriately
designed microsupercapacitors can deliver high performance
even when scaled to mm?® volumes, and emphasize the impor-
tance of dimensional scaling of printed MSCs in addition to the
selection and optimization of components' chemistries to tune
their capacitive performance.

Experimental section
Chemicals

Edge-oxidized graphite oxide (EOGO) was purchased from
Garmor Inc. and cerium nitrate hexahydrate (99% trace metals
basis), sodium hydroxide (anhydrous, reagent grade, =98%),
lithium chloride (ACS reagent, =99%), poly(ethylene glycol)
diacrylate (average M,, 700) were purchased from Sigma-Aldrich.
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (99%)
was purchased from Apollo scientific. All chemicals were used
as received without further modifications. We purchased
a commercial silver paste (DELO-DUALBOND IC343) from
DELO and used it for the fabrication of the current collectors.
We used a commercial UV-curable encapsulant (DELO Dual-
bond AD 761) for encapsulation of the MSCs.

This journal is © The Royal Society of Chemistry 2024
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Synthesis of edge-oxidized graphite oxide (EOGO)/ceria
nanocomposite and electrode ink preparation

We synthesized the edge-oxidized graphite oxide (EOGO)/ceria
nanocomposites by a facile sonochemical method described in
our previous work.** For the synthesis of the EOGO/ceria nano-
composite (~5 wt% ceria-95 wt% EOGO, determined by TGA
measurements), we dispersed EOGO (2.5 g) in deionized water
(50 ml). We sonicated this suspension in a sonication bath for
15 min (mixture I). After this step and while sonication was
continued, an aqueous solution of cerium nitrate hexahydrate
(25 ml of 0.0625 M) was added (in increments of 500 pl) to the
EOGO suspension within 15 min (to make mixture II). Then, we
continued the sonication for another 15 min while adding an
aqueous solution of sodium hydroxide (25 ml of 0.0625 M) to this
mixture (increments of 250 pl) (to make mixture III). Afterwards,
we continued the sonication of the mixture III for 2 hours (to
make mixture IV). At the end of the sonication procedure, the
mixture IV was poured into 50 ml centrifuge tubes for centrifu-
gation at 10 000 rpm for 15 minutes at 4 °C. The centrifugation of
the mixture IV was repeated three more times under the same
conditions, with intermediate disposal of the supernatant and
redispersion of the solid between centrifugation steps, until the
pH of the supernatant went above ~6. At the end of the last
centrifugation step, we collected the pastes at the bottom of the
centrifuge tubes and transferred them to 3 ml barrels without
further modifications for 3D printing the electrodes.

Preparation of the UV-curable electrolytes

10 ml solutions of poly(ethylene glycol) diacrylate (PEGDA) with
a concentration of 0.2 g ml~" were prepared. Then, 10 ml solu-
tions of LiCl at concentration of (4 M) was prepared. The LiCl
solution was added at once to the PEGDA solution and stirring
was continued for 30 min at 50 °C (mixture I). Then, 5 ml solu-
tions of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
(0.8 wt% by weight of PEGDA) was prepared and this solution was
added to mixture I to make the UV-curable electrolyte to a total
volume of 25 ml.

3D printing of the MSCs

We printed the MSCs by a combination of extrusion-based 3D
printing and fused deposition modeling (FDM) printing on
a multi-head 3D printer (BioX6-Cellink) equipped with six
different heads as described in our previous work.** We started
3D printing of the MSCs first by printing the current collectors
on a wet-oxidized silicon wafer using one of the pneumatically
pressurized heads on the 3D printer. We used a commercial
silver paste (DELO-DUALBOND IC343) for printing the current
collectors. The current collectors were printed at room
temperature using a nozzle with an inner diameter of 100 um
(6.35 mm nozzle length). The printing pressure and printing
speed were 5.4 bar and 2 mm s, respectively. After the printing
of the current collectors, the printed patterns were heat treated
at 450 °C for 10 in air in a mulffle furnace (Thermo SCIENTIFIC
F6020C-33-80) (this heat treatment temperature and duration
was selected as it resulted in the lowest sheet resistance of the
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printed current collectors - see Fig. S17 in the ESI}). Next, we
FDM printed the package walls using polycaprolactone (PCL)
surrounding the fingers of the current collectors. The nozzle
inner diameter, nozzle temperature, printing pressure and
printing speed were set to 410 pm, 140 °C, 5.7 bar, and 1 mm
s, respectively. Next, we deposited the electrode aqueous ink
(edge-oxidized graphite oxide (EOGO)/ceria NPs nano-
composites (~95 wt%-~5 wt%) + water) on the fingers of the
current collectors through extrusion-based 3D printing at room
temperature. We used nozzles with an inner diameters of 250
pm, 330 pm, 510 pm, 840 um (all with a 6.35 mm nozzle length),
and we set the printing pressure and speed to 1.5-3 bar, and
3 mm s~ ', respectively. Then, we deposited a UV-curable elec-
trolyte (poly(ethylene glycol) diacrylate (PEGDA) + LiCl + lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) + water)
through a nozzle with inner diameter of 1 mm in the interior
space inside the package walls to immerse the electrodes.
Subsequently, we UV cured the electrolyte for 20 s using a UV
curing head on the 3D printer (UV wavelength of 365 nm) from
a 1.5 cm distance to cross-link and mechanically stabilize the
structure. Afterwards, we deposited a UV-curable encapsulant
(DELO Dualbond AD 761-a modified epoxy resin) on top of the
cured electrolyte and around the exteriors of the package walls
using a nozzle with an inner diameter of 1 mm. We then UV
cured the encapsulant for 60 s using another UV curing head on
the 3D printer (UV wavelength of 405 nm) from a 3 cm distance
to fabricate the fully integrated MSCs.

Characterization

Thermogravimetric analysis (TGA) and dynamic scanning calo-
rimetry (DSC) measurements were performed using a LINSEIS
STA 1600 in air with a heating rate of 10 °C min™" from room
temperature up to 750 °C. As the EOGO electrode without ceria
showed a residue of around 4 wt% at the end of the TGA
measurement, we assumed this amount of EOGO to be present in
the ceria-containing electrode material (we estimated the loading
of the ceria NPs in the electrode by subtracting this residual
weight (~4 wt%) from the total residue of the ceria containing
electrode). Electrical resistivity of the silver current collector
material (i.e., silver paste) was measured using a four-point probe
(LUCAS LABS 302) with a KEITHLEY 2601 SYSTEM Source Meter
on squares patterns of 8 mm x 8 mm that were extrusion 3D
printed on the wet-oxidized silicon wafer substrates and were
heat treated at different temperatures and for different durations.
We performed TEM imaging and energy dispersive X-ray spec-
troscopy (EDX) using an analytical TEM instrument (FEI Tecnai
Osiris). We used Lacey/Carbon TEM grids (200 Mesh, Cu, LC200-
Cu-25-Electron Microscopy Sciences) as the substrates for the
observations. The acceleration voltage was set to 200 kV and the
vacuum level in the column was 8.8e-008 Torr (1.18e-005 Pascal).
We performed the rheological measurements on a rotational
rheometer (DHR2-TA Instruments) using aluminum disposable
parallel plates of diameter of 25 mm at a gap size of 1000 pm. For
the oscillation measurements, we set the frequency to 10 rad s,
and we altered the oscillation stress from 0.01 to 6000 Pa.
Moreover, for the viscosity measurements, the shear rate ranged
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from 0.01 s~ * to 100 s~ *. For XRD measurements, the electrode
sample (dried powder) and EOGO powder were deposited and
spread over a single crystalline silicon substrate. The diffraction
patterns were collected within a 2¢ range of 5° to 80° at a scan-
ning step size of 0.1° s~. XPS measurements were performed on
the dried electrode ink on an Axis Supra (Kratos Analytical)
machine using the monochromated Ko X-ray line of an
aluminium anode. We set the pass energy of the XPS measure-
ments to 40 eV with a step size of 0.15 eV. The samples were
insulated from the sample holder and an electron flood gun was
used to limit charging effects. Cerium peaks were fitted using
CasaXPS according to E. Paparazzo.** We also performed
nitrogen gas adsorption/desorption measurement on the elec-
trode active material using a surface area analyzer (Anton-paar,
autosorb iQ-adsorption analyzer) applying the Brunauer-
Emmett-Teller (BET) method. The sample was first degassed
under vacuum for 4 hours at a temperature of 200 °C. Then,
nitrogen gas adsorption/desorption measurements were per-
formed to find the values of specific surface area of the electrode
materials using the BET method. It is worth mentioning that
prior to running TGA, XRD, XPS, and nitrogen gas adsorption/
desorption measurements, we dried the electrode ink and
EOGO powder at room temperature under ambient conditions
for 2 days and then obtained these samples in powder form to
use them for the measurements.

We performed the electrochemical performance of the fully
3D printed MSCs (Cyclic Voltammetry (CV), Galavanostatic
Charge/Discharge (GCD), and Electrochemical Impedance
Spectroscopy (EIS) measurements) in a two-electrode setup
using an electrochemical working station (Autolab PGSTAT 302,
Metrohm) equipped with an impedance module (FRA32M) at
room temperature. The CV measurements were performed at
varying scan rates (2 to 250 mV s ') in the (0 V to +0.6 V)
potential window. We collected the GCD curves were collected
at different currents ranging from (50 pA to 500 pA). The EIS
measurements were carried out at a frequency range from 100
mHz to 100 kHz at an amplitude of 0.01 V. We used the software
Nova 2.1 (Metrohm) to fit the EIS data and extract the Randles
equivalent circuit values.
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