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Governing Equations

We model the full-cell device with the following governing equations that solve for ®, and q)Zl:
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where Py is the electrical potential, P, is the ionic potential, and Q denotes the volume of the

modeled device. Additionally, @ is the specific surface area, 9 is the electrical conductivity, K is

the ionic conductivity, and Ca is the intrinsic specific capacitance of the electrochemically active

material. The experimental measurements of these parameters are used in the simulation. The

=0

anode current collector is grounded (CD1 on Fa) and we apply a linearly increasing voltage on

the cathode current collector (q>1 =t on I‘C) to imitate the charging phase of the cyclic

voltammetry (CV) experiment, where ¢ is the scan rate. The rest of the device boundary is

D, (xt=0)=0__ D, (xt=0)=0

electrically insulated. We set the initial condition as and with

te (O’Tf ], where Tf is the final simulation time. We assume a constant salt concentration due to

its 0.5% maximum change observed in preliminary simulations including concentration gradients.
For materials with larger specific capacitance and surface area, e.g. the holey graphene framework
benchmark material?, explicit modeling of the mass transport effects with the conservation equation
of salt concentration was introduced in our previous work?.

Optimization Setup



In our topology optimization problem, we consider a continuous volume fraction field P, namely
density, as the design variable that determines the material composition at each location, e.g.
p(x) =1 indicates electrolyte-filled porous electrode and p(x) = 0 indicates pure electrolyte, as
illustrated in Figure S6. We aim to maximize the capacitive energy storage subject to a minimum

energy efficiency constraint formulated as
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where Ein is the input energy, Ecap is the stored capacitive energy, and Eohm are ohmic losses due

=E,,+E

to Joule heating, with Ei ohm and

T
E,.= ffanbl -nd,dsdt,
0T,
' o(d, - P,)
1~ F2
Ecap = ffaCdT(cbl - (Dz)dvdt,
0 Q

T
0 Q

This objective function is equivalent to energy storage in the absence of parameter penalization to
be introduced in the next section.

The discrete adjoint problem is solved to compute the sensitivity of the Qol with respect to the
design variable P. The sensitivity is then utilized to guide the design update in each iteration. The
topology optimization framework and the full-cell simulation model are implemented with the
finite element library Firedrake* which leverages the discrete adjoint capability from pyadjoint>.
The design iterations use a Python implementation of the MMA algorithm®’.

Filtering and Thresholding



Topology optimization problems are often ill-posed, which commonly results in designs with
highly oscillatory material distributions that resemble a checkerboard. To prevent such
appearances, we apply the diffusion-reaction PDE filter introduced by Lazarov and Sigmund?® by
solving

-’V +p=p inQ
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where 7 is the filter radius. Solving this system imposes a minimum feature length scale on the
resulting filtered density field P.Asa result, high frequency oscillations in P are mollified in p.
However, as a setback, the filtered density field P contains large transitional regions with

intermediate material compositions, e.g. p(x) = 0.5, which is unphysical and unmanufacturable.
Therefore, we apply a differentiable Heaviside projection

tanh 2 + tanh (4(p - 0.5))
2tanh 2
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to promote binary designs. The different density fields are illustrated in Figure S7.
Parameter Penalization
The model parameters are affected by the local material composition. Namely, the effective

specific surface area, electric conductivity, and ionic conductivity are interpolated by

a=a;p’,

o=0,p"

K =Kq+ (1, - 1)PP,

where %1 and %1 are specific surface area and electric conductivity of the porous electrode material,

and %0 is the pure electrolyte conductivity. 1 is the ionic conductivity through the electrode



material influenced by its pore network tortuosity and is computed via the modified Bruggeman
correlation introduced by Madabattula and Kumar®

1.5
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where € is the porosity of the electrode material and fm=0. is a correction coefficient. Values

for 41, 91, ®o_ and € are obtained via experimental measurements. P and 94 are a user-defined
exponents that takes different sets of values in the forward simulation and Qol computation, to
penalize intermediate materials by making their performance unfavorable, thus promoting a binary
optimized design. We choose P = 1.5, ¢ = 1.0 in the forward simulation and » = 1.0, ¢ = 3.0 jp

the Qol computations. This different interpolation is illustrated in Figure S8.
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Figure S1. TGA curves of TMPTA polymer and GO in N,.
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Figure S2. Electric conductivity of RGO carbonized from different NMP:TMPTA ratios (from left

to right: 90/10, 70/30, 0/100) as the function of density and comparison with previous work.!0-17
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Figure S3. Compression strain-stress curves of 3D printed porous electrode samples with an

NMP:TMPTA ratios of 90/10.
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Figure S4. Adsorption branch of the N, sorption isotherm of the RGO derived from 4wt% GO in

NMP/TMPTA (90/10) resin.
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Figure S5. (A-C) Process of selectrive deposition. (D) SEM image and the elemental mapping of

Au and C of the porous gold coating on the porous carbon electrode.
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Figure S6. Two-dimensional design space of a full cell
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Figure S7. Comparison between original, filtered, and thresholded densities.
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Figure S8. Comparison between parameter interpolations of forward simulation and Qol

computations
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Figure S9. Rate capability of the electrodes with different structures at various scan rates.
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Figure S10. EIS of the structure optimized electrodes with and without gold coating.
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Figure S11. Nyqvist plots before and after the 7500 cycles of charge/discharge.
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