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Test of the electrophoretic cell. 

Figure S1 shows the the voltage profile of the Li//graphite cell during the first 

electrochemical cycle. All of the features of graphite lithiatiation are visible: the electrolyte 

decomposition at the active material surface that forms the solid-electrolyte interphase (SEI) starts at 

~0.8 V vs. Li/Li+, also the three plateaus corresponding to the coexistence of the various stages of 

lithiated graphite (stages 4 and 3 at ~180 mV; stages 3, 2L, and 2 at 100 mV; and stages 2 and 1 at 

65 mV)1 are clearly visible. The maximum amount of lithium at the end of the first charge is x = 

1.07 and the irreversible capacity at the end of the first cycle is 17.8%. We can estimate a volume 

fraction of the graphite particles (φgraph) in the total electrode volume using the following equation: 

𝐶 = 𝑐!!"#𝑉𝜑!"#$%𝐹,   (S1) 

where C is the electrode capacity (1.98 mAh, corresponding to a specific capacity of 372 Ah kg-1), 

𝑐!!"# is the maximum lithium concentration in the active material (23,204 mol m-3)2, V is the 

electrode volume (3.77×10-9 m3) and F is the Faraday constant. The value of φgraph calculated in this 

way is 0.85, i.e. 85% of the electrode volume is occupied by graphite particles. High loading of the 

active material leads to low porosity and serves as a trade off between battery energy and power, 

limiting Li transport throught the electrolyte. A significant polarization of the graphite with a sharp 

boundary between different stages of lithiation was reported previously for the commercially 

available electrode prepared with 15.4% porosity.3,4 

 
Figure S1. Voltage profile of the graphite electrode during the first electrochemical cycle: Li 
intercalation (cell charging) to a 30 mV potential, followed by a hold at 30 mV until the current 
decreased to 2 μA; Li deintercalation (cell discharging). 
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7Li in situ NMR. 

The scanning image-selected spectroscopy NMR technique5 was applied to acquire spatially 

resolved 7Li NMR spectra of the charged electrophoretic cell. A hyperbolic secant pulse with a 

500 µs pulse duration and 26 W power level was used (40 kHz bandwidth excitation) which, in 

combination with a magnetic field gradient of 1650 G/cm provided selective inversion of 

magnetization in a 150 µm slice. Spectra of the charged cell, as well as the spectrum of the bulk 

sample are demonstrated in Fig. S2 (only one out of seven slices containing free electrolyte is shown 

there as an example). 

 
Figure S2. Series of slice-selective 7Li NMR spectra collected for the charged cell with 150 µm 
spatial resolution (top five lines). The reference spectrum of the bulk sample is shown in the bottom.	
Only one out of seven slices containing free electrolyte is shown as an example. 

A representative example of the spectrum deconvolution is shown on Fig. S3 for the 7Li 

NMR spectrum of the bulk sample collected at the end of the first charge. The deconvolution was 

performed using the dmfit2015 software using Gaussian line shapes for all the signals and varying 

their position, width and intensity. 

All intercalated into graphite lithium contribute to the signal intensity of the image, however, 

relaxation rates of 7Li magnetization in dilute and in concentrated stages are different (1/T2d
* and 

1/T2c
*, respectively), therefore part of the lithium which is in the dilute stage (N pd) generates signal 

of 𝑘𝑁𝑝!𝑒
!
!!

!!,!
∗

, while the part in concentrated stage (N pc) generates 𝑘𝑁𝑝!𝑒
!
!!

!!,!∗ . Taking into 

account that those signals are independent from each other, one can directly sum them up to 

calculate overall image intensity (Eqn. 1). 
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Figure S3. Deconvolution the 7Li NMR spectrum collected at the end of the first charge. (a) The 
signal corresponding to the concentrated stages of the intercalated lithium is shown by the orange 
line, dilute stages – green, electrolyte in the separator – yellow, and free electrolyte – brown. (b) 
Comparison of the acquired spectrum (blue) and the sum of four lines shown in the top panel (blue). 
The difference of two spectra is shown by grey line. 

It was observed that 7Li NMR signal of the electrolyte inside the separator has changed 

during early stages of the experiment. The corresponding spectra, collected for the fresh cell and for 

the cell charged at 45 µA for 4 hours are shown in Fig. S4. One can see that at the beginning of the 

experiment the NMR signal, corresponding to an electrolyte soaked separator, coincided with the 

signal from the free electrolyte at -2.8 ppm. The shape of the peak is quite asymmetric due to the 

field distortion caused by the difference in magnetic susceptibility of Li-metal and graphite. 

However as the susceptibility of graphite electrode changes with its lithiation, the magnetic field 

between the electrodes varies. This results in an additional shift to 8.4 ppm of the electrolyte in the 

separator peak accompanied by an increase of its symmetry (T2
* becomes longer). An increase of 

T2
* also leads to a greater image intensity throughout the electrolyte volume. It has no effect on the 

free electrolyte signal, which remains at the same position. 
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Figure S4. 7Li NMR spectra collected at the beginning of the experiment (blue) and after 4 hours of 
charging at 45 µA (red). (a) The signal collected for the bulk sample representing the combination 
of the electrolyte in the separator and free electrolyte trapped in the cell parts signals. (b) Slice-
selective NMR spectra representing the interelectrode part of the cell. 

 

Model formulation and solution process. 

We describe the (de-)lithiation of the thick graphite anode using a porous electrode theory 

(PET) model. This style of model was first proposed in the seminal works of Newman and co-

workers.6 Since then the model equations have been derived systematically using the method of 

multiple scales,7,8 and used to make predictions which exhibit quantitative agreement with a wide 

variety of experimental measurements.9,10 

Equations describing the transport of Li in the electrolyte both in the separator and porous 

anode (0 < x < La + Ls, where La and Ls are the width of the anode and separator respectively); the 

transport of Li in the insertion material (0 < x < La and 0 < r < a, where a is the radius of a particle 

of graphite); the conduction of electrons through the binder (0 < x < La) (IV) the intercalcation 

reaction at the interfaces between the active particles and the electrolyte (0 < x < La); and the 

stripping/plating reaction at the Li-metal electrode are outlined below (x = La + Ls). They govern the 

molar concentration of lithium ions in the electrolyte and intercalated lithium in the graphite, c and 

cs respectively, the ionic and eletronic current densities, j and js respectively, and the potential in the 

eletrolyte and solid (binder and active material) phases, φ and φs respectively (S1-S5).6,8 

𝜖! 𝑥
!"
!"
= !

!"
𝐷 𝑐 ℬ 𝑥 !"

!"
+ !!!!(!)

!
𝑗 ,    (S1) 
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!"
!"
= 𝐹𝑏!" 𝑥 𝐺,           (S2) 

𝑗 = −ℬ(𝑥)𝜅(𝑐) !"
!"
− !!"

!
(!!!!(!))

!
!"
!"

,            (S3) 

!!!
!"
= −𝐹𝑏!" 𝑥 𝐺,               (S4) 

𝑗! = −𝜎!(𝑥)
!!!
!"

.            (S5) 

Here 𝜖! 𝑥  is the porosity of the electrode/separator; t is time; x is spatial distance through the 

electrode thickness; D(c) is the diffusivity of Li in the electrolyte; ℬ 𝑥  is the permeability factor of 

the electrode/separator; t+(c) is the transference number; F is Faraday's constant; bet(x) is the 

Brunauer-Emmett-Teller surface area of electrode particles; G is the Butler-Volmer reaction rate; 

κ(c) is the ionic conductivity; R is the universal gas constant; T is the absolute temperature, and; 

σs(x) is the effective conductivity of the solid matrix. These are coupled to diffusion equations that 

determine the concentration of lithium inside the electrode particles (which are assumed to 

spherically symmetric for simplicity) namely: 
!!!
!"
= !

!!
!
!"

𝐷!(𝑐!)𝑟!
!!!
!"

.    (S6) 

Here, r denotes radial position within the particle and Ds(cs) is the diffusivity of Li within the 

insertion material. These are to be solved subject to: 

−𝐷! 𝑐!
!!!
!"
⃒!!! = 0,  −𝐷! 𝑐!

!!!
!"
⃒!!! = 𝐺.  (S7) 

where a is the radius of the graphite particles. The reaction rate, G, is given by the Butler-Volmer 

(BV) relation 

𝐺 = 𝑘!𝑐!/!(𝑐!|!!!)!/!(𝑐!"# − 𝑐!|!!!)!/! 𝑒𝑥𝑝 − !"
!!"

− 𝑒𝑥𝑝 !"
!!"

,  (S8) 

where 𝜂 = 𝜑 − 𝜑! + 𝑈!"(𝑐!|!!!).    (S9) 

Here Ueq(cs) is termed the equilibrium over-potential (typically this is determined experimentally by 

discharging/charging a device at an extremely slow rate so that it can be assumed that the reaction 

rates are small and the potential difference between the particles and electrolyte is close to 

equilibrium); k0 is a reaction rate constant, and; cmax is the maximum attainable concentration in the 

insertion material, i.e., the molar concentration when fully lithiated. 

We are interested in solving these equations in a half-cell where a Li-metal counter electrode 

is used. We locate the edge of the anode current collector at x = 0, the edge of the porous anode 

(adjacent to the separator) to be at x = La and the edge of the Li-metal (adjacent to the other edge of 
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the separator) to be at x = La + Ls (so that La and Ls are the thickness of the anode and separator 

respectively). We impose the following boundary conditions: 

𝑗|!!!!!!! = − !(!)
!

,      𝜑!|!!!!!!! = 0,   (S10) 

!"
!"
⃒!!! = 0,  𝑗|!!! = 0,    (S11) 

𝑗!|!!! = − !
!
,  𝑗!|!!!!!!! = 0.   (S12) 

Here, I(t) is the known current at which the cell is (dis)charged and A is the cross-sectional area of 

the electrode. The first of these conditions, (S10a) specifies the ionic current density (to be equal to 

the total current divided by the area of the electrodes) at the interface between the Li-metal counter 

electrode and the electrolyte. The second condition, (S10b), specifies an (arbitrary) reference for the 

solid phase potential – this is taken to be zero for convenience and is done so without a loss of 

generality. A combination of the conditions (S11) asserts both the flux of lithium ions and the ionic 

current density are zero at the current collector whilst (S12a) specifies the electronic current density 

at the current collector to be equal to the current density supplied at the counter electrode. The final 

condition (S12b) ensure that no electronic current is transferred between the porous electrode and 

the separator. 

The process begins with the electrode at a specific state of charge, f, at which we assume that 

the concentration in both the electrolyte and active material is uniform. We therefore begin 

simulations with the initial conditions 

𝑐|!!! = 𝑐!,  𝑐!|!!! = 𝑓𝑐!"#.   (S13) 

The model outlined above was solved numerically using a bespoke code. The numerical 

scheme centres around: (I) finite difference approximations of spatial derivatives in x; (II) the 

control volume method proposed by Zeng et al.11 for treatment of the spatial dependence in r; (III) 

and, MATLABs ode15s routine for temporal integration. Finite differences are the method of choice 

for the derivatives in x primarily for their ease of implementation. Zeng’s control volume method is 

particularly apt to treat the solid diffusion part of the model because it exhibits perfect conservation 

of “mass” (intercalated lithium), and it also provides direct access to the concentration on the 

surface of the particles. This feature is valuable because it avoids the need for extrapolation to obtain 

the surface concentration (as would be the case for standard finite volume methods) which would 

inevitably introduce additional errors. After applying these treatments for the spatial dependencies 

the system of PDEs are reduced to system of differential-algebraic equations (DAEs) where the 
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remaining derivatives are temporal only. We select the MATLAB routine ode15s to integrate this 

system forward in time. This particular method is one of only a few integrators capable of automatic 

treatment of DAEs. In addition ode15s offers adaptive time-stepping making is suitable for 

treatment of stiff problems. Writing down the fully discretized counterpart of the model is beyond 

the scope of this paper but will be reported in a forthcoming study. 

Simulation parameter values and fitting. 

Model parameters/functions were fixed at the values/functional forms collated in Table S1 

with the exceptions of the reaction rate constant (BV reaction rate), k0, and the Brunauer-Emmett-

Teller surface area of the active material, bet. We note that these parameters are difficult to measure 

directly via experiment (at least for a fabricated porous electrode) and so fitting is the only practical 

approach to determine their values. 

In order to carry out this fitting the relatively high-fidelity simulation results had to be down-

sampled so that they could be compared to the experimental results in a like-for-like manner. This 

involved a multi-stage averaging process in which the model profiles for cs = cs(x; r; t) were first 

averaged (integrated) over particle radius, r, then over electrode location, x, and finally over time, t. 

The spatial and temporal intervals over which this averaging was carried out were taken to 

correspond with the experimental measurements, i.e., the entire radius of the particle, 50 µm slices 

in x and temporal windows of 2.5 hours. 

Fitting of the undetermined parameters, k0 and bet, was carried out “manually” in the sense 

that the values were adjusted, by-eye, until good agreement with the experimental data was 

observed. We note that whilst this approach is ad-hoc, a more sophisticated fitting approach would 

require the definition of a suitable objective function and the development of an algorithm to evolve 

towards the minimiser of this function in the parameter space. A least-squares measure of the 

difference between the down-sampled model results with those from the experimental measurements 

is the obvious choice, however, we note that given the prior knowledge that the formation of the SEI 

is occurring during the course of the experiment, and that the model is not equipped to capture this 

phenomena, not all data points should be given an equal “weighting” and this significantly 

complicates a more automatic fitting protocol. Importantly, we note that the determined value for 

the BV reaction rate constant is in agreement with values quoted in the literature.12-15 
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Figure S5. The functional dependencies of (a) the equilibrium potential, (b) the ionic diffusivity, (c) 
the ionic conductivity and (d) the solid-state diffusivity. 
Table S1. Parameters used in the model. 

Parameter Value Units Reference 
Exchange current density, k0 2×10-10 m5/2 mol-1/2 s-1 a 

BET surface area of graphite particles, bet 3×105 m2 g-1 a 
Effective solid conductivity, σs 10 S m-1 16 

Graphite particle radius, a 9×10-6 m b 
Anode thickness, La 300×10-6 m b 

Separator thickness, Ls 200×10-6 m b 
Lithiation limit of graphite, cmax 23204 mol m-3 2 

Cross-sectional area of electrode, A 1.25×10-5 m2 b 
Initial electrolyte concentration, c0 1000 mol m-3 b 

Absolute temperature, T 298 K b 
Faraday’s constant, F 96487 C mol-1 ̶ 

Universal gas constant, R 8.3144 J mol-1 K-1 ̶ 
Porosity of separator, 𝜖! (x > La) 0.55 ̶ b 

Porosity of anode, 𝜖! (x < La) 0.12 ̶ b 
Permeability factor, ℬ 𝜖!1.5 ̶ 2 

Li+ cation transference number, t+ 0.33 ̶ 17 
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Equilibrium overpotential, Ueq Fig. 1a V 18 
Lithium diffusivity in electrolyte, D Fig 1b m2 s-1 17 

Electrolyte conductivity, κ Fig 1c S m-1 19 
Lithium diffusivity in graphite, Ds Fig 1d m2 s-1 20 

a – fitted parameter; 
b – parameter of the experiment.  
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