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Abstract

The drying process is a crucial step in electrode manufacture that may lead
to spatial inhomogeneities in the distribution of the electrode components
resulting in impaired cell performance. Binder migration during the dry-
ing process, and the ensuing poor binder coverage in certain regions of the
electrode, can lead to capacity fade and mechanical failure (e.g. electrode de-
lamination from the current collector). A mathematical model of electrode
drying is presented which tracks the evolution of the binder distribution, and
is applicable in the relatively high drying rates encountered in industrial elec-
trode manufacture. The model predicts that constant low drying rates lead
to a favourable homogeneous binder profiles, whereas constant high drying
rates are unfavourable and result in accumulation of binder near the evapo-
ration surface and depletion near the current collector. These results show
strong qualitative agreement with experimental observations and provide a
cogent explanation for why fast drying conditions result in poorly performing
electrodes. Finally, a scheme is detailed for optimisation of a time-varying
drying procedure that allows for short drying times whilst simultaneously en-
suring a close to homogeneous binder distribution throughout the electrode.
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1. Introduction

Lithium-ion batteries are currently used to power the vast majority of
portable electronic devices, such as cell-phones, laptops, and tablets, and
are growing in popularity for use in hybrid and electric vehicles [1]. While
one of the biggest challenges in lithium-ion battery research is to increase the
energy density of batteries, another equally important challenge is to optimize
the manufacturing process to improve long-term cycling performance and
capacity lifetime while keeping control of the manufacturing costs [2, 3, 4].
One particularly sensitive step in cell production, which determines the final
quality of the battery pack, is the manufacturing process for the electrodes
[5, 6].

Typically, electrodes are manufactured by coating a current collector
with a slurry mixture comprised of active material (AM) particles, conduc-
tive carbon nanoparticles, polymer binder (commonly polyvinylidene fluoride
(PVDF)) and solvent (commonly N-Methyl-2-pyrrolidone (NMP)) [7, 8, 5, 6].
This mixture is then dried (i.e. the solvent evaporated) by exposure to one
or more of the following: air flow, heat, a reduction in ambient pressure or
radiation [5, 6, 9, 10, 11]. State-of-the-art industrial processes typically rely
on convective impingement driers which dry films in only a few minutes [12].
The mixture preparation and coating steps prior to drying have to be care-
fully executed in order to ensure good electrode performance. For instance,
it has been shown that slurry mixtures prepared by a multi-step process lead
to a more uniform distribution of AM and carbon particles, resulting in less
electrode polarization and better cycling capability [7, 8]. In addition, since
the slurry is often stored for considerable periods of time before drying, it
must be stable to sedimentation, particularly of the relatively large electrode
particles. Such stabilization may arise from various causes including repul-
sive electrostatic interactions or the formation of a polymer gel state [13].
For an extensive review on mixture preparation the reader is referred to [14].

The most frequently used coating method in industry is slot-die coating,
in which a liquid is poured into a die that deposits the coating liquid onto
a rolling substrate belt. Coating defects such as film instability and edge
effects can occur and need to be controlled which can, e.g. , be achieved
by varying the coating speed and the gap ratio [15, 16]. In contrast, many
research-grade electrodes are manufactured by manually spreading the slurry
on the substrate using a doctor blade. The use of NMP as a solvent is also
highly costly and replacing it with aqueous solutions would both reduce the
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cost of electrode production and be more environmental friendly [17].
Drying begins once the current collector has been coated with the wet

particulate electrode mixture. The AM particles are in suspension in the
mixture whilst the binder is dissolved in the solvent. In the first stage of
the drying process (film shrinkage) solvent evaporates from the top surface
of the film causing it to shrink, until the rigid AM particles make contact
with each other stopping any further decrease in film thickness. This initi-
ates the second stage of drying (pore emptying) in which the solvent in the
pores between the AM particles evaporates. Transport of binder in the film
shrinkage stage is believed to be more significant than in the pore emptying
stage [6, 12] because, during pore emptying, capillary effects lead to a dis-
connection of the pore network (large pores empty before smaller ones) and
consequently to the development of isolated regions of solvent.

Electrode drying has been the subject of intense experimental research
in recent years [5, 6, 9, 18, 19, 12, 20, 21, 22] and a consensus has devel-
oped that changes to the drying process parameters (temperature, air-flow,
pressure and radiation intensity) significantly affect the final electrode mi-
crostructure and hence the electrochemical and mechanical properties of the
electrode. High temperatures and drying rates have been observed to lead
to accumulation of binder at the evaporation surface and corresponding de-
pletion close to the current collector [5, 9, 19, 20]. The consequences of a
non-uniform binder distribution include lower adhesion of the electrode to
the current collector [5, 6, 9, 20], increased electrical resistivity [5, 22] and
decreased cell capacity [6]. Chou et al [23] conclude that even though binder
makes up only a small fraction of the electrode composition, it plays a very
important role in the cycling stability and rate capability of the electrode. In
a recent experimental investigation of the effects of drying on binder distribu-
tion by Jaiser et al [6] it was suggested that the electrode film consolidates by
the formation of a dense layer of electrode particles, or ‘crust’, on the drying
surface which then grows down until it reaches the current collector. This
hypothesis has since been contradicted by the results of Forouzan et al [21]
and by a follow-up study by Jaiser et al [12] which both indicate that, as film
shrinkage occurs, the electrode particles remain homogeneously distributed.

In both [6] and [12] it was found that rapid removal of the solvent causes
an enrichment of binder in the upper regions that cannot be compensated
by diffusion at high drying rates. We note also the work of Stein et al. [22],
on very slow drying of cathode films, which shows drying rate dependence of
the binder distribution.
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Figure 1: Illustration of the drying process of an electrode film sitting on top of a current
collector. The blue background represents the solvent (which evaporates from the top
surface of the film), and the black and grey particles represent the polymer binder and
AM particles respectively.

Theoretical models detailing the physical mechanisms governing the dry-
ing of single-component and two-component colloidal suspensions are studied
in [24, 25] and [26, 27], respectively, while drying of polymer solutions is in-
vestigated in [28, 29]. However, to the best of our knowledge, the process of
(industrially relevant) fast drying suspensions composed of electrode parti-
cles in a binder solution has not been properly tackled before1. The aims of
this work are to: (i) model this process, (ii) to compare the model predictions
to experimental results, and (iii) to use the model to predict optimal drying
strategies. In the next section we formulate and solve a simple model for
the mass transport of solvent and binder during the film shrinkage stage of
electrode drying. In agreement with the results in [12] we take the electrode
slurry to be stable to sedimentation of the electrode particles. In §3, we
present solutions to the model, in realistic parameter regimes and for differ-
ent drying rates and protocols, before discussing techniques for optimising
the drying process. Finally, in §4 we draw our conclusions.

1Stein et al. [22] present some modeling results but their relevance to electrode slurries
is not entirely clear because volume fractions of the different phases are not specified
properly.
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2. Problem formulation

We formulate a one-dimensional model in which mass transfer occurs
only in the z-direction (perpendicular to the substrate). All model equations
are defined for z ∈ [0, H(t)], where H(t) is the position of the top of the
electrode film, see Figure 1. We track two material phases: a liquid phase
(both solvent and dissolved binder), with volume fraction φl, and a solid
phase (AM particles), with volume fraction φs. The highly electronically
conductive carbon black additive (which makes up only a very small fraction
of the electrode volume at around 1%) is not treated as a separate phase.
Instead, its presence is accounted for by incorporating its volume into that
of the binder.

We assume no spatial gradients in temperature throughout the film, jus-
tifying this assumption by noting that the least (thermally) conductive con-
stituent of the film, the NMP solvent, has a thermal diffusivity of around
α = λ/cp ρ ∼ 10−7 m2 s−1 (where λ, cp and ρ, represent the thermal con-
ductivity, heat capacity and density of NMP respectively [30, 31, 32]). This
leads to an estimate of the time required to reach thermal equilibrium of
around 0.1 s which is very much shorter than the (∼1 min) drying timescale
(the addition of the more conductive materials only serves to further justify
this assumption).

As discussed in [13], electrode slurries are generally stabilised so as to stop
the sedimentation and aggregation of AM particles. This leads us to expect
the AM particles to be uniformly distributed throughout the electrode film
during the drying process, an assumption that is borne out by the images of
particle distributions at different stages of drying presented in [12]. We do
not specify the exact physical mechanism responsible for stabilisation, noting
that it could be electrostatic repulsion or as a result of a polymer gel state.

It remains to specify a model for the transport of the PVDF binder par-
ticles. These particles are typically very small and therefore are largely un-
affected by gravitational buoyancy effects over the drying time of the film.
Nevertheless, it seems conceivable that they may be entirely stabilised, like
the electrode particles, and, in order to counter this hypothesis, we note that
experiments conducted in [6, 12] show the binder distribution is strongly de-
pendent on drying rate. Moreover, we note that PVDF is partly chosen as a
binder because it is relatively chemically inert and is believed to only form
bonds via relatively weak van der Waals interactions [33, 23]. We therefore
model transport of PVDF within the NMP solvent by an advection-diffusion
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equation capturing both the effect of the viscous drag owing to the drying
flows (i.e., motion of the solvent driven by evaporation) and mass diffusion.
Changes in the macroscopic (effective) diffusivity of the binder (caused by
changes in the volume fractions of the phases) will be accounted for via use
of the Bruggemann approximation [34]. Finally, we note that PVDF crys-
tallisation only begins to occur when the mass fraction of the binder reaches
77 wt% at 60oC (or larger for higher temperatures) [35]. The parameters
in Table 1 indicate that these concentrations will not occur during the film
shrinkage stage of the drying process unless an extremely aggressive drying
rate is used (see §3.3). They will occur later during the pore emptying stage,
but since the binder distribution is already largely determined at that time,
crystallisation effects need not be considered in the model.

The model is formulated by coupling conservation equations for the mass
transport of the liquid (dissolved binder and solvent) and solid (AM par-
ticles) phases to an advection-diffusion equation for the transport of binder
through the moving solvent. We can adopt this approach because the volume
fraction of binder is so small (typically only 0.01–0.05 [8, 5, 6, 12]) that it
does not significantly influence the mass transport of the other phases. This
in turn implies that the advection-diffusion equation for binder transport
decouples from the other transport equations allowing the mass transport
equations (for the liquid and solid phases) to be solved (without reference
to the binder distribution) prior to solving the equation for the binder con-
centration accounting for the advective effects of the previously calculated
solvent flow.

2.1. Mass transport

The mass conservation equations for the solid (AM particles) and liquid
(binder and solvent) phases expressed in terms of their volume fractions φs

and φl are

∂φs

∂t
+
∂Fs

∂z
= 0, (1a)

∂φl

∂t
+
∂Fl

∂z
= 0, (1b)

where Fl and Fs are, respectively, the liquid and solid volume fraction fluxes
(dimensions of m/s), which relate to the corresponding volume-averaged ve-
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locities vs and vl via

Fs = vsφs, (2a)

Fl = vlφl. (2b)

In addition, the volume fractions of the two phases (liquid and solid) satisfy

φs + φl = 1. (3)

In order to model the stabilisation of the electrode particles in the slurry we
assume that they are uniformly distributed

φs = φs(t) , (4)

a hypothesis that is confirmed by the experimental particle distribution im-
ages contained in [12].

The equations above are solved subject to no-flux boundary conditions
on the current collector, namely,

Fs|z=0 = 0, (5a)

Fl|z=0 = 0, (5b)

and the following flux conditions on the evaporation surface z = H(t):

ds

dt
(z −H)

∣∣∣
z=H(t)

= 0 =⇒ −Ḣ+vs

∣∣∣
z=H(t)

= 0, (6)

dl
dt

(z −H)
∣∣∣
z=H(t)

=
γ

φl

∣∣∣
z=H(t)

=⇒ −Ḣ+vl

∣∣∣
z=H(t)

=
γ

φl

∣∣∣
z=H(t)

, (7)

which represent zero-flux of the solid phase and an evaporation flux γ of the
liquid phase, respectively, through the surface z = H(t). In (6) and (7) the
operators ds/dt and dl/dt are material derivatives taken with respect to the
solid and liquid velocities, respectively, and a dot indicates a derivative with
respect to time. At the beginning of the drying process we assume that the
two phases are well mixed and are present in the following proportions

φs|t=0 = φ0
s , (8a)

φl|t=0 = 1− φ0
s , (8b)

whilst the film is taken to have initial thickness

H|t=0 = H0. (9)
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Validity of the model terminates at the time tend when the AM particles are
consolidated (i.e. they make direct contact with each other) and the pore
emptying phase of the drying begins. We define the solid volume fraction at
this fully consolidated stage to be φmax

s = φs(tend) and model solutions will
be terminated when this state is reached.

Summing equations (1a)–(1b), using (3), integrating with respect to z
and imposing the boundary conditions (5) reveals that

Fl + Fs = 0. (10)

Substituting the above into the sum of the boundary conditions (6) and (7),
and using (2) and (3), gives the following evolution equation for the position
of the top surface of the film

Ḣ = −γ. (11)

This result can readily be interpreted as global mass conservation throughout
the film.

As illustrated in Figure 1, and evidenced in [12], the solid volume fraction
is space-independent because of the stable nature of the suspension. Thus,
equation (1a) can be integrated with respect to z and (5a) imposed to give

Fs = −φ̇sz. (12)

Eliminating Fs from the above in favour of vs using (2a) and using the bound-
ary condition (6) gives d/dt(Hφs) = 0. This can be integrated and the initial
conditions (8a) and (9) imposed to give φs = H0φ

0
s/H. Back substitution of

this result into (12), then using (10) and (11) gives the following expressions
for the volume fractions and volume-averaged fluxes

φs =
φ0

sH0

H
, φl = 1− φ0

sH0

H
, Fs = −γφ

0
sH0

H2
z, Fl =

γφ0
sH0

H2
z . (13)

2.2. Binder transport

The polymer binder is distributed within the liquid phase only, thus, a
volume-averaged continuity equation describing the concentration c of dis-
solved binder in the solvent is

∂

∂t
(φlc) +

∂J

∂z
= 0, J = Flc−Deff

∂c

∂z
, (14)
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where J is the volume-averaged mass flux of dissolved binder. This flux is
composed of two parts: an advective part with the volume-averaged velocity
of the solvent and a diffusive part with an “effective” diffusion coefficient Deff.
We estimate this effective diffusivity using the Bruggemann approximation
which assumes that Deff = Dφ

3/2
l , where D is the diffusivity of the binder

in the solvent [36]. Notably, the value of Deff decreases during the drying
process, as φl varies according to (13), representing the increasing tortuosity
of the solid network.

Suitable boundary conditions on (14) require that there is zero flux of
binder through both the current collector and the free surface z = H(t). We
therefore have

J |z=0 = 0, J |z=H(t) = φlc
dH

dt
. (15)

One can verify that the total amount of binder in the film
∫ H(t)

0
cφl dz is

conserved throughout the drying process. We assume that initially the binder
is homogeneously distributed throughout the solvent. Thus, a suitable initial
condition to close (14) is

c|t=0 = c0. (16)

2.3. Parameter estimates

We calibrate simulations based on the experiments conducted in [6, 12],
and summarised here in Table 1, for industrially relevant electrode slurries
and drying protocols. We find that the initial volume fraction of the solid
electrode particles is

φ0
s =

ω0
s

ρs

(
ω0

s

ρs

+
ω0

b

ρb

+
ω0

NMP

ρNMP

)−1

≈ 0.2792 . (17)

where the subscripts “s”, “b” and “NMP” indicate solid electrode particles,
binder and solvent, respectively. To compute the final (and maximal) value
of the solid volume fraction we also make use of the measured porosity of the
dried electrode film p = 0.46 [12] and find that

φmax
s = (1− p)ω

max
s

ρs

(
ωmax

s

ρs

+
ωmax

b

ρb

+
ω0

NMP

ρNMP

)−1

≈ 0.5032 . (18)
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The initial concentration of binder in the solvent and film thickness are

c0 =
c̃0

(1− φ0
s )
≈ 0.057 mol/m3, H0 ≈ 114µm, (19)

where c̃0 = ρw0
b/Mb = 0.041 mol/m3 with ρ = ρsw

0
s + ρbw

0
b + ρNMPw

0
NMP and

Mb = 1000 kg/mol (PVDF molecular weight; Solvay Solef 5130) is the initial
concentration of binder in the film [6, 18, 12].

We base our estimates of the drying rate on the experiments presented in
[6] where an impingement dryer is used to dry films to the point where their
thickness is reduced to its final value in around 1 minute, in line with typical
industrial drying rates. This leads to a representative value of the mass flux
across the evaporation surface of qs = 1.19 g m−2 s−1, and a corresponding
value for the evaporation rate of

γ =
qs

ρNMP

≈ 1.16× 10−6 m s−1. (20)

Other common techniques found in the literature include air drying [26], ex-
posure to infrared radiation [11] and the use of a vacuum oven [21, 22]. While
some of these can result in drastically different drying times the vacuum oven
technique used in Stein et al. [22] led to a film shrinkage time of around 1
minute (3 minutes) when a temperature of 120oC (70oC) was used which is
in line with our estimates.

The PVDF diffusion coefficient D = 1.14 × 10−10 m2/s is obtained, as
described in the supplementary information, by qualitatively matching the
model solutions to the experimental results presented in [6]. We note that it
is reasonable to expect this quantity to be dependent on the concentration
of PVDF. However, due to the lack of experimental data with which to tune
this functional dependence, we opt to make the simplest assumption and take
it to be constant. Some of the possible effects associated with the relaxation
of this assumption are discussed in §3.5.

3. Results and discussion

In this section we present and contrast typical model solutions for both
relatively high and low drying rates. Then, we reproduce the experimental
procedure followed in [6] and demonstrate good agreement between model
solutions and experimental results. Finally, we examine the effects of allowing
time-dependent drying rates and consider how this can be used to devise
possible strategies to optimize the drying process.
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Material ρ (g/cm3) ω0 ωmax µ (mPa s)
Solvent (NMP) 1.03 0.525 0 0.85

Polymer binder (PVDF) 1.76 0.026 0.055 -
Graphite particles 2.21 0.449 0.945 -

Table 1: Typical densities ρ and viscosity µ for film components and initial and final
mass fractions, respectively, ω0 and ωmax, according to Jaiser et al [6, 12]. Our modelling
approach follows that used in Forouzan et al [21] in the sense that we do not track a separate
carbon black phase. Instead, its mass fraction (0.014 [6, 12]) has been incorporated to the
mass fraction of the PVDF binder.

3.1. The differences between low and high drying rates

The evolution of the binder distribution is determined by solving (14)-
(16) where the phase volume fractions and fluxes are given by (13). Although
no exact solutions to this problem are available, we can solve the problem ap-
proximately in two different ways: (i) using matched asymptotic expansions
valid for limiting values of the Peclet number Pe = γH0/D (i.e., Pe � 1
and Pe � 1), and; (ii) using a numerical scheme based on finite difference
approximations. Details on the derivation of the asymptotic solutions and
the numerical scheme can be found in the supplementary information. The
two methods provide a mutual check on accuracy and while the numerical
method is accurate for all values of Pe the asymptotic solutions illustrate the
dominant physical effect(s) occurring in the different regimes. Further the
numerical scheme offers the possibility of solving generalised models, e.g.,
when the PVDF diffusivity depends on its concentration. We now briefly
describe the asymptotic solutions in low drying rate regime (LDR), with
Pe� 1, and high drying rate regime (HDR), with Pe� 1.

In the LDR limit (Pe� 1) the binder concentration is approximated by

c(z, t)

c0

≈ (1− φ0
s )

( H
H0
− φ0

s )
+ Pe

(1− φ0
s )

( H
H0
− φ0

s )2φl(t)1/2

(
z2

2H2
0

− H2

6H2
0

)
. (21)

where H(t) = H0− γt (obtained after integrating (11)). The solution (21) is
uniform up to leading order in the Peclet number showing that diffusion ef-
fects are sufficiently strong to maintain an almost uniform binder distribution
throughout the film.

In the HDR limit (Pe� 1) the binder concentration can be approximated
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by

c(z, t)

c0

≈ 1 + A(t) exp

(
−Pe(H − z)

H0φl(t)3/2

)
, (22)

where the function of integration A(t) is a solution to the following initial-
value problem

Ȧ = −5

2
A
φ̇l(t)

φl(t)
+

Pe

φl(t)3/2
, A(0) = 1 . (23)

In this regime advection dominates except in a narrow boundary layer, of
width of order H0/Pe, near the evaporation surface where diffusion is also
important. It follows, since the upward advection velocity is greater than or
equal to zero (it is zero on the current collector), that the binder concentra-
tion throughout the bulk of the film just takes its initial uniform value c0.
The exception to this is in the boundary layer adjacent to the evaporation
surface where the binder that has been brought to the surface by advection.

In Figure 2 we compare typical asymptotic solutions for both low and
high drying rates to full numerical solution. In particular we consider γ =
1.25 · 10−7 m s−1 (Pe ≈ 0.1) and γ = 1.25 · 10−5 m s−1 (Pe ≈ 10). These
are around one order of magnitude larger and smaller than the reference
drying rate taken from [6]. The red solid lines correspond to the asymptotic
solutions (21)–(23) and blue dashed lines to the numerical solution. The
two solution approaches exhibit very favourable agreement. For the LDR
the concentration of binder progressively increases as solvent evaporates with
the distribution remaining almost homogeneous throughout the whole drying
process resulting in a good quality electrode. However the drying time is
relatively large. Contrastingly, for the HDR, the drying time is relatively
small leading to relatively large solvent velocities with correspondingly large
concentration gradients which cannot be dissipated by diffusion. As a result,
binder accumulates near the top surface of the electrode film and there is
relatively poor coverage in the bulk because of a failure to concentrate binder
in this region as the solvent evaporates (as in the LDR).

3.2. Agreement with experiment

We now utilise the model to reproduce and elucidate the experimental
results obtained in Jaiser et al [6]. In their work electrode films were first
dried at a high rate for a given period of time, ttrans, after which the rate
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Figure 2: Numerical and asymptotic solutions of the binder transport model (14)-
(16). Panel (a) shows concentration profiles corresponding to a low drying rate (γ =
1.25 · 10−7 m s−1) for five values of time between 39.8 s and 401.92 s. Panel (b) shows
concentration profiles corresponding to a high drying rate (γ = 1.25 · 10−5 m s−1) for five
values of time between 0.4 s and 4.02 s. The last profile in (a) and (b) corresponds to the
concentration profile at the end of drying t = tend. Note that panel (b) has been truncated
at z = 0.3 for ease of viewing; the solution for z < 0.3 is essentially flat, with c(z, t)/c0 ≈ 1.

was decreased and evaporation continued until drying was complete. One
of the main results was a plot of ctop = c|z=H,t=tend

and cbot = c|z=0,t=tend

(i.e. the binder concentrations at the top (evaporation surface) and bottom
(current collector) of the electrode at the end of the drying process t = tend)
against ttrans. They observed that: (i) cbot is almost constant for sufficiently
small ttrans, (ii) there is then a small range of values of ttrans where ctop

increases whereas cbot decreases beyond which, (iii) ctop and cbot saturate
to constant values. We reproduce this protocol in our model by taking the
time-dependent drying rate used in [6], namely

γ(t) =

{
1.16× 10−6 m s−1 (Pe = 0.94) for t < ttrans,

0.51× 10−6 m s−1 (Pe = 0.41) for t > ttrans.
(24)

Figure 3 shows that cbot is almost constant until ttransγ/H0 ≈ 0.36 and
then decreases until ttransγ/H0 ≈ 0.44. For even larger values of ttrans, the de-
crease in drying rate does not occur until after the electrode is completely dry,
thus cbot remains constant. The evolution of ctop behaves in the opposite fash-
ion; it first remains roughly constant until ttransγ/H0 ≈ 0.36, then increases
until ttransγ/H0 = tendγ/H0 ≈ 0.44 and stays constant for ttrans > tend. These
results show strong qualitative agreement with those presented in Figure 6
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Figure 3: Normalized concentration of binder on top and bottom of the electrode at the
end of drying as a function of the nondimensional transition time between high and low
drying rate as determined using the numerical scheme described in the supplementary
information.

from [6]. We note that there is a small quantitative discrepancy between
the experimental and model results. The model predicts that ctop should
saturate for very small values of ttrans whereas the experiment shows this
value decreasing until ttrans = 0. One possible explanation for this is that
the diffusivity of PVDF decreases where binder concentrations are large. If
this were the case then the accumulation of binder near the surface, caused
by an initial period of fast drying, would require more time to be dissipated
than is suggested by the constant value of D assumed here.

3.3. Identifying viable constant drying rates

We now identify the largest rate at which an electrode can afford to be
dried without inducing unacceptably large gradients in the binder concentra-
tion. Figure 4 shows that the value of the drying rate for which concentration
gradients remain relatively small corresponds to Pe = γH0/D / 1. For the
values of H0 and D estimated in §2.3 this yields γ / 1 · 10−6 m/s. Figure 4
also shows that, unless a very aggressive drying rate is used, PVDF crystal-
lization will not begin to occur until after the film is fully consolidated.

3.4. The advantages of using time-dependent drying rates

Drying should be carried out slowly to prevent an undesirable accumula-
tion of binder near the evaporation surface. However, from an industrial point
of view, short drying processes are preferred in order to increase throughput
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Figure 4: Binder concentration on top of the electrode at the end of drying as a function of
the drying rate γ. The solid line corresponds to the numerical solution and the the dashed
and dash-dotted lines correspond to the asymptotic solution for low and high drying rate,
respectively. The horizontal line denotes the binder concentration at which crystallisation
begins to occur at T = 60 oC, corresponding to c(z, t)/c0 = 22.75 [35], which represents
an orientative upper bound for the concentration in our model.

[17]. The model is now used to investigate whether (and to what extent) al-
lowing time-dependent drying rates can be helpful in simultaneously achiev-
ing more homogeneous binder distributions and shorter drying times. To do
so, we consider three different drying protocols: (Case 1) a constant dry-
ing rate, (Case 2) a linearly increasing drying rate, and (Case 3) a linearly
decreasing drying rate, as outlined below:

Case 1: γ(t) = γ0 for 0 ≤ t ≤ tend, (25)

Case 2: γ(t) = 2γ0
t

tend

for 0 ≤ t ≤ tend, (26)

Case 3: γ(t) = 2γ0

(
1− t

tend

)
for 0 ≤ t ≤ tend, (27)

and select γ0 = 1.16µm s−1. Note that in defining (25)–(27) we have ensured
that the time taken to fully consolidate the film, tend, is the same in all three
cases (see supplementary information). The solutions are shown in Figure 5.

We observe that choosing a linearly decreasing drying rate (case 3) gives
the most evenly distributed concentration whilst choosing a linearly increas-
ing one yields the worst results. This suggests that, if the goal is obtaining
an acceptably homogeneous distribution of binder and a short drying time,
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Figure 5: (a) Evolution of the position of the top surface for the three drying rates con-
sidered, cf. (25)–(27). (b) Concentration of binder near the beginning (t = 16.41 s) and at
the end (t = 43.31 s) of the drying process for each case.

the best procedure is to dry the electrode at a high drying rate at the be-
ginning and at a low drying rate near the end of the process. This can be
rationalised by noting that even though large binder concentration gradients
may be established by the initial high drying rate, so long as the rate is
dropped towards the end of the process, diffusive effects have sufficient time
to act to dissipate these inhomogeneities.

We now demonstrate that the strategy of employing a decreasing drying
rate can be pushed even further and used to simultaneously decrease total
drying times and the magnitude of the binder concentration gradient in com-
parison to a fixed drying rate. To demonstrate this we solve our model using
linearly decreasing drying protocol

Case 4: γ(t) = 3γ0

(
1− t

t′end

)
for 0 ≤ t ≤ t′end. (28)

Notably, this leads to the a total drying time which is only two thirds as long
as those considered previously in (25)–(27). Figure 6 clearly indicates a more
homogeneous binder concentration for protocol (28), thereby confirming that
the electrode drying process can be optimized (both in terms of decreasing
the total drying time and producing more homogeneous films) by exploiting
a carefully chosen time-dependent drying rate.
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Figure 6: (a) Evolution of the position of the top surface for the drying protocols (25) and
(28). (b) Concentration of binder near the beginning (t = 16.41 s) and at the end of the
drying process for both protocols. The end time for drying in protocol (28), t = 28.87 s,
is shorter than in protocol (25), t = 43.31 s.

3.5. Optimisation of the drying process

From a manufacturing stand point perhaps the most important task is
to identify a drying protocol that minimises binder inhomogeneities for a
given total drying time. We now address this issue by solving an optimal
control problem. We restrict our interest to drying rates that are piecewise
constant in time, because such rates should be straightforward to realise on
practical drying equipment. We split the total drying time into N equally
sized subintervals and denote the (constant) evaporation rate during each
subinterval γi for i = 1, ..., N , i.e., we take γ(t) = γi for t ∈ (ti, ti+1) where
ti = (i − 1)tend/N . The optimal control problem is to identify the vector
γ = [γ1, ..., γN ] such that a suitable objective function, which measures the
magnitude of the binder concentration gradient, is minimised. More rigor-
ously our aim is to find the optimal set of values for the drying rate on each
of the subintervals, denoted by γopt, such that

γopt = argminγJ (γ) where J =

∫ H(t)

0

∂c

∂x
dx
∣∣∣
t=tend

= ctop − cbot (29)

and, ctop and cbot are, respectively, the binder concentrations at the top and
bottom of the film at the end of drying as defined in §3.2. We note that fixing
the total drying time is tantamount to fixing the total amount of solvent that
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is removed from the film over that given window of time. We must therefore
solve (29) subject to the constraint that∫ tend

0

γ(t)dt =
tend

N

N∑
i=1

γi = H0 −H(tend). (30)

Details on the method of solution of this problem are given in the supple-
mentary information.

Concentration-independent diffusivity. First we explore solution of this opti-
mal control problem whilst retaining the assumption that the diffusivity of
the binder is independent of its concentration, i.e., that Deff = Dφ

3/2
l with D

a constant. The results in Figure 7 indicate that the optimum strategy is to
apply a short period of very fast drying (which causes the binder to accrue
at the surface) followed by a quiescent period in which the drying is switched
off and the concentration profile is allowed to re-equilibrate under diffusion.

We reiterate that the model only applies to the film shrinkage stage of the
drying process and that once this quiescent period has elapsed, drying can
be resumed and the pore-emptying stage can begin. Although this drying
procedure is optimal, when Deff = Dφ

3/2
l , it is a dangerous one to adopt

in practice; if the film is over-dried (beyond the consolidation point where
pore emptying begins) before the quiescent period allows the concentration
profile to re-equilibrate, the pore emptying and severing of the liquid network
prevents the binder redistributing and the unfavourable non-uniform profile
will be present in the finished electrode.

The underlying reason for this strategy being optimal is that diffusion
is able to more effectively reorganize the concentration once the film height
has been reduced and this is facilitated by the rapid initial drying phase.
This effect is offset, to a certain extent, by the decrease in Deff as the film
shrinks and the liquid volume fraction φl decreases but this is not a strong
enough effect to outweigh the enhanced redistribution through the reduced
film depth. Importantly, this interpretation suggests that if Deff decreases
with increasing c (even relatively weakly) the optimal drying procedure will
be rather different.

Concentration-dependent diffusivity. Here we discuss the possible effects of
considering a PVDF solution in which the diffusivity of the polymer decreases
with increases in its concentration. Although we were unable to find litera-
ture that refers directly to the concentration dependence of PVDF diffusivity
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in NMP, D = D∗(c), there is literature (see for example [37]) on generic
polymer solutions that suggests that D∗(c) is an exponentially decreasing
function.

We expect even moderate decreases in D (with increasing c) to radically
change the optimal drying strategy. Our prediction is that an initial rapid
drying phase will lead to high polymer binder concentration, and therefore
decreased diffusivity, near the evaporation surface which will impede the
subsequent redistribution of binder even if the drying rate is decreased in
the latter stages of the process. This in turn suggests that where there is
a decrease of D with increasing c that a more constant drying protocol,
which keeps the binder concentration relatively uniform, will lead to a better
polymer distribution than the optimal protocol predicted here for in the
constant diffusivity case. This highlights the need for further experimental
characterization of the PVDF transport processes in NMP solutions in order
to capture more precisely the behavior of D with changes in c.

4. Conclusions

We have presented a model that predicts the mass transport and evolution
of binder concentration during the drying of lithium-ion battery electrodes
in cases where the active material particles form a stable suspension on the
timescale of the drying process. Although this is not a restriction of the
model, we have primarily focused on relatively short drying times that are
typical of industrial processes. The motion of the dissolved binder is driven
by a combination of mass diffusion and viscous drag owing to the upward flow
of the solvent caused by its evaporation on the top surface of the film is mov-
ing down, and causing an increase in active material content. We have found
that higher drying rates tend to induce larger binder concentration gradients
because (i) the more aggressive evaporation rates cause a larger (upward)
convection of the binder solvent and (ii) the decreasing drying time allows
less opportunity for Brownian motion to redistribute the binder more evenly
throughout the film. We have demonstrated that, despite a number of sim-
plifying assumptions, the model satisfactorily reproduces recently published
experimental results of binder migration phenomena during drying. Finally,
we have shown that a sound strategy to reduce the drying time whilst si-
multaneously maintaining small variations in the binder concentration is to
initially apply a period of high drying rate and to then decrease this rate
towards the end of the process.
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Figure 7: Panel (a) shows the optimal time-dependent drying rates for different values
of N , and (b) depicts the evolution of the position of the evaporation surface for these
optimal drying rates. Panel (c) shows the optimised concentration profiles at the end of
the drying process. Panel (d) shows the value of the objective function, J , for different
values of N .
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