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A B S T R A C T   

The deposition of metallic lithium is a degradation mechanism, also known as lithium plating, that might occur 
at the negative electrode surface of Li-ion battery cell, especially during fast charging, low temperature charging 
and high state of charge. The loss of cyclable lithium may lead to irreversible capacity fade and might also bring 
significant safety hazards. In this context, the experimental quantification of plated lithium on the negative 
electrode surface could be used to accurately validate electrochemical and physical models that might be used to 
predict plated lithium without cell opening. Also, the determination of plated Li may help in the evaluation of the 
safety and aging of commercial cells from different manufacturers for a specific application. This work shows a 
fast and cost-effective method that can be used to quantify plated lithium on commercial Li-ion battery graphite 
electrodes.   

1. Introduction 

Lithium-ion batteries (LIBs), represent today the most used electro
chemical power source and essential element in many consumer elec
tronics, stationary and mobility applications [1]. Its wide use is justified 
by the high energy and volumetric densities, low self-discharge, long 
cycling life reduced cost when compared to, cyclability and higher 
voltage than other battery technologies [2,3]. However, LIBs lifetime is 
reduced by non-desirable side reactions that lead to an increase of the 
internal resistance. This has an impact on the available power and 
causes capacity fade, leading to a premature battery end-of-life (EoL) 
[4]. 

The main aging mechanisms that occur at the negative electrode are 
mainly caused by the solid electrolyte interface (SEI) growth, metallic 
lithium deposition, also called lithium plating, and electrolyte decom
position [5,6]. All these mechanisms trap lithium in a different manner, 
but all lead to a loss of lithium inventory (LLI), decreasing the durability 
of the cell [7]. 

Among these mechanisms, Li plating is considered one of the main 
degradation mechanisms occurring under certain circumstances, i.e., 
battery fast-charging [8,9], low temperatures charge [10,11], poor 
negative to positive electrode mass ratio or long-term cycling [7,12–15]. 

All these conditions to which the negative electrode may be sub
jected will produce a local anode polarization that brings its potential 
below 0 V vs Li/Li+ causing the lithium reduction in the form of Li0 on 
the negative electrode. In addition, one of the major concerns about 
lithium plating is that it might lead to the formation of dendrites causing 
internal short circuits, ending up with important safety hazards such as 
fire and/or explosion [16]. 

Moreover, deposited metallic Li can be electrochemically inactive 
and after its reaction with the electrolyte, can bring to the formation of 
new SEI then causing further capacity loss [9,12,17]. 

The accurate determination of plated lithium is crucial for improving 
the performance of LIBs and developing aging models that can predict 
the EoL of a battery without opening it. Quantifying plated lithium can 
also help evaluate commercial cells for specific applications under 
conditions where plating is expected. 

Currently, available methods that determine plated lithium could be 
classified as non-invasive and invasive methods. Non-invasive methods 
are usually included in those electrochemical approaches that are able to 
detect lithium deposition. These methods are mainly based on differ
ential voltage analysis on full cells [9,18], electrochemical impedance 
spectroscopy (EIS) measurements [19] and in-operando acoustic detec
tion [20]. 
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Within the invasive methods can be included some in-operando 
electrochemical characterization. In fact, by including a reference 
electrode in the studied cell [21] it is possible to measure the positive 
and negative electrode potential. In this manner, it is possible to accu
rately know when the negative electrode potential goes below 0 V and, 
depending on the time spent in that region, a correlation to the plated 
lithium that is generated could be determined [22,23]. However, a 
reference electrode is not yet implemented in current commercial cells 
and research to include a reference electrode into battery cells is still 
ongoing due to its stability, position, processing and cost [24,25]. 

Also, other invasive post-mortem methods able to detect plated 
lithium based on Raman [26] and on solid-state nuclear magnetic 
resonance (NMR) were developed [11,27]. 

Nonetheless, both non-invasive and invasive methods are powerful 
tools that are able to detect plated lithium but are less efficient to 
quantify it, since the measurement is restricted to a small area of the 
electrode. Moreover, the quantitative determination of plated Li results 
is somehow tricky due to complexities in the discrimination between 
metallic Li plated irreversibly at the negative electrode surface, Li irre
versibly lost during the SEI formation and some remaining intercalated 
Li into graphite or reversible plated Li [16]. Therefore, new methods for 
quantitative determination of lithium deposition are needed. 

In literature there are few examples of post-mortem Li-plating 
quantification. For example, Ghanbari et Al. introduced a method for 
detecting and characterizing plated lithium on graphite anodes of LIBs 
by means of glow discharge optical emission spectroscopy (GD-OES) 
depth profiling [28]. Instead, Fang et Al. propose to detect dead Li on a 
Li//Cu cell for solid-state battery using titration gas chromatography 
(TGC) to quantify the contribution of plated Li to the total amount of 
trapped lithium [29]. 

Other methods involve massive Li deposition on commercial cells 
[16,23,30] and dilatation methods. The last one can be applied only to 
pouch cell format [31,32]. 

Here we present a new cost-effective, fast, and direct method able to 
accurately quantify metallic lithium deposited on LIB graphite elec
trodes by measuring the H2 produced in the reaction of H2O with the 
plated metallic lithium. 

2. Materials and methods 

2.1. Sample preparation 

For the research presented in this paper, 2 commercial cylindrical 
cells with a nominal capacity of 2.85 Ah with reference number INR- 
18650-M29 of the manufacturer LG CHEM were used. 

In order to trigger the plating formation on the negative electrode, 
one cell was cycled at − 20 ◦C in a VÖTSCH climatic chamber with a 
standard protocol which includes a discharge current of 1C and a charge 
current of 1.6 C for 42 cycles. The cell is cycled with CCCV charge and 
CC discharge protocol between 4.2 V and 2.5 V and with a BT-LAB® 
battery tester (BIO-LOGIC). The other cell is left uncycled and used as a 
reference. 

Once the two cells are discharged at 2.5 V, are both dismantled inside 
a glove box (Jacomex) with oxygen (<0.1 ppm) and water (<0.1 ppm) 
controlled environment. From each cell, two portions of the double side 
coated anode of 5x5 cm2 dimension from each cell are harvested, 
weighted, and stored in a vial. The negative electrode harvested from 
the fresh battery should not contain plated lithium but only the initial 
SEI layer formation. For simplicity, the two samples are named fresh and 
aged, respectively. 

Samples were collected from the same zones of the negative elec
trode for both batteries without washing to prevent material loss or 
surface chemistry alteration. The weight of each electrode was recorded 
before introducing them into the reactor to determine the amount of 
electrochemically inactive Li relative to the electrode material. 

2.2. Experimental setup for Li plating detection 

Fig. 1 shows the scheme of the lab-made system used to quantify 
metallic lithium. This small equipment consists of a quartz reactor with a 
Teflon plug that is connected to a three-way Swagelok-type, gas-tight 
setup. The system includes a porous rubber septum to allow the intro
duction of water by means of a syringe, as well as a ball valve to fill/vent 
the reactor. The top part is connected to a Clark-type hydrogen micro
sensor (Unisense, Denmark) which is sensitive to the H2 partial pressure 
and has a detection limit of ≈ 10− 2 vol%. This device includes a Pt 
sensing anode that is polarized against an internal reference electrode 
thanks to a high-sensitivity picometer (UniAmp). An H2-permeable 
membrane allows the diffusion of H2 to the sensor’s anode, where its 
oxidation produces a signal that is recorded through a dedicated 
software. 

2.3. Experimental methodology 

The H2 microsensor is calibrated to quantify the amount of deposited 
metallic Li on fresh and aged negative electrode samples. The sensor has 
a linear response and can be calibrated using a two-point calibration, but 
a four-point calibration was performed to ensure better accuracy and to 
account for any experimental error related to the setup or methodology 
used as shown in the supporting info (SI). To build the calibration curve, 
increasing amounts of metallic Li (China Energy Lithium Co., Ltd) were 
initially measured, and the resulting H2 sensor outputs were used to 
establish the curve. This calibration curve was then used to quantify the 
unknown amount of deposited metallic Li on the fresh and aged negative 
electrode samples. The sample loading process shown in Fig. 1, takes 
place in four stages: i) bringing the lab-made system inside a glove box; 
ii) inserting the material to be tested into the reactor in an argon 

Fig. 1. Scheme of the lab-made system used for metallic Li quantification.  
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atmosphere; iii) connecting the H2 microsensor back to its original po
sition while vigorously flowing argon through the reactor, iv) intro
ducing a water excess through a syringe. To avoid a temperature 
increase and reduce the formation of water vapor during the reaction, 
the bottom of the reactor was kept inside an ice bath (see supporting 
info.). When the reaction was completed, the ball valve was opened to 
bleed off the reactor and suddenly closed. This step eliminated the 
overpressure generated by the H2 release and took the total pressure of 
the system back to 1 atm. This is necessary to not overestimate the H2 
concentration (see supporting info.). Data acquisition was set at 1 point 
every second, and the average of the last 20 experimental points was 
used as the final value for sensor calibration and quantification of plated 
Li. 

3. Results and discussions 

Negative electrode portions from fresh and aged cells are shown in 
Fig. 2a and 2b, respectively. The fresh negative electrode has an opaque, 
graphite-colored surface where no metallic Li is expected. The aged 
negative electrode appears silvery and homogeneous, indicating Li 
plating. 

Between the species that can be present on the graphite electrode 
surface, only Li and LiH can produce H2 as a product of the reaction with 
H2O. In fact, as was described by Feng et al. [29], only the presence of 
LiH compound could affect the quantification of metallic Li. But this 
compound is mainly found on Li metal batteries where the H2, produced 
by the reduction of H2O traces or protic electrolyte oxidation species 

from the cathode, reacts with big amounts of metallic Li to give LiH 
[33–35]. 

Thus, the metallic Li quantification was indirectly determined by 
backtracking the H2 released in the form of gas by the reaction of Li with 
an excess of H2O (1).  

2Li + 2H2O → 2LiOH + H2 ↑                                                          (1) 

To elucidate the operating principle of the adopted methodology, a 
description of the chemical-physical process taking place inside the 
reactor is given. 

During reaction (1), the released H2 mixes with the Ar already pre
sent in the reactor to give an Ar/H2 gaseous solution. As the initial moles 
of Ar (molAr) are the same for every experiment (11.86 ⋅10-2 according to 
the ideal gas law), the resulting H2 molar fraction (χH2) is proportional 
to the moles of metallic Li (molLi). 

Fig. 2. Electrode zones collected from (a) fresh cell negative electrode and (b) aged cell negative electrode used for the plated Li quantification test.  

Fig. 3. (a) H2 microsensor profiles acquired in situ for different known amounts of pure Li. (b) Calibration curve (mV vs mg of Li) built by using the average plateau 
values taken from the H2 microsensor profiles. 

Table 1 
Data used for the calibration with metallic Li reported in Fig. 3b. The H2 con
centrations expected for the different Li amounts are also reported.  

Li (mg) H2 microsensor signal (mV) χH2 (mol.%) * 

4.5 
10.6 
19.0 
41.4 

99.0 ± 0.4 
168.4 ± 0.4 
234.3 ± 0.3 
467.2 ± 0.5 

2.66 
6.05 
10.34 
20.88 

* Calculated according to the ideal gas law. T = 20 ◦C, P = 1 atm and V = 0.293 
L. 
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χH2 =
0.5molLi

0.5molLi + molAr
(2) 

where the coefficient 0.5 considers the stoichiometry of the reaction 
(1). Knowing the χH2, in equation (2) can be used to backtrack the un
known amount of Li. 

It is worth remembering that the H2 microsensor used in this work is 
sensible to the H2 partial pressure (pH2), which is related to χH2 as 
follows: 

pH2 = χH2⋅P (3) 

where P is the total pressure. However, as the pressure inside the 
reactor was kept constant at 1 atm (see Section 2.3), the H2 partial 
pressure coincides with the H2 molar fraction. In such a way, the H2 
microsensor can be used to directly measure χH2, and the amount of 
plated Li can be calculated from equation (2). 

The sensor and the system are calibrated with four known amounts of 
pure metallic Li, namely 4.5, 10.6, 19.0 and 41.4 mg. 

Fig. 3a shows the H2 microsensor data acquired in situ for the 
different pure Li samples. In all cases, the sensor signal rapidly increases 
and approaches a plateau in approximately 1 min. For each experiment, 
<3 min were sufficient to achieve a stable signal (< ± 1 mV). The 
average H2 microsensor signals (mV) obtained for the different amounts 
of pure Li are reported in Table 1, together with the uncertainty related 
to the sensor fluctuations. 

The 0.999 Pearson correlation coefficient (r), which value is shown 
in the table in Fig. 3b, confirms the linear response of the H2 microsensor 
in the explored concentration range (Table 1). The microsensor signal is 
directly proportional to the χH2, which is also directly proportional to 
the amount of Li. Thus, the calibration curve can be directly used to 
calculate an unknown amount of metallic Li. 

To test the device’s response, two experiments per cell were con
ducted on a 5 × 5 cm2 portion of fresh and aged negative electrode 
(Fig. 2a and Fig. 2b). Reproducibility was verified by repeating the test 
on another sample from zone 2 of both electrodes. The samples were 
sealed in the reactor one by one following the procedure described 
previously. Fig. 4a shows the aged sample reacted vigorously with water 

injection, producing a rapid and stable H2 microsensor signal around 
350 mV and 280 mV for zones 1 and 2, respectively. The inlet of Fig. 4a 
also shows the fresh sample which produced a slight signal increase 
close to the sensor limit of detection (2.45 mV) and below the limit of 
quantification (7.44 mV), which is negligible and could be attributed to 
some little baseline fluctuation during the measurement. LoD and LoQ 
calculations are shown in the SI. 

Finally, the quantification of metallic Li was done by means of the 
previously built calibration curve and the results are graphically re
ported in Fig. 4b. The quantification of deposited Li is referred to the 
total weight of the electrode material and the values are resumed in 
Table 2. The two portions of aged negative electrode present 4.44 wt% 
and 3.47 wt% of metallic Li. These values are in the same range of some 
reported values present in literature as reported in Table S3 in the SI. 

Starting from the concept that the capacity loss for the battery aged 
at extremely low temperature is mainly due to Li-plating, as previously 
reported by other researchers [36], we aim to confirm that the measured 
amount of Li is consistent with the observed capacity loss during battery 
cycling. Therefore, we measured the total area of the electrode, which 
was 664 cm2. Thus, the capacity related to the area of the harvested 
electrode is estimated to be 3.95 mAh/cm2. Using the Faraday law, we 
determined that the Li quantity measured in 25 cm2 of the double-coated 
electrode used for our experiment corresponds to 1.15 and 0.88 mAh/ 
cm2 for each harvested zone respectively. These values indicate that 22 
% and 29 % of the initial capacity of the electrode has been lost as dead 
Li, which agrees with the total capacity loss of the cell, which is deter
mined to be 27.7  % as shown in Fig. 4c. However, these observed dif
ferences between the 2 zones of the negative electrode might be 
attributed to a non-homogenous behavior of Li plating in cylindrical 
cells that has been widely reported in the literature [37,38]. 

4. Conclusions 

In this work, a method for metallic lithium quantification on com
mercial LIBs negative electrodes is presented using a small lab-made 
device. This device is based on a commercial sensor and can be 

Fig. 4. (a) H2 microsensor values acquired from the two zones collected from aged and fresh negative electrodes; (b) Given percentage of metallic Li per electrode 
material for the two portions of aged negative electrodes; (c) Galvanostatic discharge capacity lost from the full cell during − 20 ◦C cycling at 1C current. 

Table 2 
Data obtained for the aged and fresh negative electrode portions.  

Sample H2 microsensor signal (mV)** Li (mg) Li/electrode material (wt.%) Dead Li 
mAh /cm2 

% capacity loss 

LG-20_1 
LG-20_2 
LG25_1 
LG25_2 

348.0 ± 0.7 
278.0 ± 0.5 
1.3 ± 0.2 
2.2 ± 0.3 

29.8 ± 0.07 
22.8 ± 0.05 
≪LoQ* 
≪LoQ* 

4.44 ± 0.01 
3.47 ± 0.01 
- 
- 

1.15 
0.88 
- 
- 

29 
22 
- 
- 

* LoQ = Limit of Quantification. **The baseline value has been subtracted. 
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calibrated by using known amounts of pure metallic Li. The validated 
methodology is used to quantify deposited metallic Li on a commercial 
battery where plated Li was induced, and a fresh battery was tested as a 
reference. The knowledge of this parameter can be used in models to 
predict the EoL of a battery and can provide important information 
regarding Li-ion cell safety. This method allows fast and accurate 
quantification and can be applied to a broad range of other battery 
systems, supporting the manufacture of safer batteries with better 
cycling life performances. Future studies will aim to safely apply this 
methodology to the entire electrode area. 
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G. Hinds, R. Raccichini, M. Gaberšček, J. Power Sources (2020) 480, https://doi. 
org/10.1016/j.jpowsour.2020.228742. 

[20] C. Bommier, W. Chang, Y. Lu, J. Yeung, G. Davies, R. Mohr, M. Williams, 
D. Steingart, Cell Reports Phys. Sci. 1 (2020), 100035, https://doi.org/10.1016/j. 
xcrp.2020.100035. 

[21] J. Liu, Z. Chu, H. Li, D. Ren, Y. Zheng, L. Lu, X. Han, M. Ouyang, Int. J. Energy Res. 
45 (2021) 7918–7932, https://doi.org/10.1002/er.6375. 

[22] S.P. Rangarajan, Y. Barsukov, P.P.J. Mukherjee, Mater. Chem. A 7 (2019) 
20683–20695, https://doi.org/10.1039/c9ta07314k. 

[23] T. Waldmann, M. Kasper, M. Wohlfahrt-Mehrens, Electrochim. Acta 178 (2015) 
525–532, https://doi.org/10.1016/j.electacta.2015.08.056. 

[24] Y. Li, X. Han, X. Feng, Z. Chu, X. Gao, R. Li, J. Du, L. Lu, M. Ouyang, J. Power 
Sources 481 (2021), 228933, https://doi.org/10.1016/j.jpowsour.2020.228933. 

[25] V. Pande, A. Abbasalinejad, J. Hammond, J. Christensen, S.U. Kim, J. Electrochem. 
Soc. 168 (2021), 090534, https://doi.org/10.1149/1945-7111/ac2469. 
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