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ABSTRACT: Structural electrochemical cells combine load-bearing
and energy storage functions to meet growing energy demands in
portable systems. However, these integrated composites are difficult
to disassemble at the end of life. To attain sustainability, this work
engineers vitrimers to create a solid-state electrolyte that delivers
mechanical strength, high ionic conductivity, and recyclability for
structural energy storage devices. The structural zinc ion supercapaci-
tors achieve a high flexural modulus of 13.9 GPa and a specific energy

of 3.57 Wh kg™ at a power density of 18 W kg™". Integrated into a glider’s wings, the multifunctional device powers the onboard motor
to extend the flight distance. The composite structure is recyclable through a room-temperature reaction, enabling recovery and reuse
of the carbon-fiber cathode. The reclaimed materials are remade into new cells to further extend material lifetime, sustaining over
172,000 redox cycles and demonstrating a promising route towards circular, durable energy storage structures.

Metal ion supercapacitors are electrochemical energy stor-
age systems that store charge through redox reactions at
the metal anode and electrostatic ion adsorption at the cathode.
Through these surface mechanisms, they show fast kinetics to
deliver high power density. However, their low energy density
is a constraint limiting their application space. One way to
improve energy density is to use a multifunctional energy stor-
age structure, which combines energy storage and load-bearing
functions into a single device.'”® By leveraging structural vol-
ume to increase energy storage capacity, these devices reduce
overall mass and weight and extend the operational time of por-
table electronics and electric vehicles.

However, such an integrated design poses additional chal-
lenges to address competing requirements between electro-
chemical and mechanical properties. The electrodes and
electrolytes need structural reinforcement. One crucial link for
simultaneously improving structural and electrochemical func-
tions lies in the design of the solid-state electrolyte (SSE), to
connect electrodes with high ionic conductivity and concur-
rently form a composite with high mechanical strength. Most
prior works demonstrate mixing thermoset resins with electro-
Iyte salts, but they were limited by poor ionic conductivity
due to slow diffusion in the resin, and the salts disrupted
cross-linking and degraded mechanical moduli. '~ To address
this challenge with structural SSE, this work explores using
dynamic covalent adaptive networks of vitrimers®*~'? to enable
high-performance, recyclable structural supercapacitors.

Vitrimers have been gaining traction as reprocessable alternatives
to permanent thermoset binders, on par in mechanical strength but
with reversible cross-links through heat-activated dynamic bond
exchange.'"'> While previous reports demonstrated vitrimers as

© XXXX American Chemical Society

A4 ACS Publications A

the enabling component in recyclable composites for mechani-
cal structures,"? electronic printed circuit boards,'* and lithium
batteries,'® those studies mostly isolated mechanical and electro-
chemical functions into separate domains, for instance, either
as reformable mechanical supports'®™'® or a repairable solid-
state electrolyte in electrochemical energy storage.'”*° This
work combines mechanical and electrochemical functions and
uses vitrimers as thin, porous interfacial coatings that bind
mechanically strong components to achieve composite strength.
The electrochemical and mechanical properties of the vitrimer-
modified electrolyte layers and full cells are compared with those
fabricated with conventional epoxy and shown to offer superior
performance. The architecture of fiber films coated with thin,
porous vitrimer binder overcomes the trade-off in prior works
between ionic transport and structural strength, by allowing
porosity for high ionic conductivity while providing strong
fiber-reinforced mechanical support.

The structural energy storage devices developed in this work
are zinc ion supercapacitors, with zinc chemistry selected
because of its environmental stability, safety, and high volumet-
ric capacity compared to lithium.*' 7>* A zinc metal anode is
paired with an activated-carbon cathode, a hybrid combination
of redox and capacitive mechanisms ***° to enhance energy

Received: April 23, 2026
Revised:  July 8, 2026
Accepted: July 14, 2026

https://doi.org/10.1021/acsenergylett.6c01274
ACS Energy Lett. XXXX, XXX, XXX-XXX

920z ¥snbny || uo Jasn 0931A NVS VINHOLITVYO 40 AINN Aq jpd-dy2210-9202-2u/SE91899/7 221009 WalABIauasoe/L.z0 L 0 1/1op/pd-aonte/dodjae/bio soe sqnd woyy papeojumog


https://doi.org/10.1021/acsenergylett.6c01274
https://pubs.acs.org/doi/10.1021/acsenergylett.6c01274?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.6c01274?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.6c01274?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.6c01274?goto=supporting-info&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.6c01274

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

density while maintaining long cycle life, which is essential as
these devices are integrated as mechanical supports that are
not frequently replaced. High-strength laminates with durable
energy storage are attractive to aviation and maritime industries
where structural composites are already prevalent.*'** As a
proof-of-concept demonstration, this work integrates multiple
structural supercapacitors, scaled up to a total area of
42.85 cm?, into the wings of a model plane to power the propel-
ler motor and extend the flight distance.

Furthermore, with the global problem of sustainability and
electronic waste, it is important to consider materials reuse
and recyclability. The devices should allow for reversible
debonding at the end of life,"***™ to facilitate cost-effective
separation and recovery of high-valued components, including
critical elements and carbon fibers (CF). New CF fabrication
requires 195—595 MJ kg™ of energy, whereas CF recovery
through conventional milling or high-temperature chemical
treatments reduces the energy use to 38 MJ kg™', but the recov-
ered CF may be weaker due to processing damage or contami-
nation.”> This work reports the mild, room-temperature
recovery afforded by vitrimers, further lowering energy costs
while maintaining performance. The structural supercapacitors
are disassembled by simple chemical solvolysis that uncross-
links the disulfide vitrimer network at room-temperature
quickly within 30 min of submersion. High-value carbon-fiber
(CF) substrates used in the cathodes are recycled two times
to evaluate the feasibility of recovery and reuse. Although some
material loss occurs in the recycling process, the mechanical
strength of the recovered CF is preserved, as evident by tensile
stress characterization. The recycled structural supercapacitors
retain competitive specific power, energy, and cycling stability,
underscoring the potential of these sustainable devices for min-
imizing electronic waste while addressing the energy storage
demands of our increasingly electrified world.

Properties of Vitrimer Structural Electrolytes

The function of electrolytes is to facilitate efficient ionic con-
duction for charge balance while keeping electrodes electrically
insulated to prevent an internal short circuit. To ensure good
electrical separation, electrochemical cells often have a separator

film placed between electrodes. With solid-state electrolytes, the
solid films may combine physical separation and ionic transport
functions. In our work here, we fabricated solid-state electro-
lytes from commercially available separator films modified with
various binder coatings and evaluated their ionic conductivity
and mechanical characteristics. This approach allows easy
tuning of coating properties while maintaining film integrity
for process handling and heat lamination to bond all cell layers
together for structural strength. The modified separator films
were infused with 7.5 M ZnCl, aqueous solution, thereby incor-
porating high salt concentration to complete the structural
solid-state electrolyte. This water-in-salt composition was cho-
sen for its wide potential window, high-power compatibility,
broad temperature range, and nonflammability,***” a safer and
more environmentally friendly alternative to organic solvents.
As shown in Figure 1, the coating materials for the structural
electrolyte were bisphenol A diglycidyl ether (DGEBA) resin®®
and 2-aminophenyl disulfide (2-AFD) cross-linker**~*! to form
the vitrimer. If the formulation included water-soluble polyeth-
ylene glycol (PEG),** after cross-linker curing, the PEG was
dissolved away in deionized water to leave behind a porous
vitrimer. The coating materials were mixed together at 90 °C
and dropcast onto commercial polypropylene separator films
consisting of hydrophilic woven fiber networks and cured at
150 °C for 4 h. The separator serves as a structural frame for
the vitrimer and a physical spacer to consistently control the
thickness and uniformity and to prevent collapse of the porous
film. The materials and processing procedures are provided in
detail in the Methods Section in the Supporting Information.
The chemical structures of the DGEBA, 2-AFD, PEG, polypro-
pylene, vitrimer, and porous vitrimer were characterized by
Fourier transform infrared spectroscopy (FTIR) in Figure S1.
In the differential scanning calorimetry (DSC) analysis in
Figure S2a, the glass transition, T,, of both vitrimers was
125 °C. The peaks are enthalpy relaxation peaks indicating
structural relaxation of a glassy material, previously reported
in DGEBA-based vitrimers near the glass transition tempera-
ture.** Figure S2b shows the thermogravimetric analysis
(TGA) of the polypropylene separator, vitrimer, and porous
vitrimer films. The separator degrades at 440 °C, the vitrimer
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Figure 1. Schematics of recyclable structural supercapacitors. The porous vitrimer composed of DGEBA, 2-AFD, and PEG contains reformable disul-
fide bonds, which bind the electrodes and separator layers together to form structural zinc ion supercapacitors. The cross-linking is reversible by
chemical solvolysis at room temperature to recover and reuse electrode materials such as carbon fibers.
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degrades at 230 °C, and the porous vitrimer at 227 °C. All sam-
ple dimensions are specified in Table S1.

The ionic conductivity of structural electrolytes was tuned by
applying vitrimer mixtures at different loadings onto the separa-
tor substrates, and the amount of pore-forming agent PEG in
the vitrimer was also varied, as shown in Figure 2a. With a
7.5 M ZnCl, electrolyte, the ionic conductivity of these electro-
Iyte films was calculated from the equivalent series resistance
measured in electrochemical impedance spectroscopy (EIS).
The samples with the highest ionic conductivity were made from
loading at 4 mg cm ™2, with a PEG content of 33% and 50% by
weight in the vitrimer mixture, yielding 4.55 + 0.4 and 4.08 +
0.4 mS cm™’, respectively. These conductivity values exceed
those of previously reported structural electrolytes****” by at
least 10-fold, owing to PEG dissolution that restored separator
porosity and created free volume in the vitrimer binder to
enhance ionic percolation beyond what was achievable with poly-
mer additives or ionic-liquid phase separation methods.>**

Minimizing vitrimer loading on separator substrates while
maintaining a uniform coating was essential for maximizing
ionic conductivity. Here, our minimum loading was at 4 mg
cm™>. A broad processing window was observed for PEG con-
tents, in that between 33 and 50% PEG, high ionic conductivity
was consistently achieved, allowing wide tolerance to ensure
repeatability. For processing, the 50% PEG formulation was less
viscous and easier to control deposition than the 30% mixture.
Increasing PEG content beyond 50% introduced excessive
voids, resulting in weak vitrimer structures that partially col-
lapsed after PEG dissolution. For formulations with
>60% PEG, the vitrimer matrix never properly cross-linked.
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Figure 2. Characterization of structural electrolyte films. Films had
been infused with 7.5 M ZnCl, aqueous solution to incorporate salts
for ionic transport. (a) Ionic conductivity as a function of vitrimer com-
position and material loading onto the separator substrate. The weight
ratio of DGEBA:2-AFD blend was held constant at 2:3 in this dataset,
while the same blend was adjusted with PEG by weight percentage.
(b) Electrochemical impedance of a polypropylene separator as pur-
chased (dark blue), following vitrimer coating before PEG dissolution
(medium blue), and after PEG removal (light blue). Scale bar: 100 pm.
(c) SEM images of the vitrimer-coated separator before (left) and after
(right) dissolving PEG. (d) BET analysis to estimate surface area by
the Rouquerol criteria and total pore volume obtained by Gurvich’s
rule, explained in the Experimental Methods section. (e) Flexural stress
versus deflection distance measured on separators coated with epoxy,
vitrimer, or porous vitrimer. (f) Tensile stress versus applied strain
on separators coated with epoxy, vitrimer, or porous vitrimer.

Overall, the vitrimer formulation used for all subsequent
experiments was DGEBA:2-AFD:PEG at a 2:3:5 ratio by weight
at 4 mg cm™2 loading after PEG dissolution, which contributed
an additional coating thickness of ~30 + 5 pm on the 130 pm
polypropylene separator. Figure 2b compares the EIS character-
istics of the separator substrate and vitrimer-coated separators
before and after PEG removal. In a 7.5 M ZnCl, electrolyte,
the separator on its own showed an ionic resistance of 1.7 =+
0.1 Q. The solid vitrimer coating increased the resistance
10-fold to 10.9 + 0.2 Q, but following PEG dissolution, the
porous vitrimer lowered the resistance to 4.0 + 0.2 . The
recovery of porosity was evident in the scanning electron
microscopy (SEM) image in Figure 2c and the cross-sectional
images in Figure S3, where the separator fibers were distinct
and separated by open volume. The film porosity was estimated
from Brunauer—Emmett—Teller (BET) analysis, as shown in
Figure 2d. Abrupt jumps in the data were attributed to multi-
layer surface adsorption.*® At standard measurement tempera-
ture of 77 K and pressure of 1 atm, the surface area of the
pristine separator was 55 + 6 m> g~', with a total pore volume
of 0.076 cc g~*. The vitrimer coating reduced the surface area to
18 + 2 m® g7, with a total pore volume of 0.024 cc g~
Dissolving the PEG in the vitrimer coating made it more
porous, as indicated by a surface area of 36 + 2 m* g”!, with
a total pore volume of 0.055 cc g™

The mechanical properties of the modified separators were
assessed through three-point flexural bend tests and uniaxial
tensile tests. One sample was coated with a conventional epoxy
cured using permanent aliphatic amine cross-linkers (chemical
structures of the cross-linking hardeners in Figure S4). This
epoxy has been used previously in high-performance structural
supercapacitors’ and serves as a benchmark for comparison with
the reversible disulfide vitrimer coatings. The flexural test
results in Figure 2e show that the vitrimer coatings withstood
greater flexural stress than the conventional epoxy. The maxi-
mum flexural strength reached 770 + 23 MPa for the nonpo-
rous vitrimer coating, 755 + 21 MPa for the porous vitrimer,
and 540 + 15 MPa for the conventional epoxy. The lower flex-
ural strength of conventional epoxy may be attributed to the
longer aliphatic chains in its cross-linkers relative to the com-
pact molecular structure of aminophenyl disulfide, forming a
more rigid vitrimer network.

Interestingly, the vitrimer coatings displayed similar flexural
strengths before and after PEG dissolution, with the porous
vitrimer showing only a slight decrease that remained within
one standard deviation of the nonporous sample. The laterally
continuous disulfide cross-linked network provided the primary
flexural support, rendering the microscale pores negligible to
flexural strength. In contrast, the tensile strength was impacted
by porosity. In Figure 2f, the maximum tensile stress was high-
est for the separator coated with nonporous vitrimer at 43 +
1 MPa, followed by the porous vitrimer at 22 + 1 MPa, and
the conventional epoxy at 11 + IMPa. Tensile strength was
reduced by half in the porous vitrimer compared to the nonpo-
rous film, consistent with the 50% PEG formulation, as PEG
removal left half of the volume open and a proportional
decrease in tensile load support. All samples broke apart at
~10% tensile strain, reflecting the failure strain of the polypro-
pylene separator substrate. While separator materials can be
changed easily, in the next step of integrating full structural
cells, carbon-fiber electrodes would be incorporated to provide
the primary tensile reinforcement, and the separator strength
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would be secondary. For the structural electrolyte, our approach
to coat porous vitrimers onto separator substrates afforded a
solid-state electrolyte that combined state-of-the-art ionic con-
ductivity, superior mechanical strength better than conventional
epoxy, and reversible covalent bonding capability, ready for
binding together the components in structural supercapacitors.

Performance of Structural Zn lon Supercapacitors

Rechargeable electrochemical cells using zinc metal anodes are
under intense development because of their advantages in low
cost, intrinsic safety, and high divalent capacity.>*"** This work
focused specifically on supercapacitors based on zinc anodes
and activated-carbon (AC) cathodes, which are better suited
to achieve long lifetimes required in structural energy storage
applications. In contrast to battery-type cathodes, AC is capaci-
tive and supports fast kinetics, enabling high current densities
for high-power charging/discharging,”””° which also mitigates
zinc dendritic growth and short circuits.”®™*

The electrode fabrication process is based on our prior
work®® but adapted for multifunctional structures as detailed
in Figure SS. For the cathode, AC was coated onto CF sub-
strates, which served as the current collector as well as mechan-
ical reinforcement in the structural composite. The AC on the
CF cathode was treated via a room-temperature Cl,-gas evolu-
tion process that increased AC porosity and thereby enhanced
capacitance as reported in ref 30. For the anode, Zn was electro-
plated onto copper foil current collectors with sputtered copper
nanoparticles to promote planar deposition in Zn (002) orien-
tation and mitigate Zn dendrite shorts.’>>' The capacity ratio
between the negative and positive electrodes (n/p) should ideally
be balanced to n/p = 1 for maximum utilization of all active
materials. However, in practice, current implementations for Zn
metal cells mostly use n/p ratios between 10 to 2.5 to extend
rechargeable cycle life.”' The excess Zn capacity compensated
for losses from nonuniform replating and disconnections.
Although an n/p ratio of >1 would reduce the overall cell-
specific capacity, this work chose an n/p ratio of S for all fabricated
devices to balance capacity and cycling stability, accommodating
for the decrease in Zn active area under structural bonding.

The three components—AC on CF (cathode, 230 pm
thick), porous vitrimer separator with 7.5 M ZnCl, (structural
electrolyte, 200 pm thick), and Zn on Cu foil (anode, 25 pm
thick)—were heat laminated together at 130 °C for 30 s, during
which disulfide bonds on the separator surface were reactivated
to cross-link with the electrodes, forming a strong laminate with
electrochemical storage capability across a 2 V potential win-
dow. In comparison with conventional epoxy bonding, the lam-
inate bonded via porous vitrimer was stiffer and supported a
50 g weight without bending, whereas the epoxy-bonded sam-
ple was significantly bent under a 20 g weight, as seen in
Figure 3a, also consistent with mechanical test results in
Figure 2e. Conventional epoxy requires all the components to
be cured all at once slowly (>12 h at 25 °C), and the epoxy
may reflow and block pores in AC. The rapid 30 s vitrimer lam-
ination preserved porosity in the separator membrane and
achieved robust mechanical strength in a thin ~450 + 20 pm
structure. Figure S6 shows that the porous vitrimer network is
preserved after heat laminating. A cross-sectional SEM view of
the structural supercapacitor in Figure 3b and Figure S7 shows
distinct layers after lamination.

To serve as a multifunctional structure simultaneously pro-
viding energy storage and mechanical support, the structural
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Figure 3. Characterization of structural supercapacitors. (a)
Photographs showing the deflection of full cells with different binders.
(b) Cross-sectional SEM image of the structural supercapacitor.
(c) Cydlic voltammetry measured at a scan rate of 20 mV s, as the
structural supercapacitor was subjected to increasing flexural deflection
from 0 to 4 mm. (d) Specific capacitance and flexural stress as a func-
tion of deflection distance. The specific current and capacitance were
calculated using the weight of active materials (AC & Zn =
4.56 mg). (e) A photograph and a circuit schematic of a model plane,
in which four structural supercapacitors connected in parallel were
integrated onto the top and bottom surfaces of the wing sections. (f)
Charge—discharge voltage profiles versus time, at a constant current
of 200 mA (equivalent to 4.67 mA cm™> and 0.204 A g~") for the inte-
grated supercapacitors on the model plane.

supercapacitor was characterized by cyclic voltammetry (CV)
under varying flexural deflection applied at the midpoint
of a 1 X 10 cm” sample area. As shown in Figure 3c, upon
bending the initially flat device to a 1 mm deflection, the
current—voltage curve increased, indicating improved electrical
contact between active layers under the bending pressure. The
corresponding specific capacitance in Figure 3d, calculated from
the CV using the total mass of active materials (AC and Zn),
rose from S5 F ¢! in the flat state to 126 F g~' under a
1 mm deflection. However, with further deflection between 2
and 4 mm, the carbon-fiber weave began to splinter, and the
capacitance gradually decreased to 104 F ¢~ at 4 mm deflec-
tion, when the device reached irreversible deformation at a max-
imum flexural stress of 112 + 4 MPa. The flexural modulus was
13.9 + 1.4 GPa. The tensile strength of the structural superca-
pacitor was reinforced by the CF to reach a maximum tensile
stress of 92 + 0.1 MPa and a tensile modulus of 7.32 + 1.40
GPa in Figure S8. The tensile stress-strain behavior of the struc-
tural supercapacitor reflected the combined response of the CF
and separator substrates, such that the CF conferred high ten-
sile strength until its break point at 2% strain, and then the
structure continued in tensile creep until 5% strain when the
vitrimer separator ruptured.

To demonstrate process scalability and motivated by the use
of carbon-fiber laminates in aerial structures such as planes and
drones, we fabricated a folded glider with wings incorporating
structural supercapacitors to provide mechanical support and
energy storage for the propeller motor, as shown in Figure 3e
and stepwise in Figure S9. The fabrication process began with
the deposition and lamination of supercapacitor materials onto
the wing regions, defining four devices connected in parallel
that summed to a total active area of 42.85 cm?, with a loading
of 904 mg AC and 78 mg Zn. The loading mass of AC is higher
than Zn, while the n/p ratio is still at 5, because of the much
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higher capacity of Zn compared to AC (see calculation in
eq S2). Conductive copper tape was applied to the CF substrate
to improve electrical conductivity across the sheet, and titanium
foil tabs were attached to the anode current collectors with
epoxy. The aqueous 7.5M ZnCl, electrolyte was dropcast onto
the CF and separator edges and driven by capillary wicking into
the laminate, which was then vacuum sealed between polyethyl-
ene terephthalate (PET) sheets. The rest of the CF sheet was
folded into a glider shape and fixed in place with commercial
epoxy. A toggle on/off switch and a motor circuit were soldered
to the Cu tape and Ti tab contacts under the plane.

With the four structural supercapacitors connected in paral-
lel, the full device capacitance was 8.09 F (equivalent to
0.188 F cm™” and 8.23 F g~ based on active materials (AC
and Zn weight) as measured in Figure 3f when it was cycled
between 2 V at a constant current of 200 mA (equivalent to
4.67 A cm™? and 0.204 A g '; all the specific weights used in
calculations are detailed in Supplemental Table S1). With the
large area and cells connected in parallel, the device equivalent
series resistance was only 1.4 € in Supplemental Figure S10.
Based on the active materials’ weight, the device-specific energy
was 2.79 Wh kg™ at a power output of 124 W kg™ . If including
the full structural weight, including the active materials, vitrimer
electrolyte, and current collector substrates, the specific energy
was 1.01 Wh kg™ at a power output of 44.9 W kg™ .

Discharging the structural supercapacitors allowed 2 min 16 s
of motor run time after 1.5 min of charging at 200 mA. If the
glider was thrown with the motor off, it traveled approximately
244 cm (8 feet) before landing on the ground (Figure S10 and
Movies S1 and S2). With the motor powered by the supercapa-
citors, the travel distance extended to 366 cm (12 feet) with a
longer glide assisted by the propeller lift. We note that in our
proof-of-concept implementation, the glider design was not
optimized in weight distribution with a heavy front end due
to CF folds and epoxy. However, the demonstration shows
the ability of structural supercapacitors to generate enough
power for the propeller to move the glider, in which the super-
capacitor was 2.716 g and only 8.7% of the total glider weight
(31.21 g), and hence moving 11.5 times its own weight.

Performance of Recycled Supercapacitors

Our structural supercapacitors are recyclable at room tempera-
ture by solvent debonding of the vitrimer binder. The vitrimer
binder was uncross-linked in a solution of tris(2-carboxylethyl)-
phosphine hydrochloride (TCEP-HCI), deionized water, and
acetone at a 2:3:5 weight ratio in ambient conditions. As a
reducing agent, TCEP-HCI cleaved the disulfide bonds
(=S—S-) and reduced them to thiols (—S—H) that uncross-
linked the polymer, as illustrated in Figure 4a and
Figure S11.1512 After 2 min of immersion, the electrodes were
detached from the vitrimer separator. After 30 min, the vitrimer
coating appeared to be mostly dissolved away from the sub-
strates, with the separator returning to its original white surface
before the modification by the yellow vitrimer coating.

Since the CF substrates were the costliest among the cell
components, they were the focus of our recovery and reuse
tests. The retrieved AC-CF cathode was cleaned in 1 M hydro-
chloric acid (HCI) for 1 min and reweighed. The cathode mass
decreased by 15% and 35% upon the first and second recycle,
respectively. The tensile stress-strain characteristics followed a
similar pattern, with maximum tensile stress decreasing by
19% and 36%, respectively, as seen in Figure S7. While the
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Figure 4. Recycling process and characterization. (a) Structural super-
capacitor placed in a TCEP-HCI solution to cleave disulfide bonds at
room temperature and separate cell materials for recovery.
(b) Electrochemical impedance of the structural supercapacitor in the
as-fabricated condition and after refabrication using recycled cathodes.
The same color legends apply to panels (b—f). (c) Cyclic voltammetry
measured at a scan rate of 10 mV s " after 40 charge—discharge cycles.
(d) Charge—discharge characteristics at a current density of 10 mA
cm ™2 at the 200th cycle (blue) and at the last cycle (gray: 12,600th;
brown: 28,500th; orange: 65,500th). (e) Specific capacity, normalized
by the AC and Zn active materials weight, versus charge—discharge
cycles over 2 V, at a current density of 10 mA cm ™2 Measurements
on the original device were halted following a short circuit, while those
on the recycled devices were stopped due to time constraints. (f)
Specific energy versus specific power of structural supercapacitors, nor-
malized to full device weight: (i) QxTh-rGO,’ (i) LiCoO,-CF,** (iii)
CAG-CFRP,* (iv) FCF/E-IL-70-CF,* and (v) CNT-MnO,-CF.*’

carbon fibers stayed intact and were not damaged by the solvent
recovery process, the entire cathode strength decreased propor-
tionally to the loss of the AC binder. At the interface between
AC and vitimer, there was competing adhesion for AC to either
stay with the polyvinylidene fluoride (PVDF) binder or to be
bonded with vitrimer. While the TCEP-HCI did not attack
PVDEF, some AC particles that were merged into the vitrimer
electrolyte were washed away during vitrimer dissolution.

The recovered AC-CF cathodes were reused two more times
to evaluate the performance of recycled cells. In the following
recycling feasibility tests, we reassembled the recycled cathodes
with new porous vitrimer electrolytes and freshly electroplated
Zn anodes to isolate performance changes due to the cathode
being the primary target material for recycling.

In Figure 4b, the original structural supercapacitor made
from all new materials showed an equivalent series resistance
(ESR) at 8.6 + 0.1 €, and the device ESR increased to 9.0 +
0.1 and 10 + 0.1 Q after the first and second round of cathode
recycling, respectively. Correspondingly, Figure 4c shows that
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the recycled devices have slightly lower specific current than the
original device. The sequential CV measurements in Figure S12
provide more data for explaining this observation. The AC-CF
cathode was measured as a free-standing electrode, followed by
another measurement after it was bonded by vitrimer as an inte-
grated part of the structural supercapacitor. With all new mate-
rials, the current difference between a free-standing and bonded
cathode was small. In contrast, after the first recovery, the recycled
cathode showed a current drop as a free-standing electrode, and
then the current dropped further when it was rebonded.

The first current drop was consistent with the measured
weight loss, where part of the AC coating was washed away dur-
ing vitrimer removal. The second current drop suggests that
some active sites in AC might be blocked by residual disulfide
cross-linkers that were not completely cleaned out from deep
pores in AC. During heat lamination and rebonding, the
cross-linker residue may recross-link and thus lower the surface
accessibility and cathode capacity. By the second recycling round,
the performance loss had stabilized to the level of the first recy-
cling round because the residual cross-linker effect was compara-
ble to that of the first recycling round. The recycled AC coating
was not subjected to additional Cl, gas activation, and introduc-
ing this step in future studies might restore blocked pores.
Alternatively, changing the AC binder from PVDF to vitrimer
may facilitate separate recovery and regeneration of the AC, inde-
pendent of the CF substrate recycling.

Calculated based on active materials weight, Figure 4d com-
pares the specific capacities between the original and recycled
structural supercapacitors operating in a 2 V potential window
and at a constant current density of 10 mA cm™* (equivalent
to 104, 164, and 22.7 A g”', respectively) in galvanostatic
charge—discharge (GCD) measurements. At the 200th GCD
cycle, the device showed a specific capacity of 41 mAh g™ or
74 F g_l for the original fabrication, 14 mAh g_1 or 25 F g_1
for the first recycle, and 12 mAh g~! or 22 F g~ for the second
recycle, indicating lower capacities in recycled devices at this
point. However, these initially measured capacities were
lower-bound values; with continued GCD cycling, the capaci-
ties gradually increased, reaching 28 mAh g~ or S0 F g™" at
28,500th GCD cycles for the once-recycled device, and
38 mAh g' or 68 F g™! at 65,500th GCD cycles for the
twice-recycled device.

Interestingly, as seen in Figure 4e, the device performance
recovered to the original level with extended GCD cycling.
Because the Coulombic efficiency remained consistently around
99.9% throughout all GCD cycles in Figure S13, the gradual
increase in the capacity was not attributed to side reactions or
charge—discharge imbalance. Instead, it is likely due to
improved accessibility of electrochemically active sites as elec-
trolyte salts gradually diffused around blocked AC pores and
into the electrodes, assisted by the applied electric field during
GCD cycling.

Figure 4e also showcased the long-term cycling stability of
the structural supercapacitors. The original device was able to
withstand 12,600 GCD cycles before short circuit failure. This
cycle life sums to an equivalent of 38 discharge hours. For the
recycled devices, they were not tested to the point of short cir-
cuit failure. Instead, the GCD cycling was stopped when the
measured capacity reached the level of the original device
(Figure S13). For the once-recycled sample, it took about
10,000 cycles to recover to a similar capacity as the original,
and GCD cycling was continued further to 28,500 cycles, which

in total was equivalent to approximately 35 discharge hours.
The twice-recycled sample approached the original capacity
by 56,500 GCD cycles, and its capacity peaked around
65,500 GCD cycles. The device was cycled further until
131,000 cycles, equivalent to 103 discharge hours, when capac-
itance decreased from Zn depletion. The initially low capacity
of the recycled cathode corresponded to shorter GCD cycle
durations, and that is the reason that the cumulative discharge
time was not directly proportional to cycle count alone but
dependent on both the evolving GCD duration and cycle count.
Figure S14 shows another device fabricated and recycled. The
same GCD behavior confirms the cathode reactivating after
bonding to the vitrimer. Figure S15 also shows the CV data
during stability cycling for another device; the fluctuating CV
confirms the bonded AC pores becoming more accessible.

From these GCD cycling results, the cumulative capacity was
calculated to be 2.1 Ah g~ for the original structural supercapa-
citor, 3.1 Ah g~ for the once-recycled device, and 14.4 Ah g™*
for the twice-recycled device, for a total of 19.6 Ah g~' across
the entire lifecycle (Figure S13). These values demonstrate that
recycled devices retained cumulative energy storage capacities
comparable to their original performance. In addition, the
device was cycling in a high-power region at 10 mA cm™?, in
contrast to prior works that cycled only at 2—S5 mA cm ™.
Within the class of zinc metal supercapacitors and batteries
shown in Figure S16, our devices provided high specific power
on par with cells using liquid****~% and hydrogel electro-
Iytes,*®*” while our solid-state electrolyte offered additional
mechanical strength and multifunctionality.

Figure 4f compares the specific power and energy of the
devices in this work with other structural supercapacitors as
detailed in Tables S2 and S3. Our calculations were based on
GCD measurements across a wide current density range of
1—20 mA cm™? (equivalent to 1.9-33 A g') in Figure S17,
normalized by the entire device weight, including active mate-
rials, electrolyte, and current collectors. For our devices, at an
output power of 18.03 W kg™, the maximum specific energy
was 3.57 Wh kg™, which exceeded prior reports. Meanwhile,
a high-power output of 174.40 W kg™' was achieved, with a
corresponding specific energy of 0.35 Wh kg™'. The high-
power delivery was enabled by our solid-state electrolytes
with high ionic conductivity. While ref 3 as denoted by curve
(i) reported a higher specific energy at high-power levels, this
work overtook and outperformed in specific energy for operat-
ing power below S0 W kg~'. Furthermore, all previously
reported structural supercapacitors were not recyclable. Here,
the recycled supercapacitors initially exhibited lower-bound per-
formance as indicated by the blue lines. However, with contin-
ued GCD cycling, their performance progressively improved
and ultimately matched that of devices made from new mate-
rials. The slow reactivation of blocked AC pores in recycled
cathodes may be accelerated by incorporating additional AC
treatment steps between recycles, or separating AC and CF
reuse in future studies.

This work has developed recyclable structural supercapaci-
tors that promote a circular lifecycle, demonstrating high-
performance multifunctional structures through reusing
AC-CF electrodes to reduce cost and waste. Central to this plat-
form is the porous vitrimer binder, which enables solid-state
electrolytes with a high ionic conductivity of 4.1 mS cm™,
allowing energy-dense, high-power delivery, along with a strong
flexural strength up to 755 MPa to simultaneously provide
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load-bearing support and energy storage. While this
study focuses on the environmentally stable Zn—AC system,
our vitrimer approach is versatile and compatible with other
electrochemical electrodes. The reversible disulfide networks
bond rapidly under heat lamination and react with specific
reducing agents to debond, offering a straightforward process
for recovering and recycling laminate components. As a result
of circumventing harsh processing, the AC-CF cathode was
remarkably durable, operating over 172,000 charge—discharge
cycles across its lifecycle from original fabrication through two
recycling rounds.

The fully integrated structural supercapacitors, with a maxi-
mum specific energy of 3.57 Wh kg™' at an output power of
18.03 W kg ™!, were used to power a glider propeller and extend
flight distance, showcasing scalability and feasibility to increase
energy storage in drones, wireless electronics, and other electric
applications where high-power output and lightweight strength
are critical. The demonstrated approach is compatible with
series and parallel integration to tailor the voltage window and
increase capacity, multilayer architectures for increased rigidity,
alternative electrochemical chemistries beyond Zn, and can
expand recyclability to other components, such as separators
and current collectors, in future studies. In summary, the design
and processing principles established in this work present a
promising pathway for recyclable structural energy storage that
addresses growing energy storage demands and advances sus-
tainability through improved recyclability.
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