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Accurate assessment of the reversibility of electrodes is crucial for
battery performance evaluations. However, it is challenging to acquire

the true reversibility of the Li anode in lithium-metal batteries, mainly
because an excessive amount of Liis commonly used. Here we propose an
analytic approach to quantitatively evaluate the reversibility of practical
lithium-metal batteries. We identify key parameters that govern the anode
reversibility and subsequently establish their relationship with the cycle
number by considering the mass of active and inactive Li of the cycled
Lianode. Using this method, we show that the mass of active Li can be
quantitatively distinguished from the mass of inactive Li of the cycled
anodes in Amp hour-level pouch cells. This work opens an avenue for
accurately assessing degradation and failure in lithium-metal batteries.

Lithium-metal batteries (LMBs)—whose energy densities potentially
go beyond 500 Wh kg'—are an important focus in the current bat-
tery technology development'™. However, it remains a big challenge
to distinguish reversible Li from the irreversible one in the cycled
lithium-metal anode (LMA). This is vital for accurate evaluation of
reversibility of practical LMBs®.

For anode-free cells without LMAs, the irreversible capacity loss
canbe easily identified by Coulombicinefficiency of the cell (CiE,, nis
cycle number, defined in Fig. 1). An example of using CiE, toillustrate
cell degradation is shown in Supplementary Figs. 1 and 2 (refs. ”5).
Nevertheless, the degradation of excessive Li-containing LMBs mainly
presents at the side of the LMA due to the much worse electrochemical
irreversibility of LMAs than that of cathodes’ . However, the LMA, as
aLireservoir, can continuously compensate for the loss of Li inven-
tory in cathodes, which means that the CiE, of LMB does not precisely
reflect the real irreversibility during cycling'> ™. Therefore, quantita-
tive parameters reflecting the true reversibility of LMAs should be
established so asto objectively assess degradation behaviours of LMBs.

The irreversible Li species in a cycled LMA is composed of two
parts, namely the (electro)chemically formed Li* compounds in the

solid electrolyte interphase (SEI-Li*) and electrically isolated metallic Li
(inactive Li®)'*". Such species, continuously formed and agglomerated
during cycling, block the transport of both electrons and Li***", which,
inturn, worsens theirreversibility of LMAs. Furthermore, adispropor-
tionate cell balance (for example, a high N/P ratio, the ratio of anode
capacity to cathode capacity) or/and a flooded electrolyte makes the
irreversibility of LMA hard to be detected until extremely long cycling.

Herein we report ananalytical methodology to quantitatively dis-
tinguish the active Li° from the inactive onein cycled LMAsin Ah-level
LMB pouch cells. Biphenyl/tetrahydrofuran (THF) solution is employed
to chemically metalate active Li’ but also to preserve the completeness
of SEI that encapsulates the inactive Li°. The as-separated active Li®
and inactive Li° can be independently quantified. Furthermore, we
identify key parameters, including the (ir)reversible percentage of
plated Li from the cathode during a specific cycle, that describes the
true (ir)reversibility of LMBs. The quantitative analysis based on the key
parameters suggests that high stack pressure suppresses inherent Li
loss by minimizing the cracking possibility of SEI, and agglomeration
of dendritic Li under high charging rates drives the serious deteriora-
tion of the irreversibility. By using this analytical method—together
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Fig.1|Reversibility and irreversibility of acycled LMA. a, Coulombic
inefficiency (CiE,, CiE,=100% — CE,) versus cycle number (n) ofa 0.5 Ah Cu/
NCMSI11 pouch cell that resembles an exponential growth pattern. Fitting of
CiE, within 33 cycles is based on equation (1), and the adjusted R? (Adj. R?) equals
0.966.iR,, irreversibility of anode-free pouch cells. b, Theirreversible and
reversible parts of plated Liin the LMA at the nth cycle, including CiE,, R,,, iR,,(Li%)
andiR,(Li"). ¢, lllustration of the composition and morphology of the LMA after
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cycling. The porous irreversible Li layer above the residual active Li° is composed
of SEl-encapsulated inactive Li°. d, The lifetime prediction of LMBs by applying
constantirreversibility as the dashed line and variable irreversibility undergoing
exponential growth (K as the growth coefficient) as the solid line. AR, AK and
Acycleind represent the difference of baseline reversibility, growth coefficient
and cycle number, respectively, between the orange line and blue line. The N/P
ratio of 2.6 isapplied for Li/NCM811 pouch cells used in this work.

with qualitative morphology characterizations—the compositional
and structural evolution of an LMA can be uncovered. Our quantifica-
tion of reversible and irreversible Li provides a variable-independent
way to study the effects of different operating conditions in LMBs,
includingstack pressures, charging/discharging rates, cut-off voltages
and working temperatures. Our method also sheds light on effects of
cell components including cathodes, anodes, binders, separator and
electrolyte, which can make a substantial contribution to the LMB
cell design.

Key parameters for reversibility determination
According to the mathematical fitting of CiE, versus cycle number (n)
of an anode-free pouch cellin Fig. 1a, the growth of the irreversible Li
percentage (irreversibility, iR,) of the cell during charging/discharg-
ingis consistent with an exponential growth model. The fitting results
demonstrate that the proportionoftheirreversible Lilossin each cycle
follows a time-variable exponential function closely related to the cycle
number. In other words, the irreversible Liaccumulated in earlier cycles
will bring a proliferation of irreversibility in the later cycles™.
Duetosimilar Li plating/stripping behaviours between anode-free
and LMA-containing cells, the irreversibility growth of LMAs in LMBs
may follow the same model. As expressed in equation (1), a coeffi-
cient K is defined as the growth rate of iR, based on an exponential
growth model, which means the derivative of irreversibility growth

with respect to cycle number is proportional to the present irrevers-
ibility itself. Integration of equation (1) produces equation (2), which
canbeusedto calculate the value of iR,. iR, in this equation means the
inherent irreversibility determined by the cell system and external
parameters, which is regarded as the baseline of the irreversibility of
LMAs. The value of iR, numerically equals the irreversibility of LMBs
without considering the accumulation of irreversible Li.

iR
% =KxiR, )
iR, = iRy x ekxn )

During cycling, the Liions extracted from the cathode transform
intothree parts, thatis, the reversible Lire-intercalated into the cathode
during discharging, theirreversible Liincluding SEI-Li* and inactive Li®
encapsulated by SElandirreversible Liloss at the cathode side. The sum
ofthe percentage of reversible Li (R,), irreversibleLi (iR,) and irrevers-
ible Liloss of the cathode (CiE,) equals 100%, as expressed in equation
(3). More specifically, R, means the real reversibility of Li extracted
fromthe cathode. Detailed meanings of the above parameters are also
presented in Table1and Fig. 1b.

R, + iR, + CiE, = 100% 3)
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Table 1| The definition and relationship among key
parameters to assess the reversibility of LMAs

Item Abbreviation Definition
Reversibility R, Percentage of active Li° from plated Li at
and the nth cycle®
: ibilit
Irreversivity iR,(Li% Percentage of inactive Li® from plated Li
parameters
at the nth cycle
iR,(Li") Percentage of irreversible SEI-Li* from
plated Li at the nth cycle
iR, The sum percentage of iR,(Li°) and
iR,(Li*) at the nth cycle
K The growth coefficient of iR,,
undergoing exponential growth
K(Li®) The growth coefficient of iR,(Li°),

undergoing exponential growth

Quantification P
parameters for
calculation of
(inreversibility
parameters

Specific areal capacity of cathode
(mAhcm™)

N Specific areal capacity of LMA
(mAhcm™)

iCEey Initial Coulombic efficiency of the
cell (equals to the initial Coulombic

efficiency of the cathode)

CE, Coulombic efficiency of LMB at the nth
cycle

CiE, Coulombic inefficiency of LMB cell
at the nth cycle, equalling to the
percentage of irreversible Li loss of the

cathode at the nth cycle

m, Specific areal mass (mgcm™) of active
Li®in LMA at the nth cycle

My Specific areal mass (mgcm™) of initial
LMA (before any electrochemical
cycling)

m,(iRLi®) Specific areal mass of inactive Li® in

LMA at the nth cycle

n The specific cycle number

®When n=0, iR, and R, are inherent parameters of the cell, which are determined by cycling
conditions. These two parameters can be resolved by equations (5) and (3), respectively.

Thus, the determination of R,,, iR, and K'isimportant to evaluate
the reversibility and irreversibility of LMAs that are hidden beneath
the Coulombic efficiency (CE,). However, these parameters cannot
be directly quantified by simply calculating the total charge flows. As
acycled LMA is composed of active Li°, SEI-Li* and inactive Li® (Fig.
1c), quantifyingactive Li° and inactive Li’inan LMA is a prerequisite to
decouplethereversible Lifrom theirreversible one®'*"”?'"5, There are
twomore obstaclesto determine R, iR, and K. Thefirst obstacle is how
to separate active Li° frominactive Li° for independent identification
of these species. Although inactive Li° was quantified in anode-free
coin cells by in situ nuclear magnetic resonance”-*>**® and hydrogen
titration gas chromatography”***°, these methods cannot distinguish
active Li° from inactive ones in a cycled LMA due to their identical
metallic nature®. Another issue is how to establish the mathematical
relationship between quantified mass, cycle number andirreversibility
that can be used to determine the value of R, iR,and K.

Calculation of key parameters

Here wefirst establish the relationship of Ry/iR,/K, mass of Liand cycle
number (n), before deducing the reversibility of an LMB. More details
on our analysis can be found in Methods and Fig. 2. An LMA as the Li
reservoir can compensate for Liloss in every cycle to keep the cell
capacity, which masks the true irreversibility. This irreversibility has

the cumulative effect that will eventually lead to the cell failure. Thus,
we propose equation (4) to reveal the relation between Li reservoir
amount and irreversibility.

According tothe N/Pratio definitionin LMB, the areal mass loading
of Lifromthe cathode canbe described by the initial areal massloading
of the LMA (m,,, mg cm™) divided by the value of the N/P ratio. Thus,
the areal mass of residual active Li® (m,) after n cycles is determined
by iR,, K and the initial Coulombic efficiency of the cathode (iCE.,;),
which canbe expressed in equation (4).

My = Mipy — = X iCEep X iR X [€XX1 + K52 4 |+ ekxn]  (4)

AsiR,and Kareregarded as constants for aspecific cell, equation
(4) canbe simplified to equation (5), where the calculation of another
constant, A, follows equation (6).

My = My — Aig X €K% (5)

M X iCEe X iRg
Aip = T NP xK (6)

By fitting the mathematical relationship between m,and n using
equation (5), the value of Kcanberesolved, and iR, canbe determined
using equation (6). Subsequently, iR, can be acquired based on equa-
tion (2).

Asshowninequation (3), knowing the value of iR, enables the cal-
culation for R, because CiE,canbe directly measured from cycling tests.
iR, is composed of the irreversible percentage of SEI-Li* (iR ,(Li*)) and
inactive Li° (iR,(Li°)) as expressed in equation (7), decoupling iR,,(Li*)
and iR,(Li°) from iR, eventually accomplishes the goal to quantify
irreversibility of the LMA.

iR, = iR, (Li°) +iR, (Li¥) @)

The irreversible percentage that is contributed by inactive Li° at
the nth cycles (iR,(Li%) is also regarded as following an exponential
growthmodel with agrowth coefficient as K(Li°). By fitting the mass of
inactive Li° after n cycles (as m,(iRR - Li0)) and n from quantification
results using equation (8), we can calculate the value of iR ,(Li®) through
the exponential relationship between iR,(Li°) and K(Li®) as expressed
inequation (15) in Methods.

. .0
iRo (Li™ ) x m; .
My(iR - Li%) = o (L) x i x e(Li")xn ®)

(N/P) x K(Li®)

As long as the amount of the active Li° and inactive Li® can be
quantified, it is possible to establish an index system composed of
several key parameters (Table 1) such as R,, iR, K, iR,(Li%), K(Li°) and
iRy (Li*). These parameters can be used to quantitatively describe the
true reversibility of a practical LMB.

Assuming no capacity loss in the cathode upon cycling, failure
predictions of LMBs are shown in Fig. 1d; the results demonstrate the
significance of considering the proliferation effects of irreversibility.
With same initial reversibility (R,), the lifetime of the cell is largely
shortened by taking growth coefficient (K) into consideration. The
predicted lifetimeis approximate to that of practical LMB pouch cells
reported in previous works”**>**, demonstrating the validity of this
degradation model. When R, is increased along with decreasing of K,
thereversibility of LMBis evidently improved so that hundreds or even
thousands of cycles could be achieved. A very smallincrementin R,and/
ordecrementin K can cause huge differencesin the cyclic stability. As
previously mentioned, CE cannot be directly used to predict the cycle
life. Either the SEIgrowth or the accumulation of inactive Li’ should be
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Fig.2| The pathways for key parameter calculation. Schematic of the
relationship among key parameters and the calculation process based on the
ICP-OES, H,-GCT (GC-MS) quantification results and cycling tests. Grey and

Growth coefficient Reversibility and irreversibility

yellow represent type of analysis and methods of measurements, respectively.
Blue, green and orange represent the analysis results, growth coefficients and
parameters related to reversibility and irreversibility, respectively.

considered to have build-up effects on the degradation of LMB". The
requirements for R,and K to reach specific cyclenumbers are simulated
inSupplementary Fig.15b; knowing these parameters can predict the
lifetime under certain conditions*. According to the principles of life
prediction, if parameters such as Kand R, are optimized through regu-
lations on cell components, along lifetime of LMB can be achieved. As
shownintherecently published results by the Battery500 Consortium
withanoptimized N/P ratio and electrolyte system, the life of LMB was
extended to more than 600 cycles without a sudden capacity drop,
implying a K value even smaller than 0.005 (the orange line in Fig. 1d)
in this well-controlled LMB system®.

Methodologies for quantifying active and
inactiveLi

ActiveLi® inactive Li’ and SEI-Li* are three major componentsinacycled
LMA (Fig.3a). Asactive Li® and inactive Li° are both metallic lithiumin
terms of their composition, the only difference between themis that
inactive Li® refers to the SEl-encapsulated particles®. Although the
bulk Li foil is also covered by a SEI, punching an LMA to small pieces
in an Ar-filled glove box for a quantitative analysis exposes the fresh
surface of bulk Li. Considering the high chemical stability of SEl in
organic solvents®*?, it is possible to chemically metalate®® active Li°
without dissolving SEI-protected inactive Li°.

Herein, a mixture of biphenyl and THF is used as a chemical
metalation reagent. We start by examining the stability of the SEI
(originated from carbonate-based electrolyte) in biphenyl/THF.
First, the main inorganic salts (Li,COs, LiF and LiOH) in the SEl are
verified to be insoluble in biphenyl/THF (Supplementary Table 3
and Supplementary Note 2). Second, lithium ethylene dicarbonate,
lithium methyl carbonate and lithium ethylene mono-carbonate are
the main organic components of ethylene carbonate/ethyl methyl
carbonate-derived SEI; lithium ethylene dicarbonate was reported
to be directly synthesized from the chemical reaction between ethyl-
ene carbonate and lithium-naphthalenide®®?. Both aspects suggest
the stability of inorganic and organic components in the SEI against
biphenyl/THF and Li-biphenyl/THF. To directly confirm the stability
of SEl-encapsulated inactive Li° in (Li-)biphenyl/THF, bare Li foil and
anodes from anode-free pouch cells (Supplementary Fig. 8) and LMBs
after cyclingareimmersed in biphenyl/THF. Figure 3b—d shows that no
evident colour change of the solution containing only ‘dead Li’ on Cu
foil (fully stripped anode from anode-free cells) is observed. This result
isdifferent fromthe dark colour of the solution containing either bare

Lioracycled LMA, suggesting high chemical stability of the SEI. The
digital photographs (Supplementary Fig. 9 and Supplementary Note 3)
and inductively coupled plasma-optical emission spectrometer
(ICP-OES) results (Supplementary Table 4) for the supernatants in
Fig.3b-d also demonstrate the stability of the SElin (Li-)biphenyl/THF.

Detailed procedures for separating active Li° and inactive Li° are
shown in Fig. 3e-g. Active Li® in cycled LMAs was firstly dissolved
in biphenyl/THF (6.0 wt.% of biphenyl) and quantified by ICP-OES.
Residualinactive Li° encapsulated by SEl was then reacted with deion-
ized water. Hydrogen as the reaction product was collected and quickly
injected to gas chromatography (GC) for quantifying the content
of inactive Li° (termed as hydrogen gas chromatography titration,
H,-GCT). The accuracy and sensitivity of ICP-OES and H,-GCT were
measured before quantitative analysis. As shown in Fig. 3h, theoreti-
calLiconcentrations of standard biphenyl/THF solutions prepared by
fully dissolving Lifoils with pre-designed masses (Supplementary Fig.
10 and Supplementary Table 5) are linearly related to the measured
concentrations from ICP-OES results, withgoodness of fitapproaching
1.00 (R*=0.998). To eliminate the interference of additional gases (CO,,
CH,, C,H,, C,H,) fromthereaction between SEl and water (Supplemen-
tary Figs. 11and 12, Supplementary Table 6 and Supplementary Note
4) during H,-GCT measurement, a modified method for quantifying
hydrogen was proposed by taking argon as the calibration compo-
nent (Methods). In Fig. 3i, the baseline of H,-GCT shows a good linear
relationship between the masses of pure Liand the peak area ratios of
hydrogen to argon with R*=0.993.

To further validate this method, we introduced the titration gas
chromatography method"” to measure the mass of metallic Li® (includ-
ing inactive Li° and active Li°) in cycled LMAs, and the results (Sup-
plementary Table 9 and Supplementary Note 8) are consistent with
the sum of the separately quantified mass of inactive Li® and active Li®
by this method. All these results confirm the accuracy of the analyti-
cal method we proposed in this work, guaranteeing quantitative and
accurate analysis of active Li® and inactive Li®in cycled LMAs.

Quantifying proportions of reversibility and
irreversibility

Tovalidate the efficacy of this methodology on practical LMBs, identi-
cal 0.5 AhLi/NCMS811 pouch cells operated under different stack pres-
sures (100 kPa, 400 kPa, 800 kPa) and current rates (0.5C, 0.2C) were
subjected to quantitative analysis. It is well acknowledged that external
pressure can considerably affect the reversibility of LMAs™*%. The cycling
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Fig. 3| Decoupling and quantifying inactive Li’ and active Li’. a, The
components of an LMA before and after cycling. b-d, Digital photographs
displaying the stability of different types of active Li® and inactive Li® in the
biphenyl/THF solution, including a pristine LMA, Cu foils from cycled anode-
free 0.5 Ah Cu/NCMS811 pouch cells, and cycled LMA from 0.5 Ah Li/NCM811
pouch cells under 100 kPa and a current rate of 0.5C. The colour change from
transparent (b) to dark blue (c) observed in the leftmost and rightmost bottles is
caused by chemical metalation of exposed metallic Li by biphenyl/THF. No colour
change in the other three bottles indicates that SEl-encapsulated inactive Li%is
insolublein biphenyl/THF. After full metalation and oxidation (d), no residual
solids are observed in the leftmost bottle that contains pure Liin the beginning.
Solid residues still exist in the other four bottles, which are insoluble SEI-
encapsulated inactive Li°. e-g, Diagram showing the procedures for decoupling
and quantifyingactive Li® and inactive Li® in cycled LMAs. e, Cycled LMAs were

H,-GCT for quantifying inactive Li®
Peaks' area ratio of H, to Ar

submerged in the biphenyl/THF solution and sealed by rubber plugs in air-tight
bottles. f, After full metalation of the active Li® certain mass of Li-biphenyl/
THF solution was taken and subjected to thermal digestion for the quantitative
measurement of the mass of the active Li° through ICP-OES. g, A certain amount
of deionized water was injected to the air-tight bottle to react with the inactive
Li®. The generated hydrogen was quickly sampled by using an air-tight syringe
andinjected to GC for quantifying inactive Li°. Detailed descriptions about the
step-by-step procedures and related calculations are in Methods. h, Comparison
between the concentrations in biphenyl/THF solution from balance-measured
results and ICP-OES quantified concentrations of commercial Li foil. The results
from ICP-OES align well with the results from balance. i, Converted Li metal mass
calibration curve as a function of the ratio of detected H, area to Ar area from H,-
GCT; the H, is from the reaction between Li foil and water.

performance (Fig. 4a), including the capacity retention (-95% after 50
cycles) and average Coulombic efficiency (99.85%), can remain the same
among all the cells within the initial 50 cycles because of continuous
compensation from the Li reservoir to recover cathode capacity. By
applying the quantitative methodology, the hidden reversibility of
LMAs under different pressures can be truly distinguished.

Although the capacities of these cells are almost identical within
the initial 50 cycles, the mass of active Li® and inactive Li° acquired
by ICP-OES and H,-GCT in the same range of the cycle number differs
apparently among three pressure conditions. It is observed that the
remaining amount of active Li®in the LMA is the highest under a stack
pressure of 800 kPa at 0.2C after 50 cycles (Fig. 4b). Meanwhile, the
mass of inactive Li° follows the opposite trend: the formation rate
of inactive Li® at 100 kPa is the highest (Fig. 4c). All the quantified
data were then fitted according to the equations to acquire the key
parameters (R,, iR,(Li"), iR, and K, iR,(Li°) and K(Li°)) that describe
the reversibility of LMBs. Detailed values of each parameter are listed
in Supplementary Table 12. It is noted that the fitting curves are con-
formal with the measured data, and most points are in the 95% confi-
dence interval (for mean values) zone (Supplementary Fig.13), which
indicates the validity of the quantification method and the related
degradation model.

AsshowninFig.4d,e, increasing stack pressure helps toimprove
R, from99.00% at 100 kPato 99.52% at 800 kPa and the proportion of
iRy(Li") isreduced from 0.46% to 0.14% as the more flattened morphol-
ogy of Liat higher pressure reduces the cracking possibility of SEI*****,
Thevariations of R, iR,(Li°) andiR,(Li*) (Fig. 4d,e) demonstrate that the
reversibility of LMAs upon cyclingis jointly determined by the baseline
irreversibility (iR,) and its related incremental coefficient (K). Although
the growth coefficients of irreversibility under different pressures at
0.2C are considered identical within the error deviations, lower iR,
is observed at 800 kPa compared with 100 kPa in Fig. 4f because of a
lower iR, of 0.33% at 800 kPa than that of 0.85% at 100 kPa. Besides,
iR,(Li°) at 400 kPa and 800 kPa also decreases compared with that at
100 kPa, suggesting that high stack pressure mainly avoids the dete-
rioration of electron and ion transportation due to less dendritic Li. It
also demonstrates that high stack pressure ameliorates aggregation
among ‘dead Li’ particles'®, which enables easier electron transporta-
tion. Long-term cycling will also be benefited from the re-utilization
of inactive Li® from the dense ‘dead Li’ layer®**>*°, Moreover, knowing
the values of iRy, R, and K theoretically enable failure prediction for
practical LMBs. A 0.9 Ah Li/NCM8I11 pouch cell cycled under 0.2C and
100 kPaencounters asudden capacity drop at the 69th cycle owing to
risingion/electron transportation resistance (Supplementary Fig.14).

Nature Energy



Article

https://doi.org/10.1038/s41560-022-01120-8

a b c
1.10 5.5 15
@ & m, = m,— Ag x e = 100 kPa Rate of 0.2C
O RS, oA 100 — 12 a~ —— 100 kPa fitting curve
1054 S g 9 5.0 ‘s 15| ® 400kPa
S > 13 = —— 400 kPa fitting curve
= o ] g 800 kPa
s _ E 45 £ 800 kPa fitting curve
£ 1.00 - &, [ IS o 0.9+
9} - R . Frog m o -
© 2 — o 407 14
= Saes 2 2 =
Z 09548 _— > 3 = 100 kPa g 0.6
§ @ O 100kPa 5 3.5 1 —— 100 kPa fitting curve E
8 9 O 400kPa 2 ® 400kPa °
O 0.90 A 800 KP: r 96 1] —— 400 kPa fitting curve @ 0.3 I
a 3 3.0 ] 6
Rate of 0.2C s 800 kPa g 7 N
0.5 Ah Li/NCM811 pouch cells 800 kPa fitting curve Rate of 0.2C 6 m (R - L) = An o K(LP)xn)
0.85 - T T T T T 2.5 T T T T T 0-— T T T T
0 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Cycle number Cycle number Cycle number
d e f
5 < o 3.0
SEL-Li" (nth cycle) n=10 & Active L (n=0) @ 100 kPa-0.2C
I SEI-Li" (n=0) % 100 | M Active Li® (nth cycle) @ 400 kPa-0.2C
% 4 - I nactive Li® (1th cycle) B n=25 800 kPa-0.2C
< B nactive Li® (n = 0) P n=25
% € n=25
> i) —
2 3 98 - S
€ ke <
- a 2o
° k]
Q i
B (% 96
& c n=10
@
<
& 94 l 0L ‘ ‘ ; ; ;
Q/O q/O Q/O (00 0 10 20 30 40 50
& & & > Cycle number
3 © S 3

Fig. 4 |Resolved irreversibility and reversibility from quantified results.

a, The plots of capacity retention versus cycle number and CE,,, versus cycle
number of practical 0.5 Ah Li/NCM811 pouch cells operated under different stack
pressures at the rate of 0.2C. The data of the first cycle run for the activation of
the cells are notincluded. b,¢, The quantitatively measured masses of active Li°
(b) and inactive Li° (c) in LMAs from the 0.5 Ah Li/NCM811 pouch cells cycled for
10,17,25,37 and 50 times under different stack pressures. The numbers of data
areshown near the error bars. Data are presented as mean values +s.d.d,e, The

values of iR, and iR,(Li°) at the nth cycle (d) and of R, at the nth cycle (e) resolved
from the mathematical fitting results of the 0.5 Ah Li/NCM811 pouch cells under
different stack pressures and rates. f, The plots of iR, versus cycle number
accordingto the resolved parameters. The corresponding data of 0.5C are shown
inSupplementary Fig.16 and Supplementary Tables 10 and 11. All the raw data of
ICP-OES and H,-GCT measurements are listed in the source data. Two separate
cells and three pieces of cycled LMA disks with diameters of 14 mm taken from
different locations in each cell were used for quantifications.

Thethickness of the residual active Li° is 37 pm (-3.0 mg of active Li’ by
theoretical estimation) as determined by a scanning electron micro-
scope (SEM). The mathematical modelling based on the quantitative
analysis results predicts that critical failure occurs after ~80 cycles
(Supplementary Fig.15aand Supplementary Note 9), whichisin good
agreement with the realistic test results and reflects the practicality
of this method in assessing the potential level of LMBs without long-
termcycling.

Quantitative degradation analysis of LMAs under
highrates

Inactive Li® is mainly originated from detached Li dendrites during
the root-preferred stripping process; thus, quantification of inactive
Li® will offer a deeper understanding to the degradation mechanism
of the LMA. The CE and capacity of the cell under 0.5C (Supplemen-
tary Fig. 16a) decay much faster than those under 0.2C (both have no
constant-voltage charging process). The quantification results revealed
that the mass of active Li° drops quickly and follows the exponen-
tial decay model (Supplementary Fig. 16b). The mass of inactive Li°
increases dramatically at the rate of 0.5C, which is the main cause of
rapid cell failure (Supplementary Fig. 16c). As shown in Fig. 4d,e, the
values of iRy, K, iR,(Li®), K(Li®), iR,(Li*) and R, are presented for the
cellswith different rates. The cell operating at the rate of 0.5C delivers
amuch higheriR,0f1.61% than at the rate of 0.2C (0.85%). By applying
thefitting of inactive Li, iR, are decoupled toiR,(Li®) and iR,(Li"). Under
therate of 0.5C, the predicted increment of irreversible percentage of
plated Lireaches 4.76% after only ten cycles (Supplementary Fig. 16d),
and the cell suffers from fast capacity fading with alifetime of 25 cycles.

Moreover, theirreversibility for forming SEI-Li* and inactive Li° almost
doubles compared with those at 0.2C, which explains the faster capacity
decay at higherrates. Asshownin Supplementary Fig.17a, it is obvious
that the exponential growth coefficient of irreversibility is dominantly
governed by charging/discharge rates rather than stack pressure.

The above results of the reversibility and irreversibility of LMAs
under different rates of 0.5C and 0.2C demonstrate quite different
degradation modes, thus the quantitative analysis is used to uncover
the structural and compositional degradation of the LMA together
with qualitative morphological characterizations. In Supplementary
Fig. 18a, the average standard deviations of the mass of inactive Li°
and active Li® at 0.5C is about three times higher than that at 0.2C,
implying the existence of large and unevenly distributed protrusions
and pits across the entire anode after cycling at 0.5C (refs. ). High
values of K at 0.5C indicate that the irreversibility grows quickly due
to accumulation of large quantities of ‘dead Li’ particles, which, in
turn, aggravates dendritic Li growth. The total thickness of the ‘dead
Li’ layer on both sides quickly exceeds 300 um after 25 cycles at 0.5C
(Supplementary Fig. 18b), which is almost twice than that at 0.2C. A
focusedion beam SEM (FIB-SEM) image of the Li anode after 25 cycles
at 0.2C (Supplementary Fig. 18¢,d) displays the compact accumula-
tion state of ‘dead Li’, whereas that of 0.5C shows loosely stacking and
porous morphology, which explains the much more serious thickness
expanding of the LMA at higher rates that causes large polarizations
duetoinsufficient electrolyte infiltration.

Combining quantitative analysis data and qualitative morphology
characterization results, deeper understanding of compositional and
structural evolution of LMAs under different rates can be established
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iR, = 0.85%
iR,(Li%) = 0.39%
Inactive Li% 7.2% + 1.5%, 73 um
""" """" 'f“y":v"»"\?
Emm—
Active Li% 100%, 100 um Active Li% 86.3% + 4.0%, 78 um
b

iR, =1.61%
iR,y (Li%) = 1.19%

Inactive Li%: 34.6% + 6.2%, 178 um

Active Li% 100%, 100 um

Active Li% 66.7% = 6.1%, 60 um

Fig. 5| Dynamic failure model predicted by qualitative and quantitative
analysis. a,b, The morphology evolution and the degradation processes of LMAs
in practical LMBs during cycling at the rates of 0.2C (a) and 0.5C (b), which are

K =0.024; iR,y = 1.07%
K(Li% = 0.030; iR,((Li% = 0.53%

Inactive Li% 21.0% + 2.0%, 235 ym

Active Li%: 62.5% + 5.6%, 64 um

K=0.108; iR,; = 8.17%
K(Li% = 0.119; iR,5(Li% = 7.06%

Inactive Li%: 57.2% + 7.3%, 310 um

Active Li% 27.3% + 4.8%, 30 um

drawn based on the quantitative analysis data and the qualitative morphological
characterizations. The red and the purple regions correspond to the active Li°
and theinactive Li°, respectively, while the blue ones correspond to the SEI.

asshowninFig. 5a,b. At 0.2C,alowiR,(Li® of 0.39% enables relatively
flat Li deposition with few mossy morphologies. The quantified results
confirmlittle fluctuation on the mass of inactive and active Li°, which
means less ‘dead Li’ and uniform stripping from the pristine LMA**™*%,
Thereby, parasitic effects fromirreversible Li will be slowly initiated as
reflected by asmall growth coefficient K of 0.024. The values of iR, (Li®)
andiR,yequalto 0.53% and 1.07%, respectively, showinglittleincrement
fromthebaseline (iRy(Li°) andiR,) after ten cycles. This represents com-
pactagglomeration of ‘dead Li’, predicting that continuous stripping/
plating of Li will be hardly disturbed by concentration polarization. In
contrast, increasing therateto 0.5Cinduces seriousinhomogeneity of
chargedistribution onthe LMA, resultingin porousinterphase growth
over the anode, which is responsible for the high iR,(Li°) 0f 1.19% and
iRy(Li*) of 0.42%. Thus massive and fast growth of dendritic Li con-
tinuously occurs, which continually breaks SEI to consume active Li°
(refs. %), A large amount of inactive Li° particles are quickly formed
by the detached dendritic Li protrusions, while the compensation of
Li from the LMA to the inventory loss of the cathode in the stripping
process produces large and random pitsinthe LMA, giving rise to large
standard deviations of the quantification results®. Highly porous and
thick ‘dead Li’ layers result in serious mass transportation issues and
insufficient electrolyte infiltration (Supplementary Fig. 19 and Sup-
plementary Note 10), which induce problematic exhaustion of Liions
near anode interface and hindrance of electron transport. Thereafter,
severe cumulative parasitic effects as reflected by a high baselineirre-
versibility of 1.61% and a high exponential growth coefficient of 0.108
cause extremely unstable plating behaviour of Li thatinduces alarge
amount of Li dendrites, giving rise to a high iR;5(Li%) of 7.06% and iR s
of 8.17% only after 15 cycles. Meanwhile, heavily charged locations will
dynamically move to a more curved surface to initiate new electron
concentrated areas that intensify the inhomogeneity of Li plating/
stripping®. Finally, fast exhaustion of active Li° results in total failure
of the cell. The much worse rate capability of LMB pouch cells than that
of coin cells presented in most research works strongly suggests that
the degradation behaviour of LMAsin practical pouch cells cannot be
simply learned from that in coin cell setups. These findings suggest
that extensive optimization of LMAs is needed for long cyclelife at high
currentdensities, whichis essential to enable high-energy density LMBs
with acceptable rate capability for practical applications.

Conclusions

Insummary, an analytical method is proposed to quantitatively distin-
guish active Li® from inactive ones in cycled LMAs, which enables the
decoupling of the proportions of real reversibility and irreversibility
of practical LMBs. A set of key parametersis identified to describe the
hidden behaviour of Li plating/stripping in practical cells. Applying
thismethod on practical Ah-level pouch cells reveals the differencesin
reversibility of Li plating/stripping under different conditions, includ-
ingthe stack pressure and charge/discharge rate. Moreover, combining
with morphological characterization, the structural evolution and
degradation process of LMAs in practical LMBs can be revealed in detail
inaquantitative way. We believe that this method willbecome a power-
fultool to deeply understand the electrochemical behaviour of LMAs
and to assess the true reversibility of LMBs, which is essential to the
development of high-performance LMBs.

Methods

Materials

Tetrahydrofuran (THF, anhydrous, purity 299.9%, inhibitor-free) and
biphenyl (purity >99.0%) were purchased from Sigma-Aldrich. Before
use, all the THF solvent was handled by molecular sieve to remove the
residual water. The electrolyte was composed of 1.0 M LiPF in fluoro-
ethylene carbonate/ethyl methyl carbonate (in volumetricratio1:5). Li
foils of 45 pm and 100 pm were employed as LMAs. NCM811 cathodes
were kindly provided by Ningbo FuLi Battery Material Technology.

Pouch cell assembly and electrochemical tests

Tofabricate the practical LMBs, 45 pm Li foilsand 100 pm Lifoils were
employed as LMAs (4.7 cm x 5.7 cm, excluding the tap area) to reach
the designed N/P ratios. The Z-shape stacking cell geometry is shown
inSupplementaryFig. 3. Three pieces of double-coated NCM811 (areal
loading of 20.0 mg cm™ on one side) with tailor-made dimensions
(4.3 cm x 5.3 cm) were employed as the cathodes. The cells were encap-
sulated in aluminium packing foil (areal loading of 3.27 mg cm™) by
hot pressing, followed by electrolyte injection with the dosage of
4.0 g Ah™ and connection of the taps (Ni and Al strips) using a laser
welding machine. Before electrochemical tests, certain stack pressures
were applied on these pouch cells (Supplementary Fig. 4a,b) by using
homemade pressurizing equipmentand cell holders (Supplementary
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Fig.4c,d). Pouchcells with certain stack pressuresin cell holders were
connected to an LANHE-CT2001A system (Jinnuo Wuhan). For the Li/
NCMS8I11 pouch cells, the charge/discharge rates were set at 0.2C and
0.5C (1C equals 600 mA) between the voltage of 2.6 Vand 4.3 V. The
procedures for activation of the fresh pouch cell were performed under
400 kPaand room temperature; the cell was first charged at 0.05C for
30 min and then charged at 0.1C to 4.3 V, rested for 10 mins, then was
discharged at 0.1C to 2.6 V. Detailed parameters for the assembly of
practical pouch cells could also be seen in previous work’.

Characterizations

The inductively coupled plasma-optical emission spectrometry
(ICP-OES, Optima 2100) was employed in the ICP-OES method. The gas
chromatography (Agilent Technologies 7890B) was used to quantify
the amount of hydrogen. SEM (Hitachi S-4800 field emission scanning
electron microscope) and FIB-SEM (Auriga produced by Carl Zeiss) was
used to characterize the morphology of LMAs after cycling.

Additional mathematical equations

Inpractical LMBs, Liresources are extracted from the cathode and plated
asmetallicLiduring the charging process and undergoing areverse way
during the discharging process. Irreversible Li loss is inevitable during
charging/discharging.Inthe discharging process, sufficient Liinventory
inthe LMA will compensate for theloss of cathode inthe previous cycle.
Before the Liinventory in the LMA was exhausted, the CE measured by
the electrochemical charge/discharge curves is closely related to the
irreversibleLiloss of cathode (CiE,), only at stable cycling performances
without evident overcharge or electrolyte decomposition problems.
Thus, CiE,canbe directly acquired from CE of the cell (CE,) as follows.

CiE, = 100% — CE, ©)

The total Li amount utilized in one charge/discharge cycle in an
LMB is composed of reversible Li (active Li®), Lispeciesin SEI-Li*, inac-
tive Li® encapsulated by SEl and irreversible Li loss in the cathode, as
showninFig. 1b; therefore

R, (Lio) +iR, (Li°) +iR, (Li*) + CiE, = 100% (10)

R,andiR,represent thereversibility and irreversibility of Li plating
during the charging process of the nth cycle. To clearly demonstrate
the mathematical relationship between cycle number and content
of active Li°, several parameters are defined in Table 1. Cell balance
is referred as the ratio of anode capacity to cathode capacity (N/P
ratio); m;,. (mg cm™) is defined as the initial areal mass of pristine LMA
(5.34 mg cm™for the mathematical fitting as indicated in Supplemen-
tary Table 8 and Supplementary Note 7) and m, (mg cm™) as the areal
mass of active Li® in cycled LMAs after n cycles. The corresponding
total Liareal mass (my; c,,, mg cm™) extracted from the cathode during
the charging process can be calculated using the following equation.

mLi,Cat — Mcye X CCat — Mine (11)

G~ ()

Assuming that the irreversibility of Li plating during charging
keeps constant without considering the accumulative effects, that is

d(iR,)

an 0 12)

Thus, iR, equalstoiR,, and therelationship between areal mass of
residual active Li’ and cycle number (n) is expressed in equation (13).

My = Mipe — 2 iRy x 1 13)

(7)

In fact, as described in the main text, irreversibility of LMB
undergoes an exponential growth due to continuous formation and
agglomeration of irreversible Li on the surface of the anode, causing
the deviation of iR, from the initial baseline iR,. For the exponential
growthmode of iR, a coefficient Kis employed to represent the growth
rate of irreversibility (including inactive Li® and SEI-Li*) as described
in equation (2)). Equation (5) can also be expressed as the relation-
ship between the retention ratio of active Li° and the cycle number as
expressed in equation (14).

m iRg X iCE
no_1_ ON cell x el(
Mine (-) x K
P

To describe the variation of the inactive Li° during cycling, we
assume the evolution of inactive Li° follows the exponential growth
law, thus, the relationship between iR ,(Li,), K(Li°) and n is expressed
as follows.

xXn (14)

iR, (Li%) = iRo(Li®) x ek®i"xn @5)

Thesumofaccumulated areal mass of inactive Li® (m,,(iR-Li®)) after
ncyclesisexpressedinequations (16) and (17), according to previous
mathematical hypothesis and calculation process.

m, (iR — Lio) _ r\1lnt x iRO(LiO) x [eK(uD)xl + eK(Llo)xz R eK(LIO)XII] (16)
(7)
iR L.O iR l_.0
m,(iR—Li") _ 1 o(Li”) Xek(u“)xn a7
Mine

(%) x K(Li%)

For more accurate quantification of the values of reversibility and
irreversibility, the initial Coulombic efficiency (iCE,;) of the cathode
should also be considered for mathematical fitting. We introduce
iCE, in equations (4) and (5) to calibrate the calculation of iR, and K.
The CE_, applied in the equations equals to 93.67% according to the
resultsinSupplementary Table 1.

Analytical methodology
Detailed procedures for quantitative analysis of the active Li’and inac-
tive Li®in cycled LMAs are described as follows.

Electrode disks (14 mm in diameter) along with a separator
obtained by punching different locations in each cycled LMA taken
out fromthe pouch cells (Supplementary Fig. 5) were rinsed for three
times with THF (8-10 ml) to remove the residual LiPF, and then dried
in an Ar-filled glove box before quantitative measurement (Supple-
mentary Table 2and Supplementary Note1). Anode-free coin cells (Li/
Cu cells) were also tested to characterize the stability of SEl against
biphenyl/THF; however, our results demonstrated the residues on
Cu foil obtained from Li/Cu coin cells did not seem to be pure inac-
tive Li°. Consequently, all analytical procedures were performed on
cycled LMAs from Ah-level pouch cells. Itisimportant to stress that not
enough datahave been obtained to verify whether this method canalso
be effectively applied for the cycled LMAs in coin cells.

Biphenyl and THF were selected as the reagents for chemical meta-
lation, which can dissolve metallic Li for the purpose of separating
inactive Li® and active Li°. There is a charge-transfer process between
lithium and biphenyl followed by Li coordination with ether oxygens
in THF. The reaction equation of biphenyl and metallic Li is shown in
Supplementary Fig. 7. We added 8-10 ml of biphenyl/THF (with 6.0
wt% of biphenyl) into the air-tight glass bottle containing one disk
sample obtained in the first step to dissolve the active Li%. After punch-
ing the cycled LMA to a circular piece (diameter of 14 mm), the fresh
punching boundaries of the residual bulk Li (active Li°) were exposed
without SEl covering. The biphenyl/THF solution contacts with active
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Li® at the fresh punching boundaries. At the same time, the ‘dead Li’
particles near the punching boundary would be broken and then dis-
solved by biphenyl/THF. Although the thickness of the porous Lilayer
is300 pum, the size of the porous Li particles, more likely as dead den-
drites, is smaller than 50 pm, according to the SEM images in Supple-
mentary Figs. 20-27. If all 50 pm-size dead Li at the boundaries are
inactive Li° and got damaged by the punching process, it canbe calcu-
lated that the mass ratio of the damaged inactive Li’ at the boundaries
to total inactive Li° in the circular piece is 1.42%. For a specific anode
with 200 pm thick ‘dead Li’ layer after cycling under 0.5C and 100 kPa,
the maximum quantified mass of inactive Li is 5 mg, thus the loss of
inactive Li®is -0.071 mg, which is close to the machine’s limit of quan-
tification (LOQ of ICO-OES is 0.074 mg). Thus, we think the relatively
low mass ratio of the damaged inactive Li® at the boundaries would not
interfere with the quantification results by ICP-OES. After a certain
period (36-48 h) at 25 °C, the mass of the whole Li-biphenyl/THF solu-
tion was recorded as m,, (gram as the unit). A given volume of
Li-biphenyl/THF solution (1 or 2 ml) was then quickly sampled. To
ensure the accuracy of the results measured by ICP-OES, the sampled
liquid was quickly injected to pure THF (mg;y, gram as the unit) and
sealed. The whole mass of Li-biphenyl/THF after diluting was precisely
weighed using a microbalance and recorded as mgon (gram as the
unit) Each sampled solutionwas then used for two parallel digestions;
the mass of the digestion liquid was precisely weighed using a micro-
balance and recorded as mgjgestion (gram as the unit). After full evapora-
tion of THF from samples for digestions, Li-biphenyl/THF solutions
were then subjected to chemical digestion to break organic Li-biphenyl
and THF to water-soluble substances for ICP-OES. The digestion pro-
cedureswere carried out by hydrothermally heating the solution with
HNO; (4.5 ml), H,0,(0.75 ml) and HCIO, (0.75 ml) at 180 °Cfor4 hinan
autoclave after pre-heating for 30 min at 110 °C under air atmosphere.
Theaqueoussolution after the digestion procedure was carefully col-
lected and diluted with deionized water in a volumetric flask of Vg of
25.0 ml, which was then subjected to ICP-OES measurement (Cicp_ogs,
mg [ as the unit) to quantify the concentration of Li in the original
Li-biphenyl/THF solution. The equation for calculating the mass of
active Li (m,eqve 1, Mg as the unit) is expressed in equation (18).

CICP—OES X Msoution X Mearget X Vﬂask

(18)
1,000 x (msolution - mdilute) X mdigestion

Myctive Li =

A given amount (2.0 ml) of deionized water was injected into the
same air-tight bottle used earlier by a 5.0 ml air-tight syringe (Supple-
mentary Fig. 6b). The generated gas was quickly sampled usinga25ml
air-tight syringe (Supplementary Fig. 6c), followed by the injection
into a vacuum and air-tight Al foil packing bag (Supplementary Fig.
6d). The gas in the bag was then injected to the GC equipment for
quantifying the mass of the inactive Li’. Hydrogen s the only gas gener-
ated by thereaction of pure Li with water. But asshownin Supplemen-
tary Fig. 11d, the SEI formed in cycled LMAs will also react with water
torelease CO,, CH,, C,H,and C,H,. The generation of additional gases
besides hydrogen will affect the molar ratio of H, in the sample gases,
interfering the peak arearelated to hydrogen for further quantitative
measurement of hydrogen. Therefore, the calibration curve (such as
the curveinSupplementary Fig.12a and Supplementary Note 5) estab-
lished using pure Li foil with known weight is not able to accurately
measure theinactive Lifrom cycled LMAs. Fortunately, we found that
argon, which has afixed contentamountinall samples, could be used
asareference gas for internal calibration. After sealing in the Ar-filled
glove box, the volume of Arinthe gas sample iskept unchanged during
the entire measuring process. Theintegral area of the peaksrelated to
H, (Shydrogen—tesd aNd that Of Ar (Syrgon—ces) in gas chromatography-mass
spectrometry (GC-MS) spectra were automatically calculated by the
software, respectively. Therefore, we could use the molar ratio of H,/
Arinstead of the ratio of H,/all gases for quantitative analysis. Namely,

during the whole H,-GCT process, the mole of H, (nthydrogen), the mole of
Ar (nye0n), the integral area of H, (Spyarogen) and the integral area of Ar
(Sargon) follow equation (19)

Shydrogen

=——-xC
Sargon

NMhydrogen
_hydrogen 19)
Nargon

where Crepresents the constant between molar ratio and integral area
inH,-GCT. Five calibrating gases including different ratios of hydrogen,
nitrogen and argon are used (detailed ratios arelisted in Supplementary
Table 6) to calculate C. The GC-MS spectra of different calibrating gases
are shownin Supplementary Fig.12d.

Despite that constant C can be acquired by applying different
calibrating gases, actually, the exact mole of Ar is not clear in the bot-
tle. Thus, pure Li foils with known masses and pure THF with the same
volume as that of the residual liquid are employed as the reference to
characterize the mole of Ar here.

For pure Li, the equation s listed below.

nhydrogen _ npureLi _ Shydrogen—pureLi %« C (20)
nargon nargon—pureLi Sargon—pureLi
For the cycled LMA sample, the equation s listed below.
nhydrogen _ Nactiveli _ Shydrogen—test %« C (21)
Nargon NMargon—test Sargon—test

As the volume of Ar remains unchanged between the reference
samples and the tested samples, the molar ratio of H, to Arin two cases
is proportional to the mass ratio of pure Lifoil to the inactive Liin cycled
LMAs. Thus, the calibrated and modified calculation equation for
precise measurement of the mass of inactive Liis expressed in equation
(22), where S,rgon-pure L+ Shydrogen—pure LiANd Mpyre 1are the parameters with
known average values according to the calibration experiments.

Shydrogen—test Sargon—pureLi

Myctiveli = X MpyreLi (22)

Sargon—test Shydrogen—pureLi

The limit of detection and LOQ of ICP-OES is 0.026 mg and
0.074 mg, respectively, and the limit of detection and LOQ of H,-GCT
is 0.056 mg and 0.094 mg, respectively (Supplementary Table 7 and
Supplementary Note 6).

Data availability

The datasets analysed and generated during the current study are
includedinthe paperandits Supplementary Information. Source data
are provided with this paper.
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