
 1 

Contact loss in all solid-state Li-ion batteries via deposition of 
impurities 

 
Sundeep Vema1,2, James A. Gott3, Hao Yin4, Ashley M. Roach4, Geoff West3, Norman A. Fleck4, Vikram S. 

Deshpande4, * and Clare P. Grey1, 2, * 

 
 

1 Yusuf Hamied Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, CB2 
1EW, United Kingdom 

2 The Faraday Institution, Quad One, Harwell Campus, Didcot, OX11 0RA, United Kingdom 
3 Warwick Manufacturing Group (WMG), University of Warwick, Coventry, CV4 7AL, United Kingdom 

4 Department of Engineering, University of Cambridge, Trumpington Street, Cambridge, CB2 1PZ, United 
Kingdom 

 
 

Abstract 
Solid-state batteries promise high energy storage with enhanced safety but suffer from contact 
loss at the lithium (Li) metal anode-solid electrolyte interface as Li is stripped into the ionically 
conducting solid electrolyte. Our measurements demonstrate that, in cells with garnet 
electrolytes, an important but overlooked mechanism for contact loss arises from the deposition 
of insulating impurities from within the Li electrode onto the interface. These impurities form 
a porous layer, and an imposed stack pressure is required for Li to creep through this layer. 
Insufficient stack pressure results in empty pores between the impurity particles and these pores 
resemble inter-connected nano to micro-scale voids. This proposed mechanism is supported by 
our direct observations of the interface and by our finding that contact loss persists at stack 
pressures which are sufficiently high to collapse any voids in the Li that are not mechanically 
supported by the skeleton of impurity particles. Theoretical models developed using the 
impurity deposition mechanism are in excellent agreement with measurements. This finding 
has significant implications for improving the design of all solid-state batteries including the 
development of anode-free cells for which impurities within the electrode are expected to be 
substantially reduced. 
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Introduction 
Lithium-ion batteries with lithium (Li) metal anodes can deliver higher specific energy 
densities1. However, with liquid electrolytes, non-uniform deposition of Li ions onto the Li 
metal electrode leads to the formation of mossy structures and dendrites that subsequently grow 
through the porous separator and short-circuit the battery. It was hoped that the high shear 
modulus of solid ceramic electrolytes would mechanically suppress dendrite formation2. 
Furthermore, ceramic electrolytes do not contain volatile and flammable organic components 
and thereby possess high thermal stability and enhanced safety3. Experimental observations 
have, however, revealed that solid-state batteries also fail by short-circuiting due to the 
penetration of Li filaments through the ceramic electrolyte. This failure mode operates at 
currents exceeding the so-called “critical current density”4.   
 
Bruce and co-workers5 identified two distinct critical current densities: the critical current for 
stripping (CCS), and the critical current for plating (CCP). They observed that Li filaments 
initiate and grow in Argyrodite (Li!PS"Cl) electrolytes when Li metal is plated onto the 
electrode at a current that exceeds the CCP. Conversely, stripping the Li metal electrode leads 
to “loss of contact” between the electrode and electrolyte when the CCS is exceeded. They 
reported a lower value of CCS than that of CCP. Subsequent studies6–8 reported contact loss at 
Li/LLZO (Li stuffed or doped garnet, Li#La$Zr%O&%) interfaces. These studies observed that 
the critical stripping capacity at which contact loss occurs is dependent on electrode thickness 
and cell current9.  
 
Contact loss is often inferred (i.e., measured) by an increase in the cell voltage, which is then 
associated with an increase in the resistance of the stripping interface. While this voltage 
increase has been reported by numerous studies5,6, the mechanisms of this contact loss remain 
unclear, and it is commonly attributed to void growth at the interface6–8,10,11 (Fig. 1a). However, 
direct observations of interfacial voids in Li cells are more limited: for example, Krauskopf et 
al.7 and Lu et al.12 reported void observations but these observations involved either peeling of 
the electrode from the electrolyte or sectioning of the cell under conditions that could have 
caused damage. While tomographic observations of voids in Sodium (Na) electrodes and 
Na/Na-𝛽′′ electrolytes13 and in Li electrodes with Argyrodite electrolytes14  have been reported, 
the use of interactive thresholding to identify voids introduces a level of uncertainty given the 
relatively low X-ray absorbance of Na as well as Li and the consequent poor contrast between 
the metal and other components such as voids and impurities such as metal oxides. Moreover, 
even if void formation is the mechanism of contact loss, the process by which these voids form 
and grow remains unclear. The literature has focussed on two mechanisms: (I) creep 
deformation and vacancy diffusion within the metal electrode5,7 and (ii) the electrochemical 
kinetics at the electrode/electrolyte interface9,15–19 leading to focussing of flux around 
imperfections on the interface. While some earlier models7 (i) suggest that vacancy diffusion 
plays a dominant role, using the Onsager formalism, Shishvan et al.20 showed that there exists 
no driving force to drive kinetic processes associated with vacancy diffusion and coalescence. 
This conclusion is consistent with the established literature21–23 on electromigration which 
concludes that void nucleation based on a vacancy condensation mechanism requires an 
unrealistically high concentration of vacancies that is difficult to justify from a thermodynamic 
point of view, unless more complex interfaces are considered. Mechanism (ii) assumes that void 
growth from pre-existing micro-voids/impurities occurs by power law creep of the Li16,18: 

modifications to standard Butler-Volmer kinetics16,19 are needed to predict sufficient flux 
focussing to drive void growth. Even if these modified kinetics are appropriate, voids would 
collapse rather than grow under the typical stack pressures at which most experiments are 
conducted. For example, most experiments5,24,25 are carried out at stack pressures above 5 MPa: 
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given that the creep strength of Li is ~ 1 MPa it would be surprising that voids can grow and 
cause contact loss. In fact, recent observations and measurements by Roach et al.26 confirm the 
high rate at which voids collapse in Li for stack pressures exceeding 1 MPa. Nevertheless, 
contact loss as measured by the increase in cell voltage has been extensively observed.  
 
A combination of measurements, observations of the electrode/electrolyte interface, and 
theoretical modelling has led us to re-examine the hypothesis that contact loss occurs solely via 
void growth in the Li at the electrode/electrolyte stripping interface. Our analyses show that 
contact loss is associated with the deposition of insulating impurities from within the Li 
electrode on the stripping interface as Li is stripped into the electrolyte (here LLZO). For 
contact to be maintained, the imposed stack pressure needs to drive the Li via creep through the 
gaps between these impurity particles. With insufficient stack pressures, the rate at which Li 
ions are transported into the LLZO electrolyte exceeds the rate at which Li is replenished by 
the creep of Li through the gaps between the impurity particles. This situation results in the 
formation of pores within the impurity layer, and these pores resemble inter-connected micro 
to nano-scale voids.  
 
Our study uses the Li/LLZO all solid-state battery system. Al-LLZO powder was hot-pressed 
to achieve pellets of porosity less than 1%. Li-LLZO-Li cells without any interlayers were then 
fabricated using these pellets (Methods). For each cell, potentiostatic electrochemical 
impedance spectroscopy (PEIS) was performed to estimate the Li-LLZO interfacial resistance 
(Methods). Only samples with interfacial resistances 𝑍 below 20	Ωcm% were used in this study. 
Galvanostatic measurements (Fig. 1b) were conducted on these low interface resistance cells 
using an imposed stack pressure of up to 15 MPa. The focus here is to investigate failure 
mechanisms on the stripping interface (i.e., contact loss). Thus, to avoid failure by the initiation 
of dendrites on the plating interface, the symmetry of the cell was broken such that the electrode 
area on the plating interface was 2.25 times that of the stripping interface (Fig. 1b). This 
arrangement leads to a lower current density on the plating interface, thereby inhibiting dendrite 
growth in all our measurements. 
 
 
Results 
 
Contact loss is accompanied by the formation of a layer of impurities on the interface 
Measurements were conducted with a fixed imposed cell current and stack pressures 𝑝 in the 
range 5	MPa ≤ 𝑝 ≤ 15	MPa. First consider the case when the interface resistance 𝑍 ≈ 9	Ωcm%. 
The temporal variation of the cell voltage 𝑉'()) for an imposed stripping electrode current 
density 𝑖* = 1	mAcm+% (Fig. 1c) shows a strong sensitivity to stack pressure (𝑖* is defined as 
the ratio of the imposed current to the area of the stripping interface). With contact loss defined 
as the time 𝑡, when 𝑉'()) = 5	V, we observe that the critical capacity 𝐶'- ≡ 𝑖*𝑡, and time 𝑡, at 
cell failure, increases with increasing 𝑝. Note that the steeply rising voltage-versus-capacity 
curve at 𝑉'()) = 5	V implies that 𝐶'- is insensitive to the choice of voltage for  𝑉'()) ≥ 5	V. 
Three-electrode measurements confirmed that, in line with previous studies6, the increase in 
cell voltage was due to an increase in the stripping interface resistance while the plating 
interface resistance remains unchanged (Fig. S1). 
 
The increase in cell voltage is commonly attributed to contact loss associated with void growth 
in the Li at the stripping interface (Fig. 1a). To determine whether this is the correct explanation 
in our system, we conducted high resolution, cryo-plasma focussed ion beam (PFIB) sectioning 
combined with scanning electron microscope (SEM) observations of both the pristine interface 
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(prior to galvanostatic testing) and the stripped interface. The PFIB operation was conducted 
using very low milling currents to achieve minimal disturbance of the interface (Methods).  
 
First, consider the pristine interface where only a PEIS measurement was conducted on an as-
manufactured cell to determine the interface resistance; currents of less than 5	µAcm+% were 
used in the PEIS measurements. An image of the cross-section through the cell (𝑍 ≈ 9	Ωcm%) 
is included in Fig. 2a at two levels of magnification. A sparse scattering of impurity particles 
on the interface is observed on an otherwise well-bonded interface. The impurity particles are 
relatively large (~	0.2	µm) and energy dispersive X-ray spectroscopy (EDS) maps of the 
interface show a relatively clean interface with no clear traces of impurity elements. Second, 
consider the experiment in Fig. 1c with 𝑝 = 10	MPa. This cell had a similar interface resistance 
of 𝑍 ≈ 9	Ωcm% prior to stripping and thus allows for a fair comparison with the pristine 
interface in Fig. 2a. Representative images of this stripped interface after stripping with 𝑖* =
1	mAcm+% for ~ 6 hrs (at which point the cell voltage had risen to 5 V) are included in Fig. 2b 
at two levels of magnification. This high cell voltage suggests near complete loss of contact at 
the stripping interface. However, voids within pristine Li (akin to the sketch in Fig. 1a) are 
clearly not observed (at least three different locations were imaged in 3 different cells). Instead, 
there is a change in the structure of the interface (Fig. 2b) with impurities now clearly visible 
on the interface and voids present within and around this impurity layer. 
 
EDS maps (Fig. 2b) show the presence of oxygen on the electrode (Li) side of the interface. By 
contrast, the pristine interface is much cleaner (Fig. 2a), with a clear boundary between the 
oxygen-containing LLZO electrolyte and the Li metal, suggesting that the deposits in Fig. 2b 
are Li-based oxides. No indication of La, Zr and Al can be seen at the interface (Fig. S2) 
suggesting that the observed impurities observed are neither due to redeposition during milling, 
nor are related to migration of ions such as Al3+, out of the LLZO. Moreover, we refer to the 
impurities as deposits as they are observed even at much lower cell voltages where 
decomposition of the LLZO is not expected (see Fig. S3 for equivalent micrographs of the 
interface taken after the cell voltage had reached 2V with stripping currents 𝑖* = 1	mAcm+% 
and 0.3	mAcm+%). We conclude that the voids in Fig. 2b are not voids in pristine Li as 
hypothesised in Fig. 1a but rather empty pores within the impurity layer: the 10 MPa stack 
pressure is insufficient to drive Li into these pores by creep. The lack of voids in pristine Li in 
our observations appears to contradict some previously reported PFIB-SEM observations12,27,28. 
One hypothesis to rationalise this apparent discrepancy is provided by recalling that we have 
observed the presence of impurities that are weakly bonded to the interface (Fig. 2b). This 
suggests that the large milling currents (on the order of 2	µA) used in previous studies12,28 may 
disturb (and dislodge) impurities during sectioning of the cell by milling likely giving the 
impression of the presence of voids. To test this hypothesis, we milled a portion of the stripped 
interface (cell with 𝑝 = 10	MPa in Fig. 1c) using currents of 4	µA and 0.4	µA. An SEM image 
of this interface (Fig. 2c) clearly shows the presence of impurity patches on the portion of the 
interface milled using a 0.4	µA milling current. On the other hand, the 4	µA milling current 
disturbs impurities thereby generating cavities between the Li electrode and the LLZO electrode 
in the sectioned cells. This gives an appearance of voids in pristine Li akin to Fig. 1a. Thus, our 
observations are consistent with those in the literature, except that our use of careful low milling 
currents allows for a more accurate determination of the structure of our stripped interfaces. 
 
Contact loss persists in the presence of large stack pressures 
Our observations suggest that contact loss may not be due to growth of voids in pristine Li 6,7,9 
but rather contact loss in our system occurs by a combination of the formation of an insulating 
impurity layer and empty pores within this layer. Theoretical calculations, based on a range of 
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mechanisms19,20 provide additional evidence that void growth in pristine Li should not occur at 
the stripping interface. This is even more true under a stack pressure of 10 MPa as voids in 
pristine Li with a creep strength of ~ 1 MPa29–32 would be expected to rapidly collapse. 
Measurements26 have confirmed the collapse of such voids under stack pressures in the range 
0.05 – 20 MPa. To appreciate the time scales over which these voids collapse under stack 
pressure consider a theoretical model involving a hemispherical void of radius 𝑎. at the 
interface between a large Li electrode and a rigid electrolyte (Fig. 3a and Supplementary Section 
S1). The electrode is subjected to a stack pressure 𝑝 and we only consider mechanical loading 
such that there is no flux of Li ions into the electrolyte. Write 𝑉 as the void volume at time 𝑡 
after the application of the pressure and 𝑉/ as the initial void volume. Predictions of the temporal 
evolution of the normalised void volume 𝑉/𝑉/, are included in Fig. 3b (also see Fig. S4 for the 
predicted spatio-temporal evolution of the void). Calculations are shown assuming that the Li 
can either freely slip on the interface (no friction) or that it sticks to the interface and for applied 
stack pressures in the range 5	MPa ≤ 𝑝 ≤ 30	MPa. (Note that the normalisation 𝑉/𝑉/ implies 
that these predictions are independent of 𝑎.). These calculations show that irrespective of the 
assumed interface boundary condition, the voids collapse after ~100 s and 1s for 𝑝 = 5	MPa 
and 𝑝 = 10	MPa, respectively (and on the milli-second timescale at higher pressures). These 
conclusions are further supported by our direct observations which show that voids collapse in 
~1 min at stack pressures as low as 1.4 MPa (Fig. S5).  
 
By contrast, contact loss, as measured via the sharp and sudden increase in voltage occurs 
typically over 30 mins (see upper x-axis scale in Fig. 1c) thus it is unclear why contact loss 
would occur over such a long timescale when voids collapse in seconds under the imposed stack 
pressures.  The sharp rise in voltage results requires loss of contact that covers almost the whole 
electrode/electrolyte interface and the sudden generation of a single void by the mechanism of 
Fig. 1a cannot be responsible for this phenomenon. The high-volume fraction of voids over the 
electrode/electrolyte interface that resulted in the voltage increase over a timescale of ~ 30 mins 
would collapse by creep under the imposed stack pressures. Our calculations (Fig. S6) show 
that artificially increasing the strength of Li to account for possible increases in Li strength at 
smaller length scales32 does not change the overall conclusion that, at the stack pressures 
of	10	MPa and above, voids collapse over a timescale much less than the timescale over which 
voltage rises are observed. 
 
To improve our understanding, we conducted a series of experiments to quantify the interplay 
between interface resistance 𝑍, stack pressure 𝑝 and stripping current density 𝑖* on contact loss. 
These measurements are summarised in Figs. 3c and 3d in terms of the measured critical 
capacity 𝐶'- (defined again as the point when the cell voltage rises to 5V). In Fig. 3c we show 
the dependence of 𝐶'- on the interface resistance 𝑍 for three values of the applied stack pressure 
𝑝 and 𝑖* = 1	mAcm+%. For a given 𝑍, the critical capacity increases with increasing 𝑝 and for 
a given 𝑝, the capacity decreases with increasing 𝑍 but plateaus out at high values of 𝑍. While 
𝑝 has a large effect on 𝐶'- we observed that 𝑖* has only a relatively minor influence. This is 
illustrated in Fig. 3d where we include experimental measurements of 𝐶'- as a function of 𝑍 for 
an applied 𝑝 = 10	MPa and currents in the range 0.3	mAcm+% ≤ 𝑖* ≤ 1.0	mAcm+%. For 
example, with 𝑍 ≈ 13	Ωcm%, 𝐶'- increases slightly from ~4.5	mAhcm+% to ~6	mAhcm+% 
when 𝑖* is decreased from 1.0	mAcm+% to 0.3	mAcm+%. This difference in 𝐶'- is within the 
variability in the measurements. The results in Figs. 3c and 3d suggest complex coupling 
between 𝑍, 𝑝 (and to a lesser extent 𝑖*), but in all cases the failure times 𝑡, are on the order of 
hours. In contrast, voids in pristine Li are expected to collapse in < 1 min under these imposed 
stack pressures (Fig. 3b). This, combined with the fact that we did not observe voids in pristine 
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Li, but only empty pores and voids associated with the impurity layer, drives us to develop an 
alternate view of the observed contact loss. 
 
Impurity deposition driven contact loss 
The images in Fig. 2 support an alternative mechanism in the form of a layer of impurities on 
the stripped interface (Fig. 2b) that were absent prior to stripping (Fig. 2a). Given that these 
impurities are weakly bonded to the interface (and get disturbed when the cell is sectioned with 
high milling currents), we hypothesise that these impurities exist as solutes within the electrode 
Given the very high purity of the Li metal (~99.9% Li was used in this study) it is difficult to 
detect impurity particles within the electrode. Nevertheless, our SEM images (Fig. S7) show 
some evidence of the existence of such particles that are widely spaced, consistent with the high 
purity of the Li foil used in this study. These impurities within the electrode advect with the Li 
as it is stripped (i.e., migrate with the thinning Li electrode as sketched in Fig. 4a) and contribute 
to contact loss via the mechanism sketched in Fig. 4. These impurities cannot, however, pass 
through the electrolyte and hence accumulate on the electrode/electrolyte interface. Continued 
stripping increases the density of these solutes on the interface with the deposits existing as a 
single layer in places and multiple layers in other locations (Fig. 4a). These solutes are 
insulating and consequently their presence on the interface reduces the effective area for Li0 
flux across the interface and increases the effective interface resistance, as proposed by Agier 
et al.17. We emphasize that this is a potent mechanism for blocking of the interface with even a 
sparse impurity concentration in the bulk Li resulting in a high impurity concentration on the 
two-dimensional (2D) interface after only a few microns of stripping. For example, consider a 
Li foil with 𝑓 = 0.1% volume fraction of impurities of size 𝑎 = 50	nm. Stripping 𝐻 = 5	µm 
of Li will result in impurities spaced a distance ℓ ≈ 0.18	µm on the interface (Supplementary 
S2; Eq. S19). These insulating impurities reduce the effective interface area and could 
potentially block the flux of Li ions across the interface. 
 
To illustrate the effect of this reduction in the effective surface area within a theoretical 
framework, let 𝑓 denote the volume fraction of spherical solutes of radius 𝑎 within the Li 
electrode. After stripping for a time 𝑡 with an areal current 𝑖*, a height 𝐻1 = 𝑖*𝑡Ω23/𝐹 of Li has 
been stripped from the electrode (𝐹 the Faraday constant, Ω23 the molar volume of Li). All 
solutes within the stripped portion 𝐻1 of the electrode remain on the interface. Assuming that 
these solutes are uniformly distributed as a monolayer on the interface, their spacing 2ℓ after a 
stripping time 𝑡 is  

	ℓ ≈ ℓ4 = U
4𝐹𝑎$

3𝑓𝑖*𝑡Ω23
. (1) 

An area fraction ~(𝑎/ℓ)% of the interface blocks the flux of Li0 across the interface and the 
effective resistance of interface rises to 𝑍(55 = 𝑍/[1 − (𝑎/ℓ)%]	 where 𝑍 is the resistance prior 
to stripping. Assuming one-dimensional flux, the evolution of cell voltage with capacity 𝐶 =
𝑖*𝑡 for a symmetric cell (and assuming the plating interface remains unaffected) is given by 

𝑉'()) = 𝑖* [𝑍 \
1

]1 − 3𝑓𝐶Ω234𝐹𝑎 ^
+ 1` +

𝐿6
𝜅 c			, (2) 

where 𝜅 and 𝐿6 are the conductivity and thickness of the electrolyte, respectively. With 𝑍 =
9	Ωcm%, 𝐿6 = 1	mm and 𝜅 = 0.47	mS	cm+& (the cell parameters for Fig. 1c), the predicted 
evolution of cell voltage is included in Fig. 1c for the choice 𝑓 = 0.1% (the Li foil used in the 
experiments is ~99.9% pure) and 𝑎 in the range 25	nm ≤ 𝑎 ≤ 75	nm. This simple solute 
deposition model, based on the reduction of the effective interface area due to deposition of 
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insulating particles, broadly predicts the correct critical capacity using a reasonable range of 
impurity particle sizes. However, this model, which assumes that the voltage increase is solely 
due to the reduction in the effective area, predicts no dependence of 𝐶'- on stack pressure. This 
is contrary to the strong experimentally observed pressure dependence wherein 𝐶'- increases 
with increasing pressure (Figs. 1c and 3c). 
 
Our observations of a strong stack pressure dependence of 𝐶'- drove us to modify the above 
hypothesis. We now assume that the deposited solutes form a porous layer on the interface and 
Li needs to flow through this porous layer to reach the interface and then conduct through the 
electrolyte. Consistent with our observations (Fig. 2b) the layer is approximately 1 particle 
thick, and the Li will creep through the gaps between the particles to reach the interface. The 
Li within the electrode (including the Li within the porous interface) is percolated and thus the 
only force to drive the Li through this layer to the interface is the imposed stack pressure. 
Continued stripping can occur when the rate at which the stack pressure driven Li creep rate 
equals the rate at which the Li is stripped at the interface (Fig. 4b). For a given stack pressure, 
there is a maximum creep rate of the Li through the gaps and if the stripping rate exceeds this 
creep rate: the Li at the interface is stripped and cannot be replenished from within the electrode. 
This results in the formation of pores or micro/nano-scale voids as shown in Fig. 4c, although 
the good adhesion between the impurity particles and Li implies that the impurity particles 
remain coated with a thin Li layer that provides electron pathways to the interface (zoom in of 
Fig. 4c). The empty pores/voids in Fig. 4c fundamentally differ from the voids in pristine Li: 
the mechanical skeleton of the impurity particles sustains the imposed stack pressure and 
prevents their collapse. These voids or empty pores cannot collapse under imposed stack 
pressure but can get refilled when sufficient stack pressure forces the Li into them via creep. 
 
We develop a significantly simplified model (Fig. 5a) for this phenomenon assuming a single 
layer of spherical particles of radius 𝑎 uniformly dispersed on the interface with a centre-centre 
spacing 2ℓ (also see Supplementary S2.2 and Fig. S8 for an analysis of a thick layer of impurity 
particles that confirms that the single layer approximation is more appropriate). To determine 
the critical capacity 𝐶'- at which Li can no longer be stripped, we calculate the critical value of 
the spacing ℓ = ℓ'- below which the stack pressure cannot force the Li through the gaps 
between the particles. This gives an implicit relation for the dependence of 𝐶'- on 𝑝 and 𝑖* as 
(Supplementary S2.3): 

"
4𝐹𝑎

3𝐶crΩ!"𝑓
%
#/%

=
1
√3
	(𝑛 + 3)

1
𝑛+1 "

4𝜎0
𝑝 %

𝑛
𝑛+1

)
𝑖𝑠Ω!"
𝐹𝑎𝜀̇0

1

1 − +3𝐶crΩ!"𝑓4𝐹𝑎 ,
-

1
𝑛+1

+ 1, (3) 

where (𝜎/, 𝜀/̇, 𝑛) are the power law creep constants 29,31 of Li, such that the flow strength is 
𝜎/ = 1	MPa, the reference strain rate is 𝜀/̇ = 0.01	s+& and the power law creep exponent is 𝑛 =
6.6 (Supplementary S2.2). To make direct comparisons with the experimental observations we 
also need to account for the fact that the pristine interfaces (i.e. interfaces prior to stripping) 
have a range of resistances, 𝑍. We use the observation (Fig. 2a) that the pristine interface too 
has a small area fraction of impurity particles (which could, for example, be residual surface 
oxides, hydroxides and carbonates (and other residual impurity phases) that are not removed 
during thermal treatment33). Assuming that insulating spherical particles of radius 𝑎/ are 
uniformly dispersed a distance 2ℓ/ apart on the pristine interface, the effective conducting area 
of the interface is reduced by a factor [1−(𝑎//ℓ/)%]	and the resistance 𝑍 of the pristine interface 
is related to the resistance 𝑍/ of the interface in the absence of particles via 𝑍 =
𝑍//[1−(𝑎//ℓ/)%]. The model (3) is then modified to account for the initial partial coverage of 
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impurity particles (Supplementary S2.3) and can be used to predict the capacity 𝐶'- at which 
flow of Li across the interface is blocked.  
 
Using reasonable estimates for the key parameters, viz. 𝑍/ = 1	Ωcm% (the lowest value of 𝑍 we 
measured across 50 cells manufactured in this study), particles of sizes 𝑎/ = 200	nm and 𝑎 =
130	nm, and 𝑓 = 0.1% we include predictions in Fig. 3c of the dependence of 𝐶'- on 𝑍 for 
three choices of the stack pressure. Excellent agreement (to within the scatter of the data) is 
observed indicating that the model captures the dependence of the critical capacity on stack 
pressure and interface resistance. The predicted dependence of 𝐶'- on current is included in 
Fig. 3d by giving predictions using the same parameters but two extreme currents, 𝑖* =
0.3	mAcm+% and 1.0	mAcm+%, with a stack pressure of 𝑝 = 10	MPa. Again, the predictions 
capture the measurements to high accuracy including the relatively low dependence of 𝐶'- on 
𝑖*. The observation that the dependence of 𝐶'- on 𝑖* is weak (over the range 0.3	mAcm+% ≤
𝑖* ≤ 1.0	mAcm+%) but strong on 𝑝 (over the range 5	MPa ≤ 𝑝 ≤ 15	MPa) is rationalised via 
the model as an outcome of the high value of the creep exponent 𝑛 of Li. We note in passing 
that void growth by flux focussing7,12,34 is expected to be amplified with increasing 𝑖* while our 
measurements suggest a weak dependence of 𝐶'- on 𝑖* as captured by the impurity deposition 
model. The good agreement between our model and experiment allows us to conclude that 
contact loss is associated with the formation of a layer of insulating solutes that are deposited 
on the interface as the Li is stripped. Importantly, contact loss occurs when the rate at which Li 
creeps in the gaps between the particles under the imposed stack pressure cannot keep up with 
the rate at which Li is stripped at the interface resulting in the formation of empty gaps/pores 
between the particles that resemble voids. We emphasise that the predictions in Figs. 3c and 3d, 
which agree with measurements for a range of pressures and stripping currents, are for a given 
Li source which in the context of our model implies a given set of parameters (𝑎/, 𝑎, 𝑓, 𝑍/). 
Changing the Li source is likely to change at least (𝑎/, 𝑎, 𝑓) and consequently our predictions. 
The sensitivity of the predicted critical capacity to the choice these parameters related to the Li 
source are exemplified in additional calculations presented in Fig. S9, and we discuss this 
further below. 
 
The simplifying assumption of a uniform distribution of impurity particles on the interface 
provides a reasonably accurate prediction of 𝐶'- but clearly this is not how impurity deposition 
occurs. Impurity deposition is expected to be more non-uniform as sketched in Fig. 4a. While 
the assumption of a spatially uniform distribution of impurity particles of the interface suffices 
for predicting the capacity 𝐶'-, it has some critical limitations that can be appreciated as follows. 
First consider the uniform deposition assumption. The evolution of the impurity spacing 
distributions is sketched in Fig. 5a where we see that the probability density of the particle 
spacing is a dirac delta function  𝑝(ℓ) = 𝛿(ℓ − ℓ4) with ℓ4 given by (1) and decreasing with 
time. Then for ℓ4 > ℓ'- the Li reaches the electrode/electrolyte interface under the action of the 
imposed stack pressure, and the cell voltage only rises due to the reduction in the effective 
surface area of the interface due to the presence of the insulating impurity particles. Predictions 
of the voltage versus time curves using this model (Supplementary S2.3 and Fig. S10) show 
that unlike the observations (Fig. 1c), the model predicts a minimal rise in the cell voltage with 
sudden loss of contact at 𝐶 = 𝐶'-. We argue that the more gradual attainment of the critical state 
of loss of contact observed in Fig. 1c is related to the non-uniform deposition of impurities. We 
proceed to clarify this and the role of the two driving forces, viz. the imposed stack pressure 
and cell voltage in the context of this non-uniform deposition (also see discussion in 
Supplementary S2.3). 
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Consider non-uniform deposition of the particles as shown in Fig. 5b with the corresponding 
temporal evolution of the probability density 𝑝(ℓ). While clearly the mean spacing decreases 
with increasing time, the formation of patches of deposited impurities implies that the 
distribution also becomes more disperse with a higher standard deviation. The consequence of 
this is seen in Fig. 5b: with increasing time as the distribution becomes more disperse, the 
cumulative probability of spacings less than ℓ'- increases. These regions of the interface no 
longer play any role in the stripping and stripping is restricted to regions of the interface with 
ℓ > ℓ'-. The inactive and active regions of the interface are shown schematically in Fig. 5b. 
The imposed voltage controls the Li-ion flux across the active parts of the interface as set by 
the usual Butler-Volmer kinetics (the stack pressure has a negligible influence on these kinetics 
as 𝑝Ω23/𝐹 ≈ 2	mV ≪ 𝑉'()) for 𝑝 = 15	MPa). As the active area of the interface decreases the 
cell voltage increases to maintain the constant cell current. This gives rise to the more gradual 
increase in cell voltage immediately prior to attainment of the critical capacity observed in 
Fig. 1c. This is not predicted when uniform deposition is assumed.  
 
Can contact loss recover by void closure? 
Our mechanism of contact loss appeals to the existence of voids or empty pores within the 
deposited layer of impurity particles. These voids are mechanically supported by the skeleton 
of impurity particles and under stack pressure will close at a slower rate than voids in pristine 
Li as the Li needs to creep through the micro-gaps between the impurity particles. The time 
scale for void closure in the impurity layer and in pristine Li differ significantly. For example, 
voids in pristine Li close within approximately 1 s under a 10 MPa stack pressure (Fig. 3b) 
while our calculations (Supplementary S2.3 and Fig. S11) suggest that it will take Li ~1 hr to 
flow through an impurity layer on the interface under a 10 MPa stack pressure if impurities of 
radius 𝑎 = 130	nm are spaced at 2ℓ~310	nm (this spacing is approximately the spacing of the 
particles when stripping is blocked at 𝑖* = 0.6	mAcm+%). This difference in timescales allows 
us to design strip-rest experiments to differentiate between these two mechanisms of void 
formation at the interface. 
 
We conducted strip-rest cycles with a period of two hours: strip at a current density 𝑖* =
0.6	mAcm+% for 1 hour followed by 1 hour of rest with no imposed current but a constant stack 
pressure 𝑝 = 10	MPa maintained during both stripping and rest. Measurements of the cell 
voltage 𝑉'()) versus time for ~30 hrs are shown in Fig. 6a. There are two important observations. 
Overall, the voltage during stripping rises gradually over time consistent with increasing loss 
of contact (also see Fig. 1c). The voltage-time curve during each stripping phase shows two 
distinct regimes: (i) a sharp rise in voltage and (ii) a subsequent more gradual rise. At the start 
of each stripping period (after rest) the voltage has nearly recovered back to the value at time 
𝑡 = 0 but then rises rapidly to the voltage at which the second slower rise phase had ended in 
the previous stripping cycle once the current is reapplied (see zoom-in in Fig. 6a). These 
observations help us differentiate between the two mechanisms of void formation.  
 
First consider the mechanism of void growth in pristine Li. Recall that voids under a pressure 
of 10 MPa collapse in approximately 1 s (Fig. 3b). Consequently, we would expect that such 
voids, if they formed under stripping, would collapse during the 1 hr rest period and erase all 
memory of the loading history with the resistance (and cell voltage) during a subsequent 
stripping cycle having a temporal response akin to the first cycle at 𝑡 = 0. This is clearly not 
the case with the measurements (see inset of Fig. 6a) showing a rapid rise in cell voltage to its 
value at the end of the previous stripping cycle. Both the timescale of the recovery and the fact 
that the cell maintains memory of the loading history suggest that void growth in (nominally) 
pristine Li is not an important contributor to contact loss. Next consider the mechanics of the 
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formation of voids or empty pores in the deposited impurity particle layer. During the rest 
period, Li slowly creeps through the pores of the impurity layer under the imposed stack 
pressure and re-establishes contact with the interface (over ~ 1hr in line with the calculations 
in Fig. S11). This implies that interface resistance (and cell voltage) recovers after the rest 
period. However, upon recommencement of stripping, the relatively small Li content within the 
pores of the impurity layer is again very quickly depleted and not replenished sufficiently 
quickly to keep up with the imposed stripping current. Therefore, the interface resistance (and 
cell voltage) rises quickly back to the value measured at the end of the previous stripping cycle. 
This memory effect is also consistent with impurity deposition as the rest period does not disturb 
the deposited impurities.  
 
Recall that our three electrode measurements (Fig. S1) revealed that the changes in cell voltage 
during galvanostatic loading are solely attributed to the increase in effective resistance of the 
stripping interface. Thus, additional insights from the temporal evolution of the total resistance 
of the cell can be used to provide further evidence that contact loss is associated with impurity 
deposition. We consider two measurements of cell resistance: (i) the cell resistance during 
stripping with a cell current 𝐼 given by 𝑅 ≡ 𝑉'())/𝐼, where 𝑉'()) is the cell voltage (Fig. 6a) and 
(ii) PEIS measurements (with effectively zero current) during the rest period (Methods). It is 
worth emphasizing that the changes in resistances inferred here have multiple contributions that 
include reduction in the active area of the interface, contact loss due to void formation and 
constriction resistance35,36 due to impurities on the interface. Our measurements do not 
differentiate between these contributions and are therefore effective resistances. There are two 
key observations from the measurements in Fig. 6b: (i) a finite resistance drop Δ𝑅 exists 
between the resistance at the end of stripping period and the start of the ensuing rest period and 
(ii) a gradual subsequent drop, that is recovery, in resistance is seen over the rest period.  
 
To rationalise the resistance drop Δ𝑅, recall that impurity particle patches exist over the 
interface with a range of particle spacings (Fig. 5b). The portion of the interface where the 
spacing is small will not permit the flow of Li across the interface under the imposed stack 
pressure whereas other parts of the interface where impurity particle spacings are larger will 
admit Li flow. The critical particle spacing ℓ'- required to block the flow is dependent on the 
imposed current such that ℓ'- is larger at a higher current 𝑖* (Equation S18 in Supplementary 
S2.3). Thus, it is expected that a larger fraction of the interface becomes inactive at higher 
currents resulting in a higher effective interface resistance. The stripping resistance 𝑅 ≡ 𝑉'())/𝐼 
in Fig. 6b was measured at a unidirectional current density of 𝑖* = 0.6	mAcm+% while the cyclic 
PEIS measurements were conducted with significantly lowers currents (< 5	µAcm+%). The fact 
that the PEIS resistance is much lower at the start of the rest period compared to the stripping 
resistance at the end of the stripping period confirms that a larger fraction of the interface area 
is active at the lower 5	µAcm+% current, and this accounts for Δ𝑅. 
 
Next consider the gradual decrease in resistance during the rest period after the initial drop Δ𝑅.  
The time over which the resistance recovers also provides further insights into the mechanism 
by which the resistance had risen during stripping. We fitted an exponential function to the 
temporal change in resistance over each of the rest periods in Fig. 6b; see Fig. S12a. The decay 
constant 𝜏 for all rest periods was in the range 5min ≤ 𝜏 ≤ 15	min and had only a weak or no 
clear dependence on the stripped capacity 𝐶 = 𝑖*𝑡 (Fig. S12b). To further investigate the 
recovery of resistance, we repeated the strip rest experiments of Figs. 6a and 6b but now with 
a lower stack pressure of 5 MPa (Fig. 6c) and again extracted decay constants for the recovery 
of resistance during rest. The range of the measured decay constants from the experiments in 
Fig. 6b and 6c and additional measurements (Figs. S13a and S13b) with longer stripping and 
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rest periods are all plotted in Fig. 6d as a function of stack pressure (all the measurements are 
for a stripping current 𝑖* = 0.6	mAcm+%). The intriguing observation is the negligible 
dependence of timescale 𝜏 upon stack pressure. 
 
The progressive decrease, also termed recovery, of the resistance during each rest period can be 
rationalised by two possible mechanisms: (i) voids on the interface in pristine Li close by creep 
under the imposed stack pressure or (ii) the Li creeps through and fills the pores formed in the 
impurity layer during stripping (Fig. 4c). Can either of these mechanisms explain the negligible 
dependence of	 𝜏 on stack pressure? First consider the closure of voids in pristine Li. The 
calculations in Fig. 3b give the time for void closure (i.e. time 𝑡> at which 𝑉/𝑉/ → 0) and these 
predictions (for the case of sticking friction) are included in Fig. 6d. A very strong pressure 
dependence is predicted. Additional calculations with higher Li creep strengths 𝜎/ (to account 
for possible size dependence of the strength of Li32) are included in Fig. 6d: with increasing 𝜎/ 
the predicted recovery time 𝑡> increases but the strong dependence on stack pressure remains 
unchanged.  
 
Next consider the progressive decrease in resistance during the rest period, as estimated from 
the impurity layer model. Here recovery time is set by the time for the Li to creep through the 
gaps 2𝑠 ≡ 2(ℓ − 𝑎) between the impurity particles (Fig. 4b). Recall that the increase in 
resistance is associated with patches on the interface where flow of Li is blocked or rather 
cannot keep up with the stripping rate (Fig. 5b). In these regions the spacing between impurity 
particles is 𝑠 < 𝑠'- = (ℓ'- − 𝑎) with ℓ'- given by Eq. (S18) and dependent on the stack pressure 
and stripping current. The time for Li to creep under the stack pressure through these gaps 
during the rest period provides an estimate for the time for the resistance to recover. Recall that 
the critical spacing 𝑠'- = (ℓ'- − 𝑎) is a function of the stack pressure and the stripping current 
𝑖* such that for  𝑠 < 𝑠'- the stack pressure cannot force the Li through the gaps between the 
particles at a rate sufficient to keep up with the imposed stripping current. During the rest 
period, Li will creep through the gaps and re-establish contact with the electrolyte. The time 
required for this creep process depends on the spacing of particles: 𝑡'- increases with decreasing 
𝑠. As discussed in the context of Fig. 5b there exists a range of spacings and therefore the time 
for resistance to recover depends on this distribution of particle spacings. In the absence of 
information on the distribution of impurity particle spacings, we include in Fig. 6d predictions 
of the time 𝑡> for Li to creep through gaps of size 𝑠 = 𝛼𝑠'- for 3 choices of 𝛼 in the range of 
0.5 to unity (Supplementary Section S2.5). Here 𝑠'- is calculated from Eq. (S18) as a function 
of stack pressure 𝑝 and the stripping current 𝑖* = 0.6	mAcm+% used in these experiments. 
Notwithstanding the fact that there is uncertainty in the distribution of 𝑠 we observe that 𝑡> has 
a very weak dependence on stack pressure with the measurements of recovery time suggesting 
that 0.5 ≤ 𝛼 ≤ 0.75 adequately bounds the measurements. The weak dependence of pressure 
arises from the two opposing contributions of stack pressure. For a given particle spacing 𝑠, the 
time for Li to creep through the particles decreases with increasing stack pressure; see Eq. (S30). 
However, given 𝑖*, increasing stack pressure decreases 𝑠'- as quantified by Eq. (S31). These 
two opposing effects result in the weak dependence of 𝑡> stack pressure seen in Fig. 6d.  
 
Current dependent interface resistance associated with impurity deposition 
The combined PEIS and direct current measurements of resistance in Figs. 6b and 6c suggest 
that the resistance of the stripping interface becomes strongly dependent on the stripping current 
after stripping (due to the accumulation of impurity particles). We now investigate this further 
by performing strip-rest experiments where we perform two strip-rest cycles at one current and 
then either increase or decrease the stripping current to directly show the current dependence 
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of resistance. All these experiments are performed with a stack pressure of 10 MPa maintained 
over all strip and rest cycles. 
 
First consider stripping with 𝑖* = 0.6	mAcm+% to a capacity ~6	mAhcm+% (Fig. 7a). The cell 
resistance rises from an initial value of ~1.5	kΩ to ~8	kΩ and then drops back to its initial 
value during the rest of 4 hrs. The next stripping cycle again at 𝑖* = 0.6	mAcm+% but now to a 
capacity ~0.1	mAhcm+% shows the resistance again quickly rises to ~8	kΩ and drops back to 
to ~1.5	kΩ during the subsequent 5 hr rest period. This clearly shows that after the initial 
stripping to a capacity ~6	mAhcm+% the cell resistance at 𝑖* = 0.6	mAcm+% is ~8	kΩ. The 
next stripping cycle was performed at 𝑖* = 0.1	mAcm+% to a capacity ~0.1	mAhcm+% and now 
the resistance only rises to ~2	kΩ clearly demonstrating that the cell resistance (or rather 
resistance of the stripping interface) after initial stripping to ~6	mAhcm+% is current dependent 
with resistance higher for higher currents. To confirm that this conclusion further we conducted 
a reverse experiment where we first stripped a fresh cell with 𝑖* = 0.1	mAcm+% to a capacity 
~7	mAhcm+% (Fig. 7b). Now the resistance rises much more gradually from the initial value 
of ~1.8	kΩ to only about ~2.5	kΩ and subsequent rest-strip cycles (similar to Fig. 7a) at 𝑖* =
0.1	mAcm+% confirmed that the cell resistance after stripping to ~7	mAhcm+% is 
approximately 2.5	kΩ at 𝑖* = 0.1	mAcm+%. The next strip cycle was conducted at 𝑖* =
0.6	mAcm+% to a capacity of ~0.1	mAhcm+% and the resistance rises rapidly to ~5.5	kΩ 
confirming that indeed the resistance is higher for higher currents after stripping. The current 
dependence of the resistance after stripping and the resistance jump Δ𝑅 between the stripping 
cycle and the PEIS measurements during rest are rationalised by noting that ℓ'- is current 
dependent and a large fraction of the interface is inactive at higher currents since ℓ'- increases 
with 𝑖*. We note in passing that the immediate rise in resistance upon stripping observed in 
numerous studies25,37 might also be related to the current dependence of resistance. For 
example, given an initial distribution of impurities on the interface (as assumed in this study), 
the PEIS measurements conducted at low currents prior to stripping will give lower resistances 
compared to the resistances inferred from the cell voltage immediately on the commencement 
of stripping. 
 
The above observations have the following features: (i) the cell maintains memory of the 
loading history; (ii) the time for resistance recovery during a rest period has a negligible 
dependence on stack pressure and (iii) the resistance after stripping is current dependent. Taken 
together, these observations add further evidence for our proposed mechanism, viz. contact loss 
is associated with empty pores between impurity particles deposited or already present on the 
interface.  
 
Outlook 
Commercial lithium metal sources always contain small level of impurities (e.g., the Li used in 
this study was 99.9% pure). Given that a solid electrolyte allows for the passage of Li ions but 
not the accompanying solute atoms, insulating particles accumulate on the interface when the 
Li electrode is stripped. A series of hypothesis-driven experiments associated observations, and 
theoretical models reveal that deposition of these impurities on the stripping interface is a 
critical mechanism driving contact loss. Voids or empty pores form within the deposited layer 
of impurity particles. These voids are mechanically supported by the skeleton of impurity 
particles and do not collapse under imposed large stack pressures. Our model, based on this 
mechanism, agrees with the numerous measurements we have reported for a given Li source 
and our sample of Al-substituted LLZO. But the model also predicts a strong sensitivity of the 
critical stripping capacity to both the impurities present on the solid electrolyte/Li metal 
interface at the onset of the experiment (e.g., lithium carbonates and other residual surface 
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impurity phases33,38) and the nature (size, concentration, etc.) of the impurities within the Li 
which get deposited on the interface during stripping. 
 
Our study has focussed on unidirectional stripping to uncover the mechanisms of contact loss 
during stripping. Under cyclic loading the interpretation of contact loss is more complex. For 
example, during plating, it may be possible that some impurities deposited on the interface 
during stripping are driven away from the interface and delay the onset of contact loss in the 
next stripping phase. But equally, some impurities may stick to the interface39 prior to cycling 
and/or accumulate with cycling. In, for example, sulphide-based systems, both impurity 
formation and its impact, may be further complicated by the chemical reactions that occur 
between Li metal and the unstable interface with the solid electrolyte. These chemical reactions 
may again form impurity phases such as Li2S, Li3P and LiX (X: halides)40,41 with lower ionic 
conductivities than the original electrolyte. Furthermore, different solid-state electrolyte 
preparation synthesis methods, different dopants and their levels (which all affect the nature 
and impurity levels)33,38 and the subsequent methods of making and polishing the pellets will 
all impact the level of impurities already on the surface of the pellets, affecting the critical 
capacity and ultimately representing potential sources variability between studies. More studies 
are needed to understand the effect of cell cycling on contact loss and to explore all of these 
phenomena including the effect of the Li metal microstructure42–44 in a wider range of solid 
electrolytes under both conditions of unidirectional stripping and cycling.   
 
The formation of empty pores of voids associated with impurities deposited during stripping 
not only rationalises observations of the large stack pressure dependence of the critical capacity 
and the slow recovery of the interface resistance during a rest period but also provides key 
insights into the now well-established superior performance of anode-free cells25 with recent 
studies45 showing > 99% efficiency indicating negligible contact loss via void/pore formation. 
In anode-free cells, the Li anode is created by the plating of Li onto the current collector by 
passing the Li being stripped from the cathode through the electrolyte. Only Li-ions can pass 
through the electrolyte and thus the electrolyte serves as a filter creating a very pure Li anode. 
Our model suggests that anode-free cells have the opportunity of a significantly higher critical 
capacity. However, the model also suggests that impurities already present at the current 
collector/solid electrolyte interface play a role in dictating plating mechanics and 
electrochemistry. Thus, while using high purity Li anodes made for example via the anode-free 
cell concept may be a key to reducing contact loss in solid-state batteries with Li metal anodes, 
our work and that of others46–48 points to the need of experiments to explore more broadly the 
role of impurity phases in electrochemical performance. 
 
The proposed mechanism of contact loss during stripping is consistent with a wide range of 
intriguing, and sometimes counterintuitive, measurements that are reported herein. Other 
mechanisms of contact loss, such as void formation, might also be prevalent in different 
systems. Further investigations are needed to understand the situations under which the 
different mechanisms of contact loss dominate. 
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Methods 
Manufacture of LLZO 
Doped LLZO (Al0.36Li5.92La3Zr2O12) was synthesised by a conventional solid-state synthesis 
route by mixing precursors (La2O3, ZrO2, Li2CO3 (with 10% excess), and Al2O3) and heating 
the mixture to 1000 °C for 6 hrs under flowing O2 in a MgO crucible33. The synthesized 
powders were stored in airtight vials to minimise exposure to ambient air. The doped LLZO 
powder was hot-pressed at 1080-1085 °C for 75 mins under 62 MPa using a custom built hot-
press and cut into 1-1.3 mm thick discs33. The phase purity of the pellets was confirmed using 
powder X-ray diffraction (Fig. S14) and the porosity was estimated from density measurements 
to be < 1%. The hot-pressed pellets had a grain size of ~4 − 10	µm. 

Cell assembly and measurements of interface resistance 
The LLZO pellets were successively dry polished with increasing grit number sandpapers 
(1200, 2500, 4000) and finally wet polished with an oil-based 1 μm diamond suspension. The 
pellets were immediately cleaned with dry acetone and transferred to an Argon glovebox to 
avoid prolonged exposure to air. In the glovebox, the pellets were sealed in a custom-made 
quartz tube. The sealed tube was then heated at the rate of 10°C min-1 to 500 °C for 1 hour 
under flowing gas (2:1 ratio of oxygen to argon) in a furnace outside the glovebox. 
Subsequently, the quartz tube was purged with argon and transferred back to the glovebox 
within 25 minutes, without any exposure to air33. 
 
To assemble a cell, a Li metal chip (15.6 mm diameter and 250 μm thick, PI-KEM) was gently 
scraped multiple times with a SS316 spatula until both surfaces of the chip were shiny. This 
cleaning step was performed on Kapak® pouch bags (300-0306, VWR) with special care taken 
to avoid Li metal contact with any other surface. The Li metal chip was placed on top of a 
pouch bag and rolled to reduce its thickness to below 100 μm using a polished stainless steel 
SS316 rod. The rolled Li metal surface in contact with SS316 rod was again scraped with a 
spatula. The rolled lithium metal was gently lifted from the pouch bag surface and placed on 
top of a polished SS316 plate (mirror finish) such that the lithium metal surface in contact with 
plastic pouch bag was now facing upwards away from the SS316 steel plate and this face was 
again scraped. Li metal discs were punched out from the thinned lithium metal on a SS316 
plate. Cells were assembled by sticking punched polished Li metal discs on both sides of the 
heat-treated pellets. The entire assembly (Li - Doped LLZO - Li) was heated at 190 °C for 5 
mins in tantalum crucibles (EVCEB-6MMO, Kurt J. Lesker) to melt the lithium. The area of 
the Li electrodes was observed to shrink upon melting the Li metal and the interface area was 
estimated from photos of each cell captured via a camera inside the glovebox (a Dino-Lite 
digital microscope camera (AM7115MZTL, GT Vision Ltd.). The cells were then closed in 
Swagelok cells for further testing.  

Cells were subject to different galvanostatic cycling conditions inside the glovebox using a 
VSP-300 Biologic cycler (where the current for the required interface current density i? was 
estimated from the area of the Li-LLZO interface as determined from the images). To apply the 
stack pressure, one side of Swagelok cell was loosened, and the cell was positioned within a 
screw-driven test machine inside the glovebox. A constant force on the cell was maintained 
throughout the electrochemical testing protocol. Potentiostatic Electrochemical Impedance 
Spectroscopy (PEIS) using a 10 mV amplitude and frequency sweep from 7 MHz to 1 Hz was 
conducted just before electrochemical testing of each cell to estimate the interface resistance). 
The PEIS spectra of each cell were fit with an equivalent circuit diagram (Fig. S15) using 
custom written codes in Python to extract the combined interfacial resistance (𝑅3@A(-5B'() of 
both interfaces. The effective interface resistance	𝑍 was calculated by accounting for the 
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different electrode diameters (Supplementary S3). After the electrochemical test finished, the 
cell was immediately taken out of Swagelok and interface areas again determined by taking 
images of the electrodes as described above. The cell capacities were normalised by the final 
stripping interface area to account for the area change during testing under load.  

For the strip-rest-strip cycle experiments, the cell resistance during the galvanostatic step 
(stripping) was estimated by dividing the cell voltage by current applied. For the PEIS 
measurements during the rest step, we used the same protocol as that for the pristine cell. 
Representative spectra are included in Fig. S16 over selected rest periods for the data in Fig. 6a. 
The real part of impedance spectrum at 20 Hz was used as an approximation for the total cell 
resistance 𝑅 (Supplementary S3) and this resistance during rest periods is plotted in Figs. 6b-c 
and Figs. 7a-b. 
 
Cryo- PFIB SEM observations 
The tested cells (pellets) were fractured into two pieces inside a glovebox to expose the cross-
section of the electrodes for analysis. One of the fractured pieces was mounted onto an SEM 
stub, and copper strips were affixed to the electrode, extending from its surface to the sides of 
the stub. This was performed to reduce charging effects during EDS mapping. The stub 
containing the sample was then transported to the Thermo-Fisher Scientific Helios 5 Hydra 
PFIB system using a CleanConnect inert gas transfer module to preserve its pristine condition. 
Once inside the system, the sample was cooled to -150 °C and subjected to successive milling 
using an Ar-ion beam. Initial milling was performed at a 4 μA current to expose the interface 
and eliminate surface artifacts that could have formed during sample transfer, glovebox 
exposure, or from residual overhang resulting from the fracture event. The cross-section was 
refined through a series of milling steps with progressively lower currents (2 μA, 400 nA, 
140 nA, and 14 nA) to remove terracing effects. Finally, a polishing step was carried out using 
a 7 nA current to mitigate curtaining effects and achieve a smooth cross-sectional surface. 
High-resolution SEM images were collected at different spots using a 2 kV 200pA electron 
beam with secondary electron (SE) detectors (TLD and ICE) in the Hydra SEM. EDS maps 
were recorded at 5 keV at locations of interest using an Oxford Instruments Ultim Max 170 
detector. 
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Figures 

Figure 1: Contact loss during stripping. (a) Sketch of a void growth mechanism that is commonly 
assumed to be the cause of contact loss on the stripping interface. Lithium (shown as brown balls) is 
stripped from the Li metal electrode and voids are thought to grow at the electrode/electrolyte interface 
resulting in contact loss between the electrode and electrolyte.  (b) Schematic of the mechanical and 
electrical loading of the Li/LLZO/Li cell. Note the different electrode areas on the plating and stripping 
interfaces of the cell. (c) Temporal evolution of cell voltage for cells with interface resistances 𝑍 ≈
9	Ωcm% and an imposed stripping current 𝑖& = 1	mAcm'%. Measurements are shown for three imposed 
stack pressures 𝑝 with the data plotted with time 𝑡 parametrised by capacity 𝐶 ≡ 𝑖&𝑡 (the upper x-axis 
shows the scale in units of time). Predictions using equation (2) are also included for a volume fraction 
𝑓 = 0.1% of impurity particles with three different radii 𝑎 in the Li electrode.  
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Figure 2: Observations of the stripped interface. Cryo-PFIB-SEM images of the interface of a cell with 
𝑍 ≈ 9	Ωcm% in the (a) pristine state (i.e., prior to galvanostatic testing), (b) the stripping interface after 
stripping at 𝑖& = 1	mAcm'% with a stack pressure 10 MPa. The images correspond to the 𝑝 = 10	MPa 
cell in Fig. 1c and are taken after the cell voltage has risen to 5 V. The images are shown at two levels 
of magnification (higher magnification indicated by the red dashed boxes) and include Oxygen EDS 
maps to show the elemental composition at the interface. (c) The stripping interface of the 𝑝 = 10	MPa 
cell in Fig. 1c after the voltage has risen to 5V. Different portions of the cross-section have been milled 
used different milling currents and the image shows that a high milling current disturbs (and dislodges) 
the impurity particles from the interface giving the impression of the presence of voids in the Li at the 
stripping interface. We propose that the voids seen upon stripping in previous studies12,28 could have 
been created by the high milling currents used during cross-sectioning. 
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Figure 3: Contact loss during stripping under imposed stack pressure. (a) Sketch of a hemispherical 
void with radius 𝑎( in a large Li electrode subjected to a stack pressure 𝑝. (b) Predictions of the temporal 
evolution (time 𝑡 = 0 at the instant of the application of pressure) of the normalised void volume 𝑉/𝑉), 
where 𝑉) is the initial void volume for selected imposed stack pressures 𝑝. Predictions are shown for 
free-sliding and sticking friction boundary conditions between the Li and the rigid interface. Summary 
of the critical capacity 𝐶*+ electrochemical measurements (circles) plotted as a function of cell interface 
resistance 𝑍 for (c), an imposed current 𝑖& = 1	mAcm'% and three values of stack pressure and (d), an 
imposed stack pressure 𝑝 = 10	MPa and selected values of current 𝑖&. Predictions of 𝐶*+ based on the 
impurity deposition model with a single layer of impurity particles are included in (c) and (d) (lines). 
The predictions here are for a given Li source and thus a fixed set of impurity parameters. The sensitivity 
of the predictions to the impurity parameters is shown in Figs. S9. 
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Figure 4: Schematics of the impurity deposition mechanism. (a) Impurities of radius 𝑎 within the 
electrode advect with the thinning electrode and deposit on the interface. Continued stripping increases 
the density of these solutes on the interface with the deposits existing as a single layer in places and 
multiple layers in other locations. (b) Sketch of our model comprising a single layer of uniformly spaced 
impurities at the interface. The zoom-in show particles spaced at ℓ > ℓ*+ such that the stack pressure 
that is sufficient to creep the Li through the gaps between the particles with the flow of Li between the 
particles approximated as flow through a pipe. (c) As the particle spacing decreases to ℓ ≤ ℓ*+, the 
stripping rate exceeds creep rate of the Li through the gaps under the imposed stack pressure and empty 
pores/voids form. This inhibits further stripping. The blockage of Li is shown in the zoom-in which also 
emphasizes that a thin Li layer remains adhered to the impurity particles providing a pathway for 
electrons. 
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Figure 5: Uniform versus non-uniform deposition of impurities. (a) Sketches of the evolution of the 
uniformly spaced impurities on the interface. The temporal evolution of the probability density of the 
spacing ℓ of the particles on the interface is also included. The uniform spacing implies that the 
probability density is a dirac delta function in (ℓ − ℓ,) where ℓ, is the current spacing at time 𝑡. (b) 
Sketches of the evolution of the non-uniform deposition of the impurity particles on the interface. The 
probability density of the spacing ℓ evolves such that not only does the mean particle spacing decrease, 
but the standard deviation of the distribution also increases. As a consequence, the cumulative 
probability of spacings ℓ < ℓ*+ increases with time and these become inactive regions of the interface. 
The inactive regions are marked in the sketches.  
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Figure 6: Recovery of resistance during rest after stripping. (a) The measured cell voltage 𝑉*-.. as a 
function of time 𝑡 for strip-rest cycles with a period of 2 hrs under the application of a stack pressure 
𝑝 = 10	MPa and stripping current 𝑖& = 0.6	mAcm'% (interface resistance 𝑍 ≈ 8	Ωcm%). The inset 
shows a zoom-in over the period 𝑡~20 hrs to 30 hrs. (b) The corresponding cell resistance 𝑅 versus time 
𝑡. The resistance during galvanostatic stripping is defined as 𝑅 ≡ 𝑉*-../𝐼 where 𝑉*-.. is the cell voltage 
and 𝐼 the imposed current while the resistance during the rest period obtained is via PEIS measurements. 
The resistance jump Δ𝑅 between the end of the stripping period and the start is the rest period is 
indicated. (c) A repeat of the experiment in (a) and (b) with a stripping current of 𝑖& = 0.6	mAcm'% but 
a stack pressure of 𝑝 = 5	MPa. The data is shown in the form of 𝑅 ≡ 𝑉*-../𝐼 versus time 𝑡 over the 
stripping and rest periods. (d) Comparison between measurements of the time 𝜏 for the resistance to 
recover during rest and corresponding predictions. Predictions are shown for the time 𝑡*+ voids to close 
for a range of choices of the Li creep strength 𝜎) and the time for Li to creep through pores between 
impurity particles for a range of choices of particle spacings 𝑠 = 𝛼𝑠*+. The weak dependence of the 
recovery time 𝜏 on stack pressure is only captured by the impurity particle model. 
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Figure 7: Current dependence of interface resistance after stripping. Strip-rest cycles at (a) 𝑖& =
0.6	mAcm'% followed by 𝑖& = 0.1	mAcm'% and the reverse with (b) 𝑖& = 0.1	mAcm'% followed by 
𝑖& = 0.6	mAcm'% both under stack pressure of 𝑝 = 10	MPa.  
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S1: Numerical calculations of void collapse under stack pressure 
The hemispherical void collapse calculations of Fig. 3b were performed using the Multiphysics 
software COMSOL®. The problem under consideration is sketched in Fig. 3a (and repeated in 
Fig. S17a).  
 
S1.1 Non-linear viscous creep response of Li and the governing mechanical equations 
In line with an extensive literature1–3 on the mechanical properties of Li at room temperature, 
we model Li as an incompressible creeping solid. For realistic creep rates in the Li/LLZO/Li 
cells, dislocation creep dominates in Li with the stress and strain-rate related by a power-law 
relationship. In terms of a reference stress 𝜎! and reference strain-rate 𝜀!̇ we define a dissipation 
potential for the Li as 

Φ" ≡
𝜎!𝜀!̇
𝑛 + 1*

𝜀̇
𝜀!̇
+
#$%

, (S1) 

where 𝑁 is the power-law exponent and 𝜀̇ ≡ .(2/3)𝜀&̇'𝜀&̇' is the von-Mises effective strain-
rate in terms of the incompressible strain-rate 𝜀&̇' (i.e. 𝜀(̇( = 0). The power law creep properties 
of Li are well-established in the literature1–3 with 𝜎! = 1	MPa, 𝜀!̇ = 0.01	s)% and 𝑛 = 1/𝑁 =
6.6.  
 
For this incompressible solid, the incompressible strain-rate 𝜀&̇' is related to the deviatoric stress 
𝑆&' ≡ 𝜎&' − (𝜎((/3)𝛿&', written in terms of the Cauchy stress 𝜎&' and the Kronecker delta 𝛿&', 
via 

𝑆&' ≡
𝜕Φ"

𝜕𝜀&̇'
	. (S2) 



 2 

The Li in the electrode satisfies static stress equilibrium 𝜎&',' = 0, where the comma denotes 
the spatial derivative with the repeated suffix follows the usual convention and the velocity 
field 𝑣& is divergence-free, i.e., 𝑣&,& = 0. The strain rate 𝜀&̇' ≡ 0.5(𝑣&,' + 𝑣',&) and the deviatoric 
stress are related via (S1) and (S2) with the hydrostatic stress 𝜎(( solved as a Lagrange 
multiplier to enforce incompressibility 𝜀(̇( = 0. These governing equations together are 
referred to as the nonlinear Stokes equations. 
 
S1.2 The boundary value problem 
Consider an electrode under a stack pressure 𝑝 with the electrode assumed to be large compared 
to the initial void radius 𝑎+. Thus, for numerical convenience we analyse a hemispherical region 
of radius ℛ ≫ 𝑎+ centred at the centre of the hemispherical void as shown in Fig. S17b. The 
electrode/electrolyte interface is located at 𝑧 = 0 and modelled as a rigid surface. On the 
surface 𝑧 = 0, we set the vertical component of velocity to vanish,  𝑣, = 0 to ensure that Li 
cannot penetrate through the solid electrolyte under the imposition of only stack pressure. On 
the hemispherical surface ℛ, a stack pressure 𝑝 is imposed via traction boundary conditions 
while the void surface is assumed to be traction free. Two extremes of friction condition are 
considered for the interaction of the electrode with the rigid surface 𝑧 = 0: (i) frictionless 
sliding of the Li such that the radial traction 𝑇- = 0 and (ii) sticking friction such that Li 
material points in contact with 𝑧 = 0 have a vanishing radial velocity 𝑣- = 0. Pressure was 
applied at time 𝑡 = 0 and the solution provides the evolution of the void shape with time. 
 
Solutions of the nonlinear Stokes flow equations with the above boundary conditions were 
obtained using the Multiphysics software COMSOL®. A regular mesh is needed in the Li for 
resolving the flow fields. To maintain the quality of the mesh during the void collapse, we 
employ a feature called “moving mesh” in the Multiphysics software COMSOL®. With this 
feature enabled, the solution technique used in the electrode is akin to an Arbitrary Lagrangian-
Eulerian (ALE) description, which is capable of coping with the large distortion of the Li.  
 
S1.3 Brief description of numerical results 
The predictions of void size and shape with increasing time for an imposed stack pressure 𝑝 =
10	MPa and the choice 𝑎+ = 25	µm are included in Figs. S2a and S2b for frictionless and 
sticking boundary conditions, respectively (time 𝑡 = 0 at the instant the pressure is first 
applied). The images in Fig. S4 show the void evolution along with spatial distributions of the 
von-Mises stress 𝜎 ≡ .(3/2)𝑆&'𝑆&'. The corresponding temporal evolutions of the void 
volume are included in Fig. 3b where 𝑉 is the current void volume at time 𝑡 and 𝑉! =
(2/3)𝜋𝑎+.. The void collapses slightly faster if frictionless boundary conditions are assumed. 
While the void collapses in approximately a self-similar manner in case the frictionless 
interface case, the void changes shape continuously when sticking friction is imposed.  
 
 
S2: Derivation of flow through the porous interface layer 
Consider the interface layer comprising of impurity particles deposited on the interface as 
shown in Fig. 4. The Li is driven through the layer by the applied stack pressure and we 
consider two limiting cases to derive a relation between the steady flow rate of Li through the 
layer and the applied pressure 𝑝: (i) the case of a thick layer when the layer thickness ℎ ≫ 𝑎 
where 𝑎 is the impurity particle radius and (ii) a single incomplete monolayer of impurity 
particles such that ℎ = 2𝑎. In both cases and consistent with the known creep response of Li 
we treat Li as a non-linear viscous solid. 
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S2.1 Flow of a non-linear viscous fluid through a circular pipe 
Flow of a fluid through a porous medium is usually idealised by the steady flow of a liquid 
through a cylindrical pipe of radius 𝑅. For simplicity in the context of the shear flow of the 
fluid through the pipe we rewrite the creep constitutive relations (S1) and (S2) in terms of the 
shear stress 𝜏 and shear strain rate 𝛾̇ as 

𝜏 = 𝜏! *
𝛾̇
𝛾̇!
+
#

, (S3) 

where 𝜏! ≡ 𝜎!/√3 and 𝛾̇! ≡ √3𝜀!̇.  
 
In one-dimensional steady-flow of the fluid through a pipe, the velocity is only a function of 
the radial position 𝑟 (Fig. S18) such that 𝛾̇ = −𝑑𝑣/𝑑𝑟. The pressure drop Δ𝑝 over the length ℎ 
of the pipe follows from balancing the pressure drop with the shear stress at a radius 𝑟 to give 

𝜋𝑟/Δ𝑝 = 2𝜋𝑟ℎ𝜏. (S4) 

Upon substituting for 𝜏 from (S3) into (S4) and using the definition of 𝛾̇ it follows that 

−
1
𝛾̇!
𝑑𝑣
𝑑𝑟 = *𝑟

Δ𝑝
2ℎ𝜏!

+
0

, (S5) 

where 𝑛 ≡ 1/𝑁. Then integrate (S5) from 𝑟 = 0 to 𝑟 = 𝑅 with the sticking boundary condition 
𝑣 = 0 at 𝑟 = 𝑅 to determine the maximum velocity 𝑣"12 at 𝑟 = 0 to be 

𝑣"12
𝛾̇!

=
1

𝑛 + 1*
Δ𝑝
2ℎ𝜏!

+
0

𝑅(0$%), (S6) 

and 𝑣(𝑟) is  
 

𝑣
𝛾̇!
=

1
𝑛 + 1*

Δ𝑝
2ℎ𝜏!

+
0

V𝑅(0$%) − 𝑟(0$%)W. (S7) 

 
The flow rate 𝑄̇ through the pipe is  

𝑄̇ = 2𝜋Y 𝑟𝑣𝑑𝑟 = 𝜋𝑅/𝑣̅
5

!
, (S8) 

where 𝑣̅ is the mean flow velocity through the pipe. From (S7) and (S8) it follows that 

𝑣̅ =
3(0$%)//𝜀!̇
𝑛 + 3 	*

Δ𝑝
2ℎ𝜎!

+
0

𝑅(0$%), (S9) 
 

where we have made use of 𝜏! ≡ 𝜎!/√3 and 𝛾̇! ≡ √3𝜀!̇.  

 
S2.2 Non-linear creep version of the Kozeny-Carman analysis for flow through a porous 
medium 
We use the analysis of Section S2.1 to derive a relation between the pressure drop Δ𝑝 and mean 
flow velocity through a porous layer of thickness ℎ comprising spherical particles of radius 𝑎 
and porosity 𝜌. The effective radius 𝑅 of the equivalent circular pipe is assumed to be given by 
the Kozeny-Carman4,5 approximation as 

𝑅 ≡
void	volume
wetted	surface. 

(S10) 

Now consider a unit cell of volume 𝒱! such that 1 − 𝜌 ≡ (4/3)𝜋𝑎./𝒱! where the wetted 
surface in volume 𝒱! is 4𝜋𝑎/ and the void volume is 𝜌𝒱!. Then, 
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𝑅 ≡
𝜌𝑎

3(1 − 𝜌). (S11) 

The far field fluid velocity 𝑣7 is related to the mean fluid velocity 𝑣̅ through the porous layer 
as 𝑣7 = 𝜌𝑣̅. Upon substituting (S11) into (S9) it follows that  

𝑣7 =
3
0$%
/ 𝜀!̇𝜌
𝑛 + 3 *

Δ𝑝
2ℎ𝜎!

+

0

j
𝜌𝑎

3(1 − 𝜌)k
(0$%)

. (S12) 

Now consider the case of an applied Li+ current 𝑖8 so that 𝑣7 = 𝑖8Ω9:/𝐹 where 𝐹 is the Faraday 
constant and Ω9: the molar volume of Li. Then we set the stack pressure 𝑝 = Δ𝑝 based on the 
assumption that fluid pressure drop over the thickness of the interface layer equals the stack 
pressure. The stack pressure 𝑝 required to push the Li through the porous layer of thickness ℎ 
to maintain a cell current 𝑖8 is 

𝑝 = 2𝜎! *
ℎ
𝑎+ *

𝑖8Ω9:
𝐹𝜀!̇𝑎

+
%
0 (𝑛 + 3)

%
0[3(1 − 𝜌)/]

0$%
/0

𝜌
0$/
0

	. (S13) 

This relation can be interpreted as follows. For a given applied stack pressure 𝑝 and stripping 
current 𝑖8, the flow of Li through the interface layer is blocked when a layer of thickness ℎ 
greater than that given by satisfaction of (S13). In this manner we can establish the capacity 
𝐶 = 𝐶;< such that the flow is blocked.  
 
Consider an electrode with a volume fraction 𝑓 of spherical impurities of radius 𝑎. Upon 
stripping of Li from the electrode to reduce its height by 𝐻 the volume of particles per unit area 
deposited on the interface is 𝐻𝑓. These particles form an interface layer of thickness ℎ with a 
porosity 𝜌 so that conservation of impurity particles implies 𝐻𝑓 = (1 − 𝜌)ℎ. With 𝐻 =
𝐶Ω9:/𝐹 , where 𝐶 is the stripped capacity, it follows that 

𝐶 =
ℎ𝐹
Ω9:

(1 − 𝜌)
𝑓 . (S14) 

Now assume that the volume fraction of spherical impurities particles in the interface layer 
equals that of dense random packing density of mono-sized spherical particles, it follows 6,7 
that  𝜌 = 𝜌5 = 0.36. The critical value 𝐶 = 𝐶;< is obtained by substituting (S14) into (S13) to 
give 

𝐶;< =
𝜌5
0$/
0 (1 − 𝜌5)

(𝑛 + 3)
%
0[3(1 − 𝜌5)/]

0$%
/0

*
𝑝
2𝜎!

+ *
𝐹𝜀!̇𝑎
𝑖8Ω9:

+
%
0 𝐹𝑎
𝑓Ω9:

	. (S15) 

 
and the corresponding critical thickness ℎ;< of the interface layer is  

ℎ;<
2𝑎 =

𝜌5
0$/
0

2(𝑛 + 3)%/0[3(1 − 𝜌5)/](0$%)/(/0)
*
𝑝
2𝜎!

+ *
𝐹𝜀!̇𝑎
𝑖8Ω9:

+
%
0
	. 

 

(S16) 

This non-dimensional interface layer thickness ℎ;</(2𝑎) is plotted in Fig. S8 as a function of 
stack pressure 𝑝 for realistic choices of impurity particle sizes 𝑎 = 100	nm and 𝑎 = 1	µm and 
currents 𝑖8 = 1	mAcm)/ and 0.3	mAcm)/. The prediction shows that Li cannot flow through 
the impurity layer when it is more than ~ 2 particles thick. The Kozeny-Carman approximation 
used here requires ℎ;</(2𝑎) ≫ 1. The results in Fig. S8 suggest this limit of a porous interface 
layer that is many particles thick is not appropriate to understand the contact loss at the stripping 
interface. 
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S2.3 Interface layer that is one particle thick 
The results in Section S2.2 suggest that the interface layer is ~1 particle thick for which the 
Kozeny-Carman analysis is not appropriate. Consequently, we proceed to consider the other 
extreme where the interface layer is one particle thick, i.e. thickness ℎ = 2𝑎.  
 
Prior to developing the model, it is instructive to explain the physical picture. The Li/LLZO 
interface has an intrinsic resistance 𝑍! associated with the barrier for Li-ions to cross the 
interface as analysed using Butler-Volmer kinetics. However, we measure the effective 
resistance over a large area of the interface and even in a pristine cell there are impurities on 
the interface (Fig. 2a). These impurities block the flow of Li-ions across the interface and 
reduce the effective area of the interface. Thus, the measured resistance 𝑍 of the pristine 
interface is 𝑍 ≥ 𝑍!. Now consider stripping of the electrode, which results in deposition of 
impurities from within the electrode onto the interface. We shall discuss two cases: (i) the ideal 
case where the impurities are deposited in a spatially uniform manner and (ii) the more realistic 
case where impurities are deposited non-uniformly and might form patches.  
 
First consider the case where impurity particles are deposited uniformly to form a monolayer. 
This layer is no longer characterised by a porosity 𝜌 but rather by the centre-centre spacing 2ℓ 
of particles as sketched in Fig. 4b. We again approximate the flow of the Li through this layer 
as flow through pipes but now take the pipes to be of length 2𝑎 and radius ℓ − 𝑎. The far field 
fluid velocity 𝑣7 is related to the mean fluid velocity 𝑣̅ through each pipe as  

𝑣̅ =
𝑣7

1 − y𝑎ℓz
/	. (S17) 

Upon substituting (S17) for 𝑣̅ in (S9) along with 𝑅 = ℓ − 𝑎, it follows (using 𝑣7 = 𝑖8Ω9:/𝐹) 
that 

ℓ;<
𝑎 =

1
√3
	(𝑛 + 3)

%
0$% *

4𝜎!
𝑝 +

0
0$%

{
𝑖8Ω9:
𝑎𝜀!̇𝐹

1

1 − y 𝑎ℓ;<
z
/|

%
0$%

+ 1, (S18) 

where we label ℓ as ℓ;< to recognise that when the particle spacing is ℓ;<, flow through the 
porous layer under a stack pressure 𝑝 is blocked. Given a volume fraction 𝑓 of impurity 
particles in the electrode, this spacing is related to the stripped thickness 𝐻 of the electrode via 
(1) as 

𝐻 = 𝑎 *
𝑎
ℓ;<
+
/ 4
3𝑓	. (S19) 

This value of 𝐻 is directly related to the critical capacity via 𝐶;< = 𝐻𝐹/Ω9: yielding 

!
4𝐹𝑎

3𝐶crΩ!"𝑓
$
#/%

=
1
√3
	(𝑛 + 3)

1
𝑛+1 !

4𝜎0
𝑝 $

𝑛
𝑛+1

(
𝑖𝑠Ω!"
𝐹𝑎𝜀̇0

1

1 − *3𝐶crΩ!"𝑓4𝐹𝑎 +
,

1
𝑛+1

+ 1. (S20) 

Note that the interface resistance 𝑍 of the pristine interface (i.e. resistance prior to 
commencement of stripping) is absent from (S20) whereas our results (Figs. 3c and 3d) suggest 
that the critical capacity is sensitive to the interface resistance 𝑍 of the pristine cell. We now 
extend the analysis to understand the dependence of 𝐶;< on 𝑍.  
 
The micrographs in Fig. 2a show that the as-manufactured pristine interface has a scattering of 
impurity particles that shield the interface from Li transport. These particles are insulating in 
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the sense that they do not conduct Li and therefore reduce the effective area of the interface 
such that a higher concentration of particles implies a higher average interface resistance of the 
pristine interface. Let 𝑍! denote the interface resistance in the absence of any impurity particles. 
The presence of impurity particles of radius 𝑎! spaced a distance 2ℓ! apart implies that a 
fraction (𝑎!/ℓ!)/ of the interface no longer conducts Li. The resistance 𝑍 of the pristine 
interface (prior to stripping) is 

𝑍 =
𝑍!

1 − y𝑎!ℓ!
z
/
	
	. (S21) 

The presence of these pre-existing particles implies that we need to strip a smaller height 
compared to (S19) as the particle spacing on the interface only needs to reduce from ℓ! to ℓ;< 
rather than from ∞ to ℓ;<. 
 
We estimate this reduced stripping height in an approximate way as follows. Assume an 
interface with no initial impurity particles. Stripping a height 𝐻! of the electrode with a volume 
fraction 𝑓 of particles of radius 𝑎 will result in a spacing ℓ! of particles deposited on the 
electrode. Then, using an analysis analogous to (S19) we obtain 

𝐻! = 𝑎 *
𝑎
ℓ!
+
/ 4
3𝑓 = 𝑎 *

𝑎!
ℓ!
+
/
*
𝑎
𝑎!
+
/ 4
3𝑓	. (S22) 

Substituting for 𝑎!/ℓ! from (S21), we obtain 

𝐻! = 𝑎 *1 −
𝑍
𝑍!
+ *

𝑎
𝑎!
+
/ 4
3𝑓	. (S23) 

The critical stripping height (S19) is then assumed to be reduced by 𝐻! as the stripping only 
needs to decrease the spacing from ℓ! to ℓ;< to block the flow of Li, i.e. the critical stripping 
height  𝐻;< = 𝐻 − 𝐻!, where 𝐻 is given by (S19). Thus,  

𝐻;< = 𝑎
4
3𝑓 ~*

𝑎
ℓ;<
+
/
− *1 −

𝑍
𝑍!
+ *

𝑎
𝑎!
+
/
�	. (S24) 

and  𝐶;< is given by 

𝐶;< =
4𝑎𝐹
3𝑓Ω9:

~*
𝑎
ℓ;<
+
/
− *1 −

𝑍
𝑍!
+ *

𝑎
𝑎!
+
/
�	, (S25) 

with ℓ;< given by the solution to (S18). 
 
This model requires 4 key parameters (𝑍!, 𝑎!, 𝑎, 𝑓) which are estimated as follows. The Li 
electrodes have a high purity with the manufacturer specifying ~ 99.9% Li. We thus set 𝑓 =
0.1%. The particle sizes 𝑎 and 𝑎! are not known but our micrographs (Figs. 2a and 2b) suggest 
submicron sizes and thus we chose 𝑎 = 130	nm and 𝑎! = 200	nm. Finally, we set 𝑍! =
1	Ωcm)/ which equals the lowest value of 𝑍 that we measured over the 50 specimens we 
manufactured as part of this study. 
 
The prediction (S25) only gives the critical capacity at which the flow of Li is completely 
blocked but not the temporal evolution of cell voltage (Fig. 1c). We now extend this model to 
give the temporal evolution of cell voltage in this limit of spatially uniform distribution of 
impurity particles on the interface. In this limit, the fraction of the active area at any instant is  
[1 − (𝑎/ℓ)/] and prior to the complete block of Li-ion flux the cell voltage is related to 
capacity 𝐶 via Eq. (2). This equation is valid for 𝐶 < 𝐶;< and the voltage-capacity relation is 
then given by the piecewise function  
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𝑉;DEE = 𝑖8 {𝑍 �
1

*1 − 3𝑓𝐶Ω9:4𝐹𝑎 +
+ 1� +

𝐿F
𝜅 | 													𝐶 < 𝐶;<, and				 

			 

(S26) 

𝑉;DEE = ∞, for	𝐶 ≥ 𝐶;<. Comparisons between this prediction and measurements from Fig. 1c 
are included in Fig. S10 (with cell parameters = 9	Ωcm/, 𝐿F = 1	mm and 𝜅 = 0.47	mS	cm)%). 
We observe that while the capacity 𝐶;< at which the voltage increases sharply is predicted with 
good fidelity, the model does not predict the more gradual increase in voltage immediately 
prior to the critical condition.  
 
This discrepancy is associated with the fact that in reality the deposition of impurities is 
spatially non-uniform. As argued in the main text, for a given stack pressure 𝑝, (S18) gives the 
critical inter-particle spacing ℓ;< below which Li flow to the interface is blocked. Now consider 
a non-uniform distribution of impurities particles on the interface (Fig. 5b). Parts of the 
interface where ℓ ≤ ℓ;< become inactive and Li-ion flux is restricted to regions of the interface 
where ℓ > ℓ;<, i.e. the effective area of the interface is less than the electrode area. Now recall 
that the imposed voltage controls the Li-ion flux across the active parts of the interface via the 
usual Butler-Volmer kinetics. As deposition continues, the parts of the interface that are 
insulating increase. Under galvanotactic loading this implies that the cell voltage needs to 
increase to maintain the total current as the active area of the interface decreases. This gives 
rise to the more gradual increase in cell voltage immediately prior to attainment of the critical 
capacity observed in the measurements (Fig. 1c and S4).  
 
S2.4 Time for Li to creep through the one particle thick interface layer 
In the strip-rest experiments (Fig. 5), the resistance recovers in the rest period as Li creep 
through the gaps between the impurity particles and re-establishes contact with the LLZO 
interface. We wish to estimate the time for this recovery period. Recall that we are 
approximating the flow of the Li through this one particle thick layer as flow through a pipe of 
radius 𝑅 = ℓ − 𝑎. The mean flow velocity is given by (S9) as 

𝑣̅ =
3(0$%)//𝜀!̇
𝑛 + 3 	*

𝑝
2𝑠𝜎!

+
0
(ℓ − 𝑎)(0$%)	 (S27) 

where we replace Δ𝑝 by 𝑝 based on the assumption that the pressure drops to zero over the 
distance 𝑠 that the Li has flowed through the pipe of length 2𝑎. Then,  

𝑑𝑠
𝑑𝑡 = 𝑣̅	, (S28) 

and contact is re-established at time 𝑡 = 𝑡5 when 𝑠 = 2𝑎. Integrating (S28) gives 𝑡5 as 

𝑡𝑅 =
1
𝜀̇0
!

1
3(𝑛+1)/2

𝑛 + 3
𝑛 + 1$ 	!

2𝜎0
𝑝 $

𝑛

!
2

ℓ/𝑎 − 1$
(𝑛+1)

.	 (S29) 

Predictions of 𝑡5 as a function of non-dimensional impurity particle spacing ℓ/𝑎 are included 
in Fig. S11 for three choices of the stack pressure 𝑝. At 𝑝 = 10	MPa, a recovery time 𝑡5~	1	hr 
is predicted for ℓ/𝑎~1.19. With particles assumed to be 𝑎 = 130	nm (consistent with the size 
used for the predictions in Figs. 3c and 3d), we therefore infer a spacing 2ℓ~310	nm for a 
recovery time of 1 hr. This spacing is broadly consistent with the observations of the stripped 
interface in Fig. 2b.  
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S2.5 Time for recovery of resistance during a rest period 
The measurements (Figs. 6 and 7) show an increase in the resistance during stripping and a 
gradual recovery of the resistance during rest. The analysis of section S2.4 can be used to 
estimate this recovery time during the rest periods. The increase in resistance is governed by 
patches on the interface where the particle spacing 𝑠 < 𝑠;< ≡ ℓ;< − 𝑎. In these patches, the 
imposed pressure cannot force the Li through the gaps between the particles at a rate sufficient 
to keep up with the imposed stripping current and hence contact between the Li and the 
electrolyte is lost in those regions. Recovery of the resistance occurs when contact is re-
established in these regions during rest via creep of Li under the continued imposed stack 
pressure.  
 
We thus consider patches with a spacing 𝑠 = 𝛼𝑠;< where 0 < 𝛼 ≤ 1, i.e. regions where contact 
of Li with the electrolyte was lost. With 𝑠;< given by (S18), the recovery time follows from 
(S29) as 

𝑡𝑅 =
1
𝜀̇0
!

1
3(𝑛+1)/2

𝑛 + 3
𝑛 + 1$ 	!

2𝜎0
𝑝 $

𝑛

!
2𝑎
𝛼𝑠&'

$
(𝑛+1)

, (S30) 

with 
 

𝑠;<
𝑎 =

1
√3
	(𝑛 + 3)

%
0$% *

4𝜎!
𝑝 +

0
0$%

{
𝑖8Ω9:
𝑎𝜀!̇𝐹

1

1 − 1
(1 + 𝑠;</𝑎)/

|

%
0$%

, (S31) 

 
It is worth considering the limit 𝑠;</𝑎 ≫ 1 such that (S31) reduces to 

𝑠;<
𝑎 ≈

1
√3
	(𝑛 + 3)

%
0$% *

4𝜎!
𝑝 +

0
0$%

j
𝑖8Ω9:
𝑎𝜀!̇𝐹

k
%

0$%
, (S32) 

and substituting (S32) into (S30) gives 

𝑡𝑅 ≈
2
𝜀̇0
!
1
𝛼$

(𝑛+1)

	
𝑎𝜀̇0𝐹
𝑖𝑠ΩLi

	, (S33) 

such that 𝑡5 is independent of the stack pressure 𝑝. This independence arises from the two 
opposing effects of pressure discussed in the main text. The predictions in Fig. 6d use the full 
equations without making the approximation that 𝑠;</𝑎 ≫ 1 and gives a mild dependence of 
𝑡5 on stack pressure. 
 
 
S3: Calculation of the interface resistance Z in the Li/LLZO/Li cells with different 
electrode areas 
By fitting the equivalent circuit (Fig. S15) to the measured PEIS spectrum of each cell, we 
extracted the combined interface resistance	𝑅:KLD<M1;D	(Ω) of both interfaces and the total cell 
resistance 𝑅 ≡ 𝑅:KLD<M1;D + 𝑅N + 𝑅ON. This total resistance is plotted in Figs. 5b and 5c. Since 
the two electrodes of a cell are assembled in similar fashion, the effective interface resistance, 
𝑍 (Ωcm2) of both interfaces can be assumed to be equal. Total interface resistance 𝑅:KLD<M1;D in 
terms of 𝑍 is 

𝑅:KLD<M1;D =
𝑍
𝐴%
+	

𝑍
𝐴/
,	 (S30) 

where 𝐴% and 𝐴/ are the areas of the two electrodes estimated from optical images. Then given 
𝑅:KLD<M1;D it follows that 
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𝑍 = 𝑅:KLD<M1;D
𝐴%	𝐴/
𝐴% + 𝐴/

. (S31) 

These are the values of interface resistance that we cite in the main text. 
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Supplementary Figures 
 

 
Figure S1: Three electrode cell test under a stack pressure 𝑝 = 10	MPa and stripping current density 
𝑖( = 0.3	mAcm)% (interface resistance 𝑍 ≈14 Ωcm%). The voltage drop across the plating and stripping 
interfaces is plotted as function of the stripped capacity 𝐶 = 𝑖(𝑡, where time 𝑡 = 0 at the start of the 
galvanostatic loading. The assembly of the 3-electrode cell and associated measurement of the stripping 
and plating electrode voltages is indicated in the inset. Briefly, the third electrode was assembled by 
physically attaching a small piece of Li metal on the hand polished curved surface of the cylindrical 
pellet after the cell was fabricated (Methods). Based on these measurements, the rise in cell voltage 
(Fig. 1c) can be ascribed exclusively to the stripping interface as the voltage across the plating interface 
remains unchanged.  

 

 
Figure S2: Cryo-PFIB-SEM images of the interface after stripping at 𝑖( = 1	mAcm)% with a stack 
pressure 10 MPa, the images are taken after the cell voltage has risen to 5 V (same as shown in Fig. 2b). 
The images are shown at two levels of magnification (region of higher magnification indicated by the 
red dashed box). EDS maps to indicate the distribution of Oxygen, Aluminium, Lanthanum and 
Zirconium are included in this higher magnificent region. The impurity layer only shows a higher 
oxygen signal suggesting the impurities are not formed due to milling induced redeposition. 
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Figure S3: Cryo-PFIB-SEM images of the interface after stripping at 𝑖( = (a) 1	mAcm)% and (b) 
0.3	mAcm)% with a stack pressure 10 MPa. The images are taken after the cell voltage has risen to 2 V 
and both cells had an initial interface resistance 𝑍 ≈ 5	Ωcm% (i.e., prior to galvanostatic testing). The 
images are shown at two levels of magnification (higher magnification indicated by the red dashed 
boxes) and include Oxygen EDS maps to show the high oxygen content in the layer of deposited 
impurities. 
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Figure S4: Predictions of the collapse of a 𝑎* = 25	µm hemispherical void under a 10 MPa stack 
pressure. Results are shown at selected times with time 𝑡 = 0 corresponding to the instant the pressure 
was imposed. The predictions show the temporal evolution of the void shape with contours of the 
normalised von-Mises stress in the Li also included. Results are shown for (a) frictionless and (b) 
sticking boundary conditions of the Li along the electrode/electrolyte interface. 
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Figure S5: Observations of the collapse of a void on the interface between an Li film and LLZO. The 
measurements were carried out using the protocol developed in Roach et al.8 (a) Sketch of measurement 
setup with a Li film of diameter ~	4	mm and thickness ~ 900	µm   bonded to LLZO. A cylindrical void 
of diameter ~	140	µm was created by pressing Li metal over a Nb wire of diameter 200	µm . The wire 
was later withdrawn to leave the void. (b) Photograph of the plan view of the Li film showing the path 
of the cylindrical void. (c) Side (elevation) view observations of the collapse of the void under an 
imposed stack pressure 𝑝 = 1.4	MPa. Time 𝑡 = 0 corresponding to the instant the pressure was imposed 
the void completely disappears shortly after 𝑡 = 79	s. 
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Figure S6: Additional calculations to supplement those in Fig. 3b to illustrate the effect of the Li creep 
strength 𝜎+ on the time for voids to collapse. Calculations are reported for 𝜎+ in the range 1	MPa ≤
𝜎+ ≤ 3	MPa which correspond to measured strengths in the range > 100	µm to ~15	µm9. All other 
material constants are the standard values used in the calculations in Fig. 3b and here predictions are 
only reported for the frictionless sliding between the Li and the rigid interface. Comparison between 
predictions of the temporal evolution (time 𝑡 = 0 at the instant of the application of pressure) of the 
normalised void volume 𝑉/𝑉+, where 𝑉+ is the initial void volume for selected imposed stack pressures 
𝑝 for creep strengths (a) 𝜎+ = 1	MPa and 2 MPa and (b) 𝜎+ = 2	MPa and 3 MPa. 
 
 
 
 

 
Figure S7: Cryo-PFIB-SEM images of the bulk pristine Li electrode that shows a dilute dispersion of 
impurity particles. 
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Figure S8: Non-linear Kozeny-Carman predictions (S16) of the non-dimensional critical thickness 
ℎ&'/(2𝑎) at which flow of Li through the porous impurity layer on the interface is blocked. Results are 
shown for impurity particles of size 𝑎 = 100	nm and 1	µm and currents 𝑖( = 1	mAcm)% and 
0.3	mAcm)%. 

Figure S9: Sensitivity of critical capacity 𝐶&' predictions (S25) to the size of impurity particles 𝑎+ on 
the pristine interface, size of 𝑎 of impurity particles deposited on the interface during stripping, and 
impurity volume fraction 𝑓 in the bulk Li. Predicted capacities are shown for (a) 3 choices of 𝑎+ with 
fixed 𝑎 = 100	nm and 𝑓 = 0.1%, (b) 3 choices of 𝑎 with fixed 𝑎+ = 200	nm and 𝑓 = 0.1%, and (c) 
3 choices of 𝑓 with 𝑎+ = 200	nm and 𝑎 = 100	nm. All results are for a stack pressure 𝑝 of 10 MPa 
and a stripping current of 1 mAcm)%. 
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Figure S10: Comparison between the measurements and predictions of the cell voltage 𝑉&,-- as a 
function of stripped capacity 𝐶. The measurements are those in Fig. 1c and the predictions are for the 
model with a monolayer of uniformly distributed impurity particles; Eq. (S26).  
 
 

 
Figure S11: Predictions of the recovery time 𝑡. as a function of non-dimensional spacing ℓ/𝑎 for a 
single layer of impurity particles on the interface. Results are shown for selected stack pressures 𝑝. 
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Figure S12: (a) The strip-rest experiments of Fig. 6b showing the recovery of the resistance during the 
rest periods. The inset shows the fitting of an exponential function to the resistance during rest to extract 
the time constant 𝜏 over which the resistance recovers. (b) The extracted recovery constants 𝜏 as a 
function of the stripped capacity 𝐶 prior to each rest period. Data is shown for the experiments of Fig. 
6 with a stripping current 𝑖( = 0.6	mAcm)% and stack pressures 𝑝 = 5	MPa and 10 MPa. 
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Figure S13: Additional strip-rest experiments with a protocol akin to Fig. 7a. A stripping current 𝑖( =
0.6	mAcm)% is applied for to a capacity ~6	mAhcm)% followed by a rest of 4 hrs under a stack pressure 
(a) 𝑝 = 10	MPa and to a capacity of ~1.2	mAhcm)% followed by a rest of 4 hrs under (b) 5 MPa, so 
that in both samples rise in interfacial resistance was of similar values. The exponential fit to the 
recovery of the resistance is shown in both cases and the recovery constants extracted from these 
measurements are included in Fig. 6d. 
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Figure S14: Synchrotron X-ray diffraction spectrum of hot-pressed Al-LLZO pellet (λ = 0.493 Å) along 
with its Rietveld refinement to extract phase fraction of Al-LLZO and the minor side-products. The 
difference profile indicates the fit quality (Bragg R-factor = 3.16).  

 
 

 
Figure S15: Equivalent circuit used to fit the impedance data of Li-LLZO-Li cells. The symbols,  𝑅/ 
represents resistances while Q/ represents constant phase elements (non-ideal capacitor). 
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Figure S16: The evolution of PEIS spectra during the rest periods. The spectra are shown for three 
selected rest periods for the data in Fig. 6a. (a) 5	hr ≤ 𝑡 ≤ 6	hr; (b) 15	hr ≤ 𝑡 ≤ 16	hr and (c) 25	hr ≤
𝑡 ≤ 26	hr. In each case selected spectra are shown with the times labelled and the real part of impedance 
spectrum at 20 Hz used as an approximation for the total cell resistance 𝑅 is marked in each case. 
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Figure S17: (a) Sketch of a hemispherical void in a large Li electrode subjected to a stack pressure 
(repeated from Fig. 3a). (b) Sketch of the boundary value problem analysed to investigate the collapse 
of the voids under stack pressure.  
 
 
 

 
Figure S18: Sketch of the steady-state flow velocity field for flow of a fluid through a circular pipe of 
radius 𝑅. 
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