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A B S T R A C T   

The wetting process plays an important role in battery production efficiency and battery quality, including 
available energy density, cycling life, power, and battery consistency. A convenient and efficient method for 
characterizing electrolyte filling, which becomes more crucial for lithium-ion batteries (LIBs) with a large format 
or super energy density, is desperately needed in the battery industry. Herein, we propose the operando 
monitoring of the open circuit voltage (OCV) during the electrolyte filling process. It is found that battery OCV 
drops dramatically to − 0.80 V at the beginning of filling (within 300 ms), and then characteristically recovers to 
0.10 V with the wetting process, involving valuable information about the electrolyte filling process. Insights of 
the correlation between electrolyte wetting process and battery OCV are further stimulated using an equivalent 
circuit model. The recovery rate of OCV can be a critical indicator to quantify the electrolyte wetting process, 
verifying by batteries used separators with different wettability. This study provides a practical and effective tool 
to ensure the high-quality electrolyte infiltration process of LIBs.   

1. Introduction 

Due to the increasing demand for mobile electronics [1], electric 
vehicles [2,3], and large-scale energy storage stations [4], lithium-ion 
batteries (LIBs) with a large format and high density are in high de
mand [5], which necessitates significant increases in electrode size and 
compaction density. For example, blade batteries recently unveiled by 
BYD have an increased pole area (108 ×883 mm) of up to even 5 times 
that of conventional batteries [6]. The desired electrode porosity of 
high-energy LIBs is around 25% or even lower [7]. Thus, there are 
challenges to be overcome with regard to electrolyte infiltration and 
consequently high-throughput manufacturing [8,9]. 

Electrolyte infiltration, which occurs when the electrolyte wets the 
electrodes and separators after injection, is a time-consuming process 
during battery manufacturing [10–12] and plays an extremely impor
tant role in battery quality [13]. The electrode wetting state directly 
determines the in-plane reaction uniformity within an LIB and the 
consistency between different layers of cathode and anode [14], which 
further determines any potential decreases in energy utilization, cycling 

life and power density [15]. Furthermore, homogeneous electrolyte 
immersion is necessary for uniform current distribution, and uneven 
current distribution will cause locally high current density and lithium 
plating [16,17], which not only accelerate the fading of active materials 
but also cause thermal failure concerns [18–20]. In battery production, 
different electrode wetting states can lead to cell-to-cell variations [21, 
22]. Vacuum-pressure injection followed by long-term settling is 
generally used in the process of electrolyte filling for battery 
manufacturing, where a vacuum and pressure are simultaneously 
applied to the battery and electrolyte, respectively, to promote the 
electrolyte infiltration process [23]. With the continuous increase of 
electrode size and compaction density, homogeneous and efficient 
electrolyte filling is becoming challenging to ensure high performance of 
LIBs. 

During the filling process, the liquid electrolyte first quickly (in 
seconds) enters the cavity of the cell and then slowly (in tens of hours) 
penetrates into the porous electrode and the separator [24,25]. As the 
injection process requires a critically dry and inert gas environment, the 
very time-consuming electrolyte infiltration process places a burden on 
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the cost of manufacturing [26]. This process becomes severe for batte
ries with high energy density, whose electrodes are characterized by 
increased compaction density and large size. Moreover, the increased 
electrode size results in less redundant space inside the battery for 
electrolyte injection during a single filling operation. A larger and 
denser electrode necessitates a longer electrolyte infiltration path with 
higher diffusion resistance [27]. These factors unavoidably multiply the 
cost of the electrolyte injection process. In order to monitor the elec
trolyte wetting process, an in-plane imbibition method is proposed to 
probe the wetting speed and influence factors of electrodes and sepa
rators [28–30]. X-ray tomography [31], neutron radiography [23] and 
ultrasonic testing [32] have been used to monitor the electrolyte injec
tion process of full batteries. X-ray testing is sensitive to the structural 
changes of electrode particles during cycling. Because of the sensitivity 
of neutrons to light elements, neutron-based characterization methods 
can be used to investigate electrolyte wetting [23], gas generation [33], 
and lithium-ion distribution [34] inside batteries. Nevertheless, the 
extremely high cost of equipment, such as synchrotron radiation sour
ces, inconvenience and human bodily harm caused by 
neutron-scattering methods limit the wide application of neutron tests 
for batteries. Due to its high sensitivity to gas, porosity, and electrode 
materials, ultrasound transmission is used to scan and test the internal 
status of the battery [35–38]. The characterization of electrolyte infil
tration by ultrasonic testing has the characteristics of being nonde
structive, inexpensive and harmless to humans and its detection 
efficiency is improving gradually [39]. 

Considering the importance of electrolyte wetting to battery per
formance, an efficient and easy online monitoring method needs to be 
further developed. The open circuit potential (OCV) of a battery, as an 
extremely important and easily monitored parameter, reflects important 
information about the battery [23,40]. The OCV is generated the 
moment the electrodes contact the electrolyte in a localized zone and is 

determined by the potential of active materials. 
In this work, the electrolyte wetting behavior is probed by moni

toring the OCV of a 1 Ah LiNi0.6Co0.2Mn0.2O2 (NCM622)/graphite (Gr) 
pouch cell. First, the OCV variation during the battery injection process 
is explored by an H-type electrolytic cell. Then, the OCV variation is 
correlated to the wetting states of different battery components with the 
help of equivalent circuit analysis and in situ ultrasonic imaging mea
surements. Third, separators with different wettability are employed to 
investigate their influence on the cell wettability rate. Finally, the 
mechanism of OCV generation and change during injection is valued as a 
reflection of the cell infiltration status, and an effective method for 
evaluating the cell infiltration state with electrolyte detection via OCV 
curves is proposed and confirmed. 

2. Results and discussion 

Fig. 1a presents an illustration of the winding-type pouch cell. The 1 
Ah pouch cell consists of an NCM622 cathode and Gr anode. A com
mercial polyethylene (PE) microporous membrane is used as a sepa
rator. A summary of the cell design information is listed in Table S1. 
Digital images of packed and unpacked cells before filling are presented 
in Figure S1. A gas bag is set aside to collect and emit the emissions 
generated during cell formation. To activate the cell, 3 mL of liquid 
electrolyte (1 M LiPF6 in a mixture of carbonate solvents) is injected into 
the battery through the air bag. Moreover, a high-precision digital 
recorder (1 ms resolution) is employed to capture the OCV profiles 
during filling (Figure S2). As presented in Fig. 1b, the liquid electrolyte 
flows from the two open sides into the separator and electrodes at the 
beginning of filling. Fig. 1c shows the profile of the real-time OCV data 
during electrolyte filling. Surprisingly, the OCV drops from zero to 
approximately − 0.80 V at the moment the electrolyte fills the cell. After 
settling at − 0.80 V for approximately 200 ms, the OCV surges to 

Fig. 1. Scheme of cell structure and OCV variation during electrolyte injection. (a) Illustration of a winding-type pouch battery. (b) Scheme of battery filling and OCV 
monitoring. (c) Profiles of the real-time OCV data during electrolyte filling. 
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approximately − 0.20 V and then rises slowly. After 72 h, the OCV is 
stable at approximately 0.10 V, implying that the infiltration process is 
mainly completed. The above voltage variation can be divided into four 
periods. Before electrolyte injection, the OCV remains at zero (Stage I). 
Then, the OCV drops to approximately − 0.80 V once the electrolyte fills 
the cell (Stage II). Third, the OCV begins to gradually increase (Stage III) 
and approaches a final state with a stable value of approximately 0.10 V. 

Subsequently, an H-type electrolytic cell is employed to thoroughly 
examine the voltage change mechanism during the injection process.  
Fig. 2a and Figure S3 present the structure of the H-type electrolytic cell. 
Each electrode has an affective area of 1 cm2. The two electrodes are 
connected to each other by adding approximately 30 mL of liquid 
electrolyte. Fig. 2b presents the OCV profiles for the aluminum (Al)/ 
lithium metal (Li) and copper (Cu)/Li cells during filling, where the 
current collector (Al or Cu) foil and Li are used as the working electrode 
and reference electrode, respectively. For Al/Li, the OCV increases 
immediately to approximately 2.30 V as the aluminum foil makes con
tact with the electrolyte and is stabilized for approximately 300 ms. 
Then, the OCV drops to approximately 2.09 V and stably remains there. 
In the case of the Cu/Li cell, the OCV increases immediately to 
approximately 3.10 V as the Cu foil makes contact with the electrolyte 
and is stabilized for approximately 300 ms. Then, the voltage drops to a 
final value of 2.16 V within 500 ms. Furthermore, the difference be
tween Al/Li and Cu/Li cells (marked as Δ(Al/Cu)) is calculated and 
presented in Fig. 2b. Remarkably, the OCV value of Δ(Al/Cu) decreases 

to approximately − 0.80 V, which is exactly the same as the minimum 
value of the 1 Ah pouch cell within 300 ms. Then, the OCV value of 
Δ(Al/Cu) returns to approximately − 0.10 V. 

These results indicate that the initial quick decrease in the OCV re
flects the electrolyte wetting process of the Al and Cu current collectors. 
To further confirm this, the electrodes of the 1 Ah NCM622/Gr pouch 
cell are replaced by bare Al and Cu foils (denoted as the Al/Cu pouch 
cell). As expected, the Al/Cu pouch cell exhibits similar OCV profiles 
during filling with a minimum value of − 0.80 V and a final value of 
− 0.10 V (Figure S4). This result indicates that the OCV behavior at the 
beginning of injection is a result of the potential difference between the 
Al and Cu current collectors. Fig. 2c displays the OCV profiles of 
different electrode couples measured by the H-type cell. The OCVs of the 
pristine NCM622 cathode and Gr anode vs. Li electrode are 3.16 V and 
3.04 V, respectively, with Δ(Ca(NCM622)/An(Gr)) values of 0.12 V. 
Therefore, the final OCV (approximately 0.10 V) of the 1 Ah pouch cell 
when fully soaked is a result of the potential difference between the 
NCM622 cathode and Gr anode. 

Considering that the infiltration of the electrolyte into the main 
components of the cell, such as the cathode, anode and Al/Cu current 
collectors, is a time-consuming process, the OCV varies at different 
wetting states. Therefore, the circuit inside the cell is further investi
gated during different stages of the injection process. Fig. 2d shows a 
proposed simulation circuit. The area of the exposed current collector 
part is denoted as S1, the internal resistance is recorded as R1, and the 

Fig. 2. Investigating the mechanism of OCV variation during filling. (a) Scheme of the H-type electrolytic model cell. (b) OCV profiles of the Al and Cu current 
collectors when wetted by a liquid electrolyte. (c) Voltage profiles between different components of the cell. (d) Simulation circuit of the cell during filling. (e) 
Schematic representation of electrolyte infiltration at different stages after injection. 
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electric potential of the formed circuit is denoted as E1. Similarly, the 
area of the electrode that has been immersed is denoted as S2, the 
electric potential of the formed circuit is denoted as E2, and the internal 
resistance is recorded as R2. Based on the internal structure of the cell, E1 
and E2 are connected in parallel. 

Therefore, the OCV can be expressed as: 

OCV =
E1R2 + E2R1

R1 + R2
(1) 

The simplification is as follows: 

OCV = E2 −
E2 − E1

R1/R2 + 1
(2) 

The variation profiles of the OCV are divided into four stages based 
on the electrolyte infiltration processes (Fig. 2e). Before injection, the 
battery is in the state of disconnection, and the OCV remains at zero in 
Stage I. The moment the electrolyte is injected in Stage II, the electrolyte 
rapidly fills the voids in the cell, and then the exposed current collectors 
near the tabs are immersed in the electrolyte and generate E1. This 
process is so quick that S1 and R1 appear unchanged over time. When the 
electrolyte gradually infiltrates into the separator and electrodes (Stage 
III), a voltage between the electrodes (E2) is generated. As the infiltra
tion process proceeds, the wetted areas of the electrodes (S2 = S2(t)) 
keep increasing with time. Because the internal resistance of the cell is 
inversely proportional to the wetted area of the electrodes when all 
other conditions are equal, the following equation can be obtained: 

R2∝1/S2 (3) 

Thus, 

R1

R2
∝S2(t) (4) 

Based on the above analysis, it can be seen that the OCV rises with 
time and eventually converges to E2. When the cell is fully immersed, 
the cell voltage is almost equal to the potential difference between the 
cathode and anode because the electrode area is much larger than the 
exposed collector area. As presented in Figs. 2b and 2c, the OCV drops 
from zero (Stage I) to approximately − 0.80 V once the electrolyte fills 
the cell (Stage II) and then begins to gradually increase and approaches a 
stable value of 0.10 V (Stage III). Clearly, the OCV variation obtained 
from the proposed simulation circuit matches perfectly with the exper
imental results. 

To further understand the immersion behavior, the surface chemistry 
of the current collectors, electrode materials, and separators are care
fully analyzed. Scanning electron microscopy (SEM) was first applied to 
observe the surface morphologies of the materials. As presented in 
Figure S5, the calendared Al foil exhibits a smooth surface, while the 
electrolytic Cu foil shows a relatively rough morphology. Fig. 3a dis
plays the surface morphologies of the electrodes and separators. The Gr 
anode is composed of layered particles with a particle size of 5–20 µm 
and a calendaring density of 1.65 g cm− 3. The NCM622 cathode is made 
up of single crystal particles with a diameter of 2–6 µm and a calen
daring density of 3.4 g cm− 3. The bare PE separator exhibits a porous 
surface with a pore size of approximately tens of nanometers. In addi
tion, an alumina (Al2O3) ceramic-coated separator (Al2O3 @PE) with 

Fig. 3. Characterization of different components in the cell. (a) SEM images of the Gr anode, NCM622 cathode, PE and Al2O3 @PE separators. (b, c) Time 
dependence of electrolyte contact angles of the electrodes and separators. (d) Electrolyte uptake of the electrodes and separators. 
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improved wettability is employed for further comparative experiments. 
Further details about the commercial separators are shown in supporting 
information and Table S3. Moreover, dynamic electrolyte contact angles 
(CAs) for the current collectors, electrodes and separators are measured 
to investigate their wettability (Figure S5b, 5c and Figs. 3b, 3c). The CAs 
for the dense Al and Cu foils are 42.4◦ and 55.6◦, respectively, at the 
beginning of the test (Figure S5b). Little change is observed as the time 
increases (Figure S5c). However, the CA of the porous Gr anode de
creases dramatically from 20.5◦ to only 5.1◦ within 10 s. Similarly, the 
positive electrode also exhibits good electrolyte wettability. Neverthe
less, the CA of the porous PE separator remains at approximately 36.9◦, 
indicating its poor electrolyte compatibility. For the Al2O3@PE sepa
rator, the CA drops from 20.2◦ to 10.3◦ during the test, demonstrating its 
superior wettability. In addition, attenuated total reflection Fourier 
transform infrared spectroscopy (ATR-FTIR) and energy dispersive 
spectroscopy (EDS) are utilized to study the surface chemistry of the 
separator. The enhanced wettability of the Al2O3 @PE sample is 
attributable to the polar functional group-rich coating layer (Figure S6, 

Figure S7). The electrolyte uptake (EU) of the electrodes and separators 
is measured to characterize their adsorption capacity for the electrolyte. 
As presented in Fig. 3d, the EU values are 19.2 wt%, 31.8 wt%, 78.4 wt 
% and 110.9 wt% for the NCM622 cathode, Gr anode, PE and Al2O3 
@PE separators, respectively. The results indicate that the cathode and 
anode used here have better wettability than the PE separator, and the 
Al2O3 @PE separator with improved wettability has great potential for 
accelerating the cell wetting process. 

The electrolyte infiltration processes of the cells assembled with 
different separators were visualized through in situ ultrasonic scanning 
(Figure S8) and OCV monitoring. The OCV profiles of the cell using the 
PE and Al2O3 @PE separators are presented in Figs. 4a, 4b. At the 
beginning of the test, their OCVs both drop from zero to approximately 
− 0.80 V. As time passes, the OCV of the PE Cell increases obviously 
later and slower than that of the Al2O3 @PE Cell. Fig. 4c shows the 
corresponding in situ ultrasonic scanning images. The blue color rep
resents the noninfiltrated area, and the red color indicates the well- 
saturated area. 

Fig. 4. OCV profile and wettability of the 1 Ah pouch cell using different separators. (a, b) OCV profiles of the cell using PE and Al2O3 @PE separators. (c) Ultrasonic 
transmission images of the cells after electrolyte injection. (d) OCV profiles of the Al2O3 @PE Cell with different amounts of electrolyte injection. 
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As the time increased, the ultrasonic imaging showed that the blue 
area decreased and finally disappeared (Figure S9). Moreover, the OCV 
values of the PE and Al2O3 @PE Cell rise from negative to 0.10 V 
(Table S2), but the voltage of the PE Cell arises obviously later and 
slower than that of the Al2O3 @PE Cell. The consistency of PE and Al2O3 
@PE Cell are confirmed by parallel tests. The results are shown as OCV 
curves with error area (Figure S10). However, by comparing their OCV 
values and ultrasonic imaging results, it can be seen that the Al2O3 @PE 
Cell has a superior saturation speed than the PE Cell. As time increases, 
the blue area decreases for both cells. After 36 h, the Al2O3 @PE Cell is 
completely wetted, while the PE Cell still has 41.2% of its area in a semi 
soaked state. Moreover, the OCV values of the PE and Al2O3 @PE Cells 
increase to 0.04 V and 0.10 V, respectively. Based on the equivalent 
circuit analysis in Eq. 2 and experimental above, the relationship of OCV 
and percentage of soaked area (marked as x) can be expressed as: 

OCV = 0.1 −
0.2

(1.7x
1− x) + 1

(5) 

Figure S11 shows the comparison of the simulation and test data. 
Clearly, the OCV variation obtained from the proposed simulation cir
cuit matches well with the experimental results. Video S1 provides a 
visual comparison between the two cells within 24 h, which indicates 
that the soaking rate of the cell after filling can be significantly accel
erated by improving the wettability of the separator. The impedance of 
PE and Al2O3 @PE Cell are tested at different time during wetting pro
cess (Figure S12). As time increasing, the impedance of both PE and 
Al2O3 @PE Cell decrease, which indicates the improvement of wetting 
process. However, the Al2O3 @PE Cells has lower impedance than PE 
Cell due to the better wettability. Figure S13 shows the cycling perfor
mance of the 1 Ah NCM622/Gr cells using different separators. The cells 
are cycled at 1 C after being filled with electrolyte for 12 h and the 
formation process at 0.1 C for one cycle. The OCV curves during filling 
process indicates that Al2O3 @PE Cell is nearly completely wetted 
compared with PE Cell. The discharge capacities are 904 mAh and 952 
mAh for the cells using the PE and Al2O3 @PE separators, respectively. 
As the cycle number increases, the reversible capacity of the PE cell 
simultaneously increases. The Al2O3 @PE cell exhibits superior cycling 
stability. The result indicates that the performance of the PE cell is not 
immediately and fully maximized due to the lack of sufficient wetting. 
Fig. 4d shows the influence of the amount of electrolyte on the OCV of 
the Al2O3 @PE Cell. When the electrolyte volume is less than 3 mL, the 
OCV rises slower and cannot reach 0.10 V because the electrodes cannot 
be totally wetted. When the injected electrolyte is more than 3 mL, the 
difference between their OCV curves decreases, and all of their OCV 
values can reach 0.10 V because the cells are fully wetted. These results 
further justify that the OCV effectively reflects the status and quality of 
battery saturation. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107874. 

3. Conclusion 

In summary, we propose the operando monitoring of the OCV for a 1 
Ah NCM622/Gr pouch cell during electrolyte filling. It is observed that 
the OCV drops dramatically to − 0.80 V at the beginning of filling and 
then changes characteristically with the wetting process. In addition, the 
wetting rate is significantly boosted by improving the wettability of the 
separators, and an equivalent circuit is proposed to enhance our un
derstanding of the mechanism of this wetting process. 
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