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Abstract: Lithium plating can cause capacity fade and thermal runaway safety issues in lithium-
ion batteries. Therefore, accurately detecting the amount of lithium plating on the surface of the
battery’s negative electrode is crucial for battery safety. This is especially crucial in high-energy-
density applications such as battery energy storage systems or in electric vehicles (EVs). Early
detection of lithium plating is crucial for evaluation of reliability and longevity. It also serves as
a method for early diagnostics in practical industrial applications or infrastructure, such as EV
transportation. This can enhance its impact on customers. This study validates the effectiveness
of titration gas chromatography (TGC) technology in quantitatively detecting lithium plating on
graphite negative electrodes in lithium-ion batteries. The results show that it can detect a minimum
of 2.4 µmol of metallic lithium. Compared with the heating direct current resistance and reference
electrode methods, which can be used to perform only qualitative dendrite detection, TGC has a
wider range of detection. Compared with the nuclear magnetic resonance (NMR) method with higher
quantitative detection accuracy, the maximum difference between the detection results of the two
methods was only 7.2%, but the TGC method had lower cost and higher implementation convenience.
In summary, among various dendrite detection methods, the TGC method can not only realize the
effective quantitative detection of lithium plating, but also comprehensively consider its detection
range, implementation convenience, cost, and detection accuracy, indicating that it is suitable for
engineering applications and has the prospect of realizing large-scale quantitative detection of lithium
plating in lithium-ion batteries.

Keywords: lithium-ion battery; quantitative detection of lithium plating; heating DC resistance;
reference electrode; titration gas chromatography; nuclear magnetic resonance

1. Introduction

With the widespread adoption and application of electric vehicles, safety incidents
have occurred from time to time, posing threats to the life and property of drivers and
passengers [1]. One typical scenario of electric vehicle accidents is self-ignition during
charging. Under charging conditions such as low temperature, high charge rate, and
overcharging, lithium plating may occur on the negative electrode of the lithium-ion
battery. Lithium plating is an abnormal occurrence during the charging process of lithium-
ion batteries. Instead of integrating into the negative electrode material, lithium ions are
deposited on the surface of the negative electrode as metallic lithium [2–6]. This metallic
lithium often does not form a smooth coating but manifests as dendritic crystals, known
as lithium dendrites [7]. Lithium dendrites possess high reductive activity and a large
specific surface area. Their growth can lead to several risks. For instance, overgrown
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lithium dendrites can pierce the separator, causing a short circuit between the positive and
negative electrodes, and potentially leading to the lithium-ion battery catching fire or even
exploding [8–11]. Moreover, lithium dendrites cannot be completely reversibly oxidized
during the discharge process. The dendrites detach from the negative electrode, forming
“dead lithium”, which results in the loss of active lithium inside the battery, reducing
the Coulombic efficiency and decreasing the capacity [12,13]. The newly formed metallic
lithium surface reacts with the electrolyte to form a new solid electrolyte interface (SEI)
film [14,15]. The SEI film plays a critical role in protecting the lithium metal from further
reaction with the electrolyte and enabling stable lithium plating/stripping [16]. Meanwhile,
this reaction consumes the electrolyte, increases the internal resistance of the battery, locally
loses activity, and reduces the capacity [17–20]. Therefore, it is crucial to deeply understand
the lithium plating phenomenon that may occur during the battery’s charging process,
explore its causes and detection methods, and ensure the safe operation of the lithium-ion
(Li-Ion) battery throughout its life cycle [21,22].

To date, many researchers have used various technical means to detect lithium plating.
The most common one is the external characteristic method, which mainly relies on external
characteristic signals such as voltage, current, temperature, and internal resistance of the
battery during use and performs conversion to judge whether the battery is lithium plating.
Representative methods include the relaxation voltage curve method, differential voltage
analysis (DVA), the Arrhenius criterion method, internal resistance capacity (R-Q), etc. [23–25].
These methods are simple and easy to implement, and do not require disassembly of the
battery. They are expected to be applied under actual use conditions to achieve real-time
detection and monitoring of battery lithium plating. However, the current non-destructive
lithium-plating detection methods for batteries generally involve qualitative detection,
and it is still difficult to achieve quantitative detection of battery lithium plating. It can
often only be corroborated by battery capacity decay and other means to verify the lithium-
plating detection results, and it is difficult to determine the detection accuracy. Furthermore,
there is a lack of direct evidence of the amount of metallic lithium deposited, and this is
often questioned and challenged in the application process.

Physical detection methods may be employed. These are mainly intuitive observation
methods and physicochemical analysis methods with the help of high-precision experi-
mental equipment, such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), ultrasonic waves, and X-ray diffraction (XRD). In situ TEM is also an
essential visual observation research method to detect lithium plating. Zeng et al. [26]
used TEM technology to study the lithium plating of specially made lithium-ion batteries,
successfully observed the growth and melting process of lithium dendrites on the negative
electrode surface and SEI film, and also provided inspiration for the optimized design of
lithium-ion battery electrodes and addressing the internal short-circuit fault caused by the
growth of lithium dendrites. Deng et al. [27], in the application of ultrasonic technology
to characterize LiFeO4 batteries, indicated that the ultrasonic projection signal dropped
sharply after low-temperature charging at the ear of the pole, which was a clear signal
of abnormality. After disassembly, it was found that there was indeed obvious lithium
plating at the ear of the pole, which confirmed the feasibility of using ultrasonic waves in
lithium-plating detection. However, the above physical detection methods have common
disadvantages: the experimental equipment is expensive, the cost is high, and quantitative
lithium-plating detection cannot be performed.

Therefore, the development of destructive and quantitative lithium-plating detection
methods is very important for researching the lithium-plating problems in lithium-ion
batteries. The currently effective quantitative lithium-plating detection methods include
solid-state nuclear magnetic resonance technology (SSNMR) and titration technology [titra-
tion -gas chromatography detection technology (TGC), mass spectrometry titration (MST)
technology [28,29]. Nuclear magnetic resonance (NMR) is also an important experimental
method for the quantitative detection of lithium plating [30,31]. J.Arai et al. [32] conducted
solid-state in situ nuclear magnetic resonance analysis on a full battery with LiCoO2 as the
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positive electrode material and carbon as the negative electrode material during charging.
The experiment clarified that lithium in different chemical environments showed differ-
ent chemical shifts in the spectrum [33], and the area of the peak at different positions
corresponded to the proportion of lithium elements in different states. Although NMR
technology can accurately measure the amount of metallic lithium, it can analyze only
about 50 mg of sample each time, and the detection equipment is expensive. In addition,
the sample preparation is troublesome, and it is difficult to apply on a large scale in actual
battery analysis. Titration technology mainly uses the characteristic reaction of metallic
lithium with water or acid solution and production of gases such as hydrogen to detect
battery lithium plating [34]. Mcshane et al. [35] proposed the MST method to detect battery
lithium plating using sulfuric acid as the titration solution. Sulfuric acid reacts not only
with metallic lithium and graphite intercalated with lithium but also with lithium salts
in the SEI film, producing different gases. The amounts of inert lithium and lithium salts
can be calculated based on the quantities of H2, CO2, and C2H2 gases detected via the
mass spectrometer. However, there may be multiple substances in the battery’s negative
electrode that produce the same gas, so this method cannot distinguish the individual
content of each substance and, therefore, cannot accurately detect the amount of battery
lithium plating. Compared with nuclear magnetic resonance technology, the principle of
titration and its operation is relatively simple, and there are no special requirements for
preparing the sample. It is expected to be used for detecting large-scale lithium plating
at the level of the electrode sheet and even the core roll, and it is worth focusing on its
development. At present, the titration method has been well applied in the detection of
dead lithium in metallic lithium batteries, while the effectiveness of its use for quantitative
detection in Li-Ion batteries still needs further research.

Based on the above, this paper compares dendrite detection methods based on heating
DC resistance, reference electrode, TGC technology, and NMR technology. The above
methods were analyzed from four evaluation indicators: detectable range, implementation
convenience, cost, and detection accuracy. Among them, the heating DC resistance and
reference electrode methods can realize only the qualitative detection of lithium plating,
while the TGC method and NMR method can realize the quantitative detection of lithium
plating, have a wider detection range, and are more suitable for accurately exploring the
relationship between different charging conditions and the severity of lithium plating.
Compared with the NMR method, the TGC method has better implementation convenience
and lower cost, and its quantitative detection accuracy is also similar to that of the NMR
method. Comprehensively considering the above four dimensions, the TGC method can
realize the quantitative detection of dead lithium in lithium-ion batteries while taking into
account cost control, implementation convenience, and high detection accuracy. This is
of great significance for accurately exploring fast charging boundaries and ensuring safe
operating conditions in electric vehicle charging scenarios.

2. Experiment
2.1. Dendrite Detection Based on Heating DC Resistance

When lithium metal produced by lithium plating reacts with the electrolyte, lithium
plating in batteries causes an increase in DC internal resistance during heating. Therefore,
a lithium-plating detection method is proposed, based on measuring the change in DC in-
ternal resistance when heated. The effectiveness of this proposed method was investigated
under two states: 100% state of charge (SOC) and 0% SOC, with the experimental design
shown in Figure 1. Table 1 provides the basic information of the commercial soft-pack
lithium-ion battery used for the lithium-plating detection experiments.
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Figure 1. Experimental design of lithium-plating detection method based on heated DC internal
resistance.

Table 1. Basic information of the battery.

Parameters Values/Types

Battery type Lix(NiCoMn)1/3O2/graphite
Rated capacity (Ah) 24
Operating voltage (V) 2.5~4.2
Charging operating temperature (◦C) −25~55
Discharging operating temperature (◦C) −30~55

2.2. Dendrite Detection Based on Reference Electrode

The oxidation–reduction potential of lithium ions is 0 V (vs. Li/Li+). Therefore, when
the overpotential at the negative electrode is below 0 V, it indicates that lithium-plating
reaction may have occurred inside the battery. In order to obtain the negative electrode
potential of lithium-ion batteries during charging and discharging, and to investigate
the occurrence of lithium-plating side reactions inside the battery, it was necessary to
implant a reference electrode into the battery to indirectly obtain the required battery
information. This experiment focused on lithium iron phosphate LiFePO4 (LFP) blade
batteries, involving the implantation of a reference electrode and subsequent experimental
verification. The specific parameters of the battery are presented in Table 2.

Table 2. The basic parameters of the blade battery.

Parameters Specifications

Size (mm) 620 × 102 × 22.9
Rated capacity (Ah) 190.6
Working voltage (V) 2.0~3.8

Operation temperature (◦C) −30~60
Weight (Kg) 3.2

After the implanted reference electrode was verified for stability and accuracy, the
battery underwent charge–discharge tests at various rates. During the 10 h rest period
following the activation of the reference electrode, the first 3 h were a normal depolarization
process for the battery, with the negative electrode potential decreasing normally. In the
subsequent 7 h, the maximum fluctuation of the negative electrode potential was 2.95 mV,
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demonstrating the high stability of the reference electrode. Subsequent experiments also
proved that the reference electrode, made in this way, can provide accurate measurements of
the negative electrode potential, with a lifespan of more than two weeks. Via comparing the
negative electrode potential during the charging phase of the last two stable cycles, the root
mean square error (RMSE) between them was found to be only 4.3 mV, and the RMSE of the
battery terminal voltage repeatability comparison in the cycle process of the last two cycles
was only 2.8 mV [36]. These data fully demonstrate that the reference electrode implanted
in the pouch cell using this method was stable and reliable and had almost no impact on the
battery [37,38]. Due to the increased likelihood of lithium plating at higher charging rates,
this experiment was conducted at 25 ◦C with six different constant-current constant-voltage
(CCCV) charging rates: 1/6 C, 1/3 C, 1/2 C, 1 C, 1.5 C, and 1.9 C. Each charging rate
corresponded to a fresh battery cell. Before starting the experiment, the batteries were
placed in a 25 ◦C temperature chamber and allowed to stand for 5 h to ensure temperature
equilibrium both inside and outside the battery. The temperature sensor was fixed at the
middle position on the outside of the battery, monitoring temperature changes during the
experiment to ensure the safety of the experiment. Subsequently, a constant current (CC)
discharge at 1/3 C rate was conducted until reaching the cutoff voltage. After a 1 h rest
period, the batteries underwent CCCV charging tests. Throughout the experiment, the
negative electrode potential of the batteries was continuously monitored and recorded. The
same procedure was repeated when switching to different rates. The detailed procedure is
illustrated in Figure 2.
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2.3. Dendrite Detection Based on TGC Technology
2.3.1. Battery Preparation for Measurement

The battery used in this study was a soft-pack battery with a rated capacity of 1 Ah,
and the positive and negative electrodes of the battery were Lix Ni0.5Co0.2Mn0.3O2 and
graphite, respectively. The basic information of the battery is shown in Table 3. The lithium
plating was induced by using low-temperature charging. In the test, the battery was placed
in conditions at a temperature of −5 ◦C and charged with constant current and voltage
using a charging multiplier of 1 C (1 A), with a cut-off current of C/20, and then discharged
with constant current at C/3 to the cut-off voltage of 3.0 V. The battery was cycled under
these conditions five times to obtain the lithium plating on the battery. The capacity of
the battery was calibrated before and after the low-temperature cycling to determine the
capacity decay and judge the degree of lithium plating. Capacity calibration of the battery
at 25 ◦C was carried out as follows: C/3 (0.333 A) constant current charging to the cut-off
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voltage (4.2 V) followed by constant voltage charging to the cut-off current 1/20 C (0.05 A),
and then C/3 constant current discharging to the cut-off voltage (3.0 V), cycling three
times, and the last discharging capacity was recorded as the capacity of the battery. In
this study, two batteries, A and B, were selected from the same batch for low-temperature
cycling aging to induce lithium plating. Batteries A and B underwent five and six cycles
of low-temperature cycling, respectively, which resulted in different degrees of lithium
plating. The lithium plating of batteries A and B is shown in the following table.

Table 3. Information of experimental batteries.

Types Product
Classification

Normal Capacity
(Ah)

Charge/Discharge
Cut-Off Voltage

Cell Pouch cell 1 Ah 4.2/3.0

2.3.2. Titration Gas Chromatography Test

Figure 3 shows the process of lithium plating on a battery measured with TGC,
encompassing five steps:

(1) Disassembling the battery in a glove box in an argon atmosphere to obtain the negative
electrode piece;

(2) Placing the negative electrode piece in a conical flask in the glove box, and then
transferring it to a fume hood;

(3) Using a syringe to inject 5 mL of water into the conical flask to make the lithium
plating completely reactive;

(4) Using a syringe for gas chromatography (GC) to extract 5 mL of reactive gas, and
injecting the extracted gas into the GC system;

(5) Measuring the concentration of hydrogen via the GC to calculate the amount of
lithium plating. All processes minimize potential risks during sample transfer, thereby
obtaining reliable results.
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The carrier gas during the experiment was nitrogen, an AL203 (50 m × 0.53 mm × 15 µm)
column and thermal conductivity detector (TCD) were used, and the injection mode was
1 mL quantitative loop. The temperature of the gasification chamber at the injection port
was 250 ◦C, the injection time is 1 min, the split ratio was 5, and the flow rate of the
carrier gas was 51 mL/min. The temperature program was set at 50 ◦C for 2 min and then
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increased to 150 ◦C at 20 ◦C/min for 3 min, and the temperature of the TCD detector was
190 ◦C. The TGC method achieved quantitative analysis and diagnosis of lithium plating
based on reaction Equation (1):

2Li + 2H2O = 2LiOH + H2 (1)

In order to achieve quantitative detection of lithium plating in batteries, the whole
test system needed to be calibrated before performing the battery negative electrode test.
The GC was first calibrated to obtain the relationship between the hydrogen concentration
and the area of the hydrogen signal detected via the GC. In this study, the calibration
was performed by passing a standard gas with a known concentration of hydrogen into
the GC. Three bottles of standard hydrogen gas with concentrations of 16%, 21.6%, and
31.6% (volume of H2/volume of total) were selected, and the GC was used to take three
sets of measurements. The peak area was averaged to establish the calibration line, which
was used to obtain the relationship between the hydrogen concentration and the area of
the hydrogen signal detected via the GC. The second step of the calibration involved the
relationship between the lithium metal content and the hydrogen concentration, and a
conical flask with a concentration of 587 mL was selected as the reaction device in this
experiment. The reaction device was dried in a warm box for 12 h and then put into a
glove box. In the glove box, an appropriate amount of lithium metal was weighed using a
balance with an accuracy of 0.1 mg and put into the conical flask. The conical flask was
placed in a fume hood, and an excess and known volume of water (5 mL) was added
using a syringe until the lithium metal reaction occurred. Then, 5 mL of gas from the flask
was injected into the GC using a syringe for analysis, and the peak area corresponding
to hydrogen was recorded, with three assays for each sample. The relationship between
lithium metal content and hydrogen concentration was assessed by varying the mass of
lithium metal (1.2 mg, 3.3 mg, 4.7 mg, 7.0 mg, 10.7 mg) to produce different hydrogen
concentrations, which were used for subsequent quantitative detection of lithium plating
from graphite anode.

2.4. Dendrite Detection Based on NMR Technology

The experiments were performed using magic-angle spinning nuclear magnetic reso-
nance (MAS-NMR) to obtain high-resolution solid-state NMR spectra. Similarly, the use of
NMR analysis for quantitative detection of lithium requires calibration to obtain the area
of the characteristic peaks in the NMR test spectra as a function of the atomic number of
the lithium element. In this study, samples with different contents of lithium metal were
prepared using different mass ratios of lithium metal powder mixed with LiCl to make the
samples. The relationship between the lithium content and the area of the NMR peaks was
determined using NMR. The battery was disassembled in a glove box, and the negative
electrode wafers were soaked in dimethyl carbonate (DMC) for 2 h to remove electrolyte
salts from the wafers, after which they were dried in the glove box for 2 h. The negative
electrode material was scraped off the collector and used for the NMR and TGC tests. The
battery used in the experiment was the same as that in the TGC experiment.

3. Results
3.1. Experimental Results of Heating DC Resistance

One fresh battery and three analyzed lithium plating batteries were selected as exper-
imental objects, and standard capacity tests were conducted at 25 ◦C and 80 ◦C ambient
temperatures, respectively. Their initial capacities and capacities after heating are shown in
Figure 4a. For the fresh battery (Cell 1), there was no significant change in capacity before
and after heating, while for the lithium-plated batteries (Cell 2–4), there was significant
decay in capacity after heating.
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The variation of the DC internal resistance of the batteries during heating is shown
in Figure 4b. To eliminate the effect of inconsistency in the internal resistance between
cells, the internal resistance curve was normalized by the value of internal resistance at
the first point. From the figure, it can be seen that for fresh batteries without internal
dead lithium, the DC internal resistance remained constant during the holding process.
The internal resistance slightly decreased after cooling, relative to the initial value, mainly
because the cooling time was not sufficient, and the internal temperature of the battery
had not cooled down to the level it had been before heating. For batteries with internal
dead lithium, the internal resistance gradually increased during the heating period, and
the internal resistance increased significantly after cooling compared with the initial value.
For fresh batteries, the capacity did not change significantly after heating, while for the
dead lithium batteries, the capacity showed significant decay after heating, as shown in
Table 4. By utilizing this feature, it is possible to distinguish batteries with internal dead
lithium from normal batteries.

Table 4. Capacity change of batteries with different degrees of lithium plating before and after heating.

Cell Capacity Change
before Heating (Ah)

Capacity Change
after Heating (Ah)

Capacity Retention
Rate %

1 24.62 24.59 99.87
2 24.30 24.28 99.91
3 22.30 20.76 93.00
4 20.74 18.40 90.01

To investigate the effectiveness of this method at 0% SOC, one fresh battery and
two lithium-plated batteries were selected as experimental objects, and standard capacity
tests were conducted at 25 ◦C and 80 ◦C ambient temperatures, respectively. Figure 5a
presents the changes in the capacities of the batteries before and after heating. There was
no significant change in the capacity of the fresh battery (Cell 1) after heating, while for the
analyzed lithium plating batteries (Cell 2–3), there was a significant decay in capacity after
heating. Figure 5b. shows the changes in DC internal resistance during heating and holding.
The DC internal resistance of the analyzed lithium-plated batteries showed a significant
increase, and after cooling, the internal resistance was also higher than the value before
heating. In contrast, the DC internal resistance of the fresh battery showed no significant
change during heating and holding.

From the experimental results at 100% SOC and 0% SOC, it can be seen that the lithium-
plating detection method based on heated DC internal resistance can quickly determine
whether there is lithium plating in the test battery. Additionally, it does not damage fresh
batteries, realizing the non-destructive qualitative detection of internal dead lithium.
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3.2. Experimental Results of Reference Electrode

The test results during charging at six different rates are depicted in Figure 6. Figure 6a
illustrates the variation of battery terminal voltage under different charging rates, all reach-
ing from 2.0 V to 3.8 V before stopping. Figure 6c presents the specific current magnitudes
and their variations for the six different rates. Figure 6d displays the temperature rise dur-
ing charging. As shown in Figure 6b, the variation of negative electrode potential during
charging at different rates indicates that at charging rates of 1.5 C and 1.9 C, the negative
electrode potential exhibited a significant drop below 0 V. Under these high-charging-rate
conditions, the negative electrode potential rapidly decreased from a high potential to 0 V.
During this process, lithium ions undergo insertion into the graphite negative electrode.
However, when the negative electrode potential drops below 0 V, apart from the normal
insertion into the graphite negative electrode, some lithium ions begin to accept electrons
directly at the surface of the negative electrode. Both of these reactions have the same
current direction and compete with each other. However, 0 V is not an accurate initiation
potential for lithium plating because the insertion and extraction of lithium metal affect
this potential. Moreover, measurement errors in relation to the reference electrode can
cause discrepancies between the measured potential and the actual potential. Subsequently,
the negative electrode potential rapidly rises from below 0 V to above 0 V, indicating that
the battery has reached the cutoff voltage and the constant-voltage charging current has
started to decrease, at which point lithium plating ceases. Under the 1.5 C charging rate,
the minimum value of the negative electrode potential was —13.9 mV, and the duration
of the negative electrode potential being below 0 V was 405 s, indicating that a minor
lithium-plating reaction may have occurred. However, under the 1.9 C charging rate, a
portion of the negative electrode potential even dropped below—70 mV, and the duration
of being below 0 V reached 1990 s, suggesting a severe lithium-plating reaction may have
occurred. Under the other four rate conditions, the negative electrode potential remained
above 0 V, confirming no lithium plating had occurred.

To validate the precision of lithium-plating detection based on negative electrode
potential, three charging rates corresponding to the 0 V boundary of the negative electrode
potential were selected for cycling: 1 C, 1.5 C, and 1.9 C. We cycled the batteries ten times at
each rate before discharging them, then meticulously dismantled them for closer inspection,
as illustrated in Figure 7. From the dismantling results in Figure 7a, under the 1 C charging
rate, the surface of the negative electrode plate showed no obvious white or gray spots,
indicating no lithium plating. Further sampling and electron microscope scanning of the
electrode plate (Figure 7d) revealed intact graphite particles without rod-like or mossy
lithium dendrites. At the 1.5 C charging rate (Figure 7b), some white spots appeared at
the middle and edges of some of the negative electrode plates, suspected to be caused
by lithium metal deposition. Under the 1.9 C charging rate (Figure 7c), most electrode
plates showed evident white or gray substances on the negative electrode and separator.
Furthermore, sampling was performed on the negative electrode of the 1.9 C battery, and
direct water droplet testing (Figure 7d) showed significant bubble formation, indicating
the deposition of lithium metal on the surface of the negative electrode. In conclusion,
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employing negative electrode potential as a marker for lithium-plating detection proves
to be an exceptionally precise and reliable technique to discern whether batteries are
undergoing or on the brink of lithium plating.
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3.3. Experimental Results of TGC
3.3.1. TGC Calibration Results

In GC columns, the stationary phase has different affinities for different substances,
and different gases can be distinguished by their retention times. Figure 8a shows the
peak of Ar at 2.35 min and the gas chromatogram of the standard gas, with characteristic
peaks of H2, CO, and CO2 visible at 0.84, 5.7, and 8.1 min, respectively. Figure 8b illustrates
the relationship between the H2 concentrations obtained from the standard gas tests of
different gas compositions and the signal area of H2 detected via GC, where the dots are
the test results and the dashed lines are the linear fitting results. It can be seen that the H2
concentration and the characteristic area of H2 detected via GC show a very good linear
relationship (R2 = 1), and the fitting procedure yields the calculation formula shown in
Equation (2):

Y = 31026.7X (2)
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The relationship between lithium metal content and hydrogen concentration was
calibrated by performing TGC tests on samples with varying lithium metal content. During
the tests, the gas produced by the reaction of each lithium metal sample was measured
three times using GC. After the first measurement, the reaction device was inverted for
30 min. The second measurement was carried out without liquid effusion, which proved
that the test device was suitably gas-tight and the hydrogen gas was evenly distributed.
Samples 1–4 used the 587 mL reaction vessel, and sample 5 used a 1124 mL reaction vessel.
The test results for samples with different lithium metal contents are shown in Figure 9.
Figure 9b depicts the relationship between the measured and theoretical values of hydrogen
production from lithium metal, where the dots are the test results and the dashed lines



Energies 2024, 17, 2409 12 of 19

are the linear fitting results. It was found that the two have a good linear relationship
(R2 = 0.9966), indicating that the TGC detection system can achieve quantitative detection of
lithium metal content in samples. In addition, it was found that the measured values were
always slightly higher than the theoretical values. This discrepancy may have arisen from
the fact that the theoretical values were calculated assuming ideal conditions of T = 298 K
and P = 1 bar, whereas the temperature and other conditions changed to a certain extent
with each experimental run. The effect of measurement error is small, and subsequent
experiments can be corrected by dividing the measurement results by the coefficient 1.0184.
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3.3.2. Testing of Lithium Plating in Battery Samples

For TGC testing, the negative electrode can be either in the form of negative electrode
material powder or the negative electrode wafer from the battery. In the case of powder
samples, the negative electrode material needs to be scraped off from the collector, while
the wafer can be cut along with the collector after disassembling the battery. Figure 10
presents the amounts of lithium plating obtained through TGC testing of samples of the
same negative electrode but in different forms. From the test results, it can be observed that
the metal lithium content in the powder samples was consistently higher than that obtained
from direct reaction with the negative electrode wafer, with a difference of more than
twofold. However, when observing the reaction phenomenon of the latter, the negative
electrode material completely detached, leaving the copper foil clean and exposed, and
no bubbles were generated even after repeated shaking, indicating that the reaction was
complete. Further analysis revealed that due to the lower potential at the negative electrode–
separator interface, lithium plating occurred preferentially at that location. The results
obtained directly from the negative electrode wafer of the reaction sample were more
accurate. Therefore, in subsequent tests, the entire negative electrode wafer was used for
TGC testing, further demonstrating the advantages of TGC testing in sample preparation.
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3.3.3. Fresh Cell Background Noise Analysis

Before proceeding with the quantitative detection of lithium plating in batteries, the
negative electrodes from unused (fresh) batteries underwent testing to establish a baseline
for background noise, with the findings presented in Table 5. Hydrogen production was
observed in all three titration experiments on the fresh battery samples, and the presence of
hydrogen was also measured via GC, demonstrating that even the fresh battery contained
lithium-embedded graphite or other substances that produced hydrogen with water. If all
are classified as lithium metal, the 1 Ah battery contained roughly 48 mAh (0.0126 g) of
lithium metal, as shown in Table 5. Even when the battery was discharged to the cut-off
voltage, the Li ions were not completely de-embedded from the negative electrode, and
embedded lithium graphite was still present, needing to be discounted in subsequent
battery sample tests. It should be noted that the outcomes of this baseline experiment
should not be adopted as a universal standard for noise levels, since the quantities of
embedded lithium graphite can vary amongst different battery types, even when each is
discharged to the cut-off voltage.
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Table 5. Fresh Battery TGC Test Results.

Sample Lithium Metal Content/g Converted Residual Capacity/mAh

1 0.014 54
2 0.011 42
3 0.013 50

Mean value 0.0127 49

3.3.4. Battery Sample Calibration Results

Based on the above test results, the lithium plating of two low-temperature lithium-
plated aging batteries was examined using the TGC method, and the results are shown
in Table 5. The capacity degradation rates after low-temperature cycling were 63% and
65% for Batteries A and B. The SEI growth side reaction is considered to be dependent on
time and temperature, the capacity degradation caused by SEI growth can be neglected
due to the low-temperature operating conditions and low number of cycling times, and
the large degradation in capacity can be attributed to the lithium-plating side reaction.
Due to the limited volume of the reaction vessel, the method of measuring the amount of
lithium plating from a known portion of the electrode was adopted to estimate the amount
of lithium plating on the battery as a whole. The experimental results are shown in Table 6.
The estimated capacity of Batteries A and B were consistent with the measured value,
and the error was within 7%, representing the accurate detection of lithium plating in the
battery. The error mainly came from the background noise of lithium-embedded graphite
in the fresh battery; the current discharge method is still not able to completely eliminate
the influence of lithium-embedded graphite in the negative electrode material, and further
exploration will be carried out in the future. In summary, this study demonstrates the
effectiveness of the TGC method in the quantitative detection of lithium plating in lithium-
ion batteries and proves that the TGC technique can be used to accurately detect the amount
of lithium plating in batteries.

Table 6. Battery lithium-plating test results.

Sample Initial
Capacity/Ah

Capacity
Decay/Ah

Based on Capacity
Decay/g TGC/g Error/% Remove

Noise/g Error/%

A 1.097 0.687 0.178 0.179 0.6 0.167 6.2

B 1.110 0.720 0.186 0.204 9.7 0.191 2.7

3.4. Experimental Results of NMR

In this study, samples with varying lithium metal contents were prepared through
blending lithium metal powder with LiCl in diverse mass ratios to facilitate NMR calibra-
tion. Subsequently, a proportional relationship was pinpointed between the integral area
of the lithium metal’s definitive peak within the NMR spectra and the lithium element’s
molar quantity. The NMR test results for five different samples of lithium metal content are
shown in Figure 11a. As the lithium metal content increased, the height and area of the
characteristic peak also increased. Figure 11b. presents the relationship between the molar
amount of lithium element (molar amount of lithium metal) in the test samples and the
integrated peak area in the NMR spectrum. The data points represent the test results, while
the dashed line represents the linear fitting. It can be observed that there is a good linear
relationship between the integrated peak area in the NMR spectrum and the molar amount
of lithium element, with a high linearity of 0.9947. The calculated formula derived from the
fitting is shown in Equation (3), where NLi represents the molar amount of lithium element
in the test sample, and Area corresponds to the integrated peak area of the corresponding
characteristic NMR peak.

Area = 1.189 · NLi (3)
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3.5. Discussion

In this experiment, due to the limited number of batteries, we used batteries from
different electrochemical systems in the heating DC resistance and reference electrode
experiments. In different electrochemical systems, the nature of lithium plating is the
same, so this does not affect the comparison of experimental results. In the TGC and NMR
experiments, the samples came from the same type of cell, ensuring the reliability of the
comparison of quantitative accuracy. The experimental results illustrate that the heating
DC resistance method leverages the reaction of dead lithium with the electrolyte upon
heating, resulting in increased internal resistance in the battery and enabling qualitative
dendrite detection; nevertheless, quantitative analysis is not feasible with this technique.
The method based on the reference electrode can directly measure the negative electrode
potential by implanting a reference electrode into the battery. When the negative electrode
potential is below 0 V, it is used as a signal that lithium plating has occurred during the
charging process, so that real-time detection of lithium plating during battery charging
can be achieved. However, this method can only ascertain the presence of lithium plating
that occurs during the charging process. TGC technology uses the reaction of metallic
lithium and solvent (H2O) to generate H2, which can distinguish lithium ions and metal-
lic lithium at the solid–electrolyte interface, then quantitatively detect the generated H2
through gas chromatography, and then accurately calculate the content of metallic lithium.
NMR technology assesses the relationship between the area of the characteristic peak in
the NMR test spectrum and the number of lithium atoms via calibration, thereby realizing
the quantitative detection of lithium plating. As depicted in Figure 12, each method was
comparatively appraised across four analytical indicators: detection scope, implementation
ease, cost-effectiveness, and detection precision. The first was the detection range. The
heating DC resistance method can detect dead lithium that already exists in the battery,
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while the reference electrode method can detect only whether lithium plating occurs during
the charging process. Historical lithium plating cannot be detected. These two methods
are both qualitative detection of lithium plating, and their detection range is evaluated
as low. The TGC method and NMR method can realize quantitative dendrite detection,
and their detection range is evaluated as high. The second indicator was the convenience
of implementation. The heating DC resistance method does not require modification or
damage to the battery during testing, so it has highly convenient implementation compared
with the other three methods. The method involving the reference electrode necessitates
the fabrication of a reference electrode and its subsequent integration into the battery—a
process that is inherently irreversible and escalates experimental uncertainty due to the
indeterminate effects on cell performance. Accordingly, the ease of this method’s imple-
mentation is deemed low. The TGC method also requires disassembling the battery, but
only the pole piece needs to be cut to perform the test, so the implementation convenience
is evaluated as medium. The NMR method requires not only disassembly of the battery but
also scraping of the pole piece before testing, so the operation steps are more complicated
than in the TGC method, and the implementation convenience is evaluated as low. Third is
the cost. The heating DC resistance method needs the support of only the thermal chamber
and the battery test system, and its cost is low. Similarly, the reference electrode method
needs the support of only the reference electrode materials, and its cost is also low. Both
the TGC method and the NMR method require the support of specific equipment, and
the price of the NMR equipment is much higher than that of the TGC. Therefore, the cost
evaluation of the TGC method is medium, and the cost evaluation of the NMR method is
high. The fourth indicator is the detection accuracy. The heating DC resistance method and
the reference electrode method cannot realize the quantitative detection of dead lithium, so
their detection accuracy is evaluated as low. The NMR method has the highest detection
accuracy, so it is evaluated as high, and the TGC method with relatively low accuracy is
evaluated as medium. In summary, the TGC method covers the largest area in Figure 12,
proving that TGC is the most ideal method among the four when applied to the field of
accurate dendrite detection.
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4. Conclusions and Outlook
4.1. Conclusions

Based on the above, this paper compares dendrite detection methods including heat-
ing DC resistance, reference electrode, TGC technology, and NMR technology. The above
methods were analyzed according to four evaluation indicators: detectable range, im-
plementation convenience, cost, and detection accuracy. Among them, the heating DC
resistance and reference electrode methods can only qualitatively detect lithium plating,
while the TGC method and NMR method can realize the quantitative detection of dead
lithium, have a wider detection range, and are more suitable for accurately exploring the
relationship between different charging conditions and the severity of lithium plating.
Compared with the NMR method, the TGC method has more convenient implementation
and lower cost, and its quantitative detection accuracy is similar to that of the NMR method.
Comprehensively considering the above four dimensions, the TGC method can realize the
quantitative detection of dead lithium in lithium-ion batteries while taking into account
cost control, implementation convenience, and high detection accuracy. This is of great
significance for accurately exploring fast charging boundaries and ensuring safe operating
conditions in electric vehicle charging scenarios.

4.2. Outlook

The current research has demonstrated that the TGC system is capable of quantitatively
detecting the amount of lithium plating on small-sized pouch-cell electrode sheets. In our
future work, we will strive to expand the scale of detection, delve into the causes of errors,
and achieve lithium-plating detection in larger areas of battery electrode sheets or even the
entire cell roll. This will enable the application of the TGC system for the quality control
and performance assessment of batteries under real-world electric vehicle conditions.
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