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Abstract: Nickel-rich cathode materials, due to their high operating voltage and superior energy 

density, are needed for ever-increasing EV mileage for any novel technologies in wider worlds. 

However, to date, their efficiency and use are not widespread due to challenges related to structural 

instability, limited thermal safety, and suboptimal cycle life relative to the ideal target. In this work, we 

designed and manufactured a temperature-monitoring sensor, including engineering strategies to 

enhance cathode performance using a mechanical hydrogen sensor for early safety warnings in electric 

vehicles. Since the generation of H2 from the reaction of lithium metal with polymers occurs before the 

“thermal runaway”, detection of hydrogen, even at negligible levels, by a sensor can serve as a warning. 

In this work, we investigated sensing mechanisms of the H2 sensor through the resistive RT H2 sensors 

for early safety warning of LIBs. We also used advanced Techniques for Internal temperature 

monitoring in our fabricated sensor. In this work, we synthesized six Ni-rich cathode materials as 

composites via the gel method, using in situ design and manufacturing, and tested a temperature-

monitoring sensor. We found a composite with a structure of LiNi0.778Ti0.111Co0.111PO4 containing faulty 

voltage 0.51-0.59 and detection time of (R2C=31000 ) seconds, as well as capacity (Ah) range between 

16.12-18.95 and faulty amperage detection (A) between 1.15-3.75, which has the most efficiency and 

safety warning for electric vehicle usage compared with other samples in Ni-rich cathode materials.  

Keywords: mechanical hydrogen sensor; Ni-rich lithium-ion batteries; safety warning in electric 

vehicles; increasing EV mileage. 
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1. Introduction 

Since lithium-ion batteries (LIBs) are mostly used for energy storage in electric vehicles 

(EVs), they fall short of meeting the demand for large EV mileage, and require LIBs with high 

energy density. Obviously, this energy can be provided by the high-quality cathode materials, 

and any more redox potential of this material vs. Li/Li+ could produce the highest energy 

density. In past decades, the first commercial fabrication of LiNi1/3Mn1/3Co1/3O2 (NMC333) 

was successful for NMC-based cathode materials in laboratories and factories. In this 

composition, Ni appears as an active element through Ni2+/3+ and Ni3+/4+ redox couples, whereas 
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manganese and cobalt stabilize the layered structure. Consequently, Ni concentration increases 

instead of cobalt and manganese without destroying the layered structure needed for the 

electrochemical performance. By this target, Ni-rich LiNi(1-x-y)CoxMyO2 (NMC, 1-x-y⩾0.5, M 

= Mn, Fe, Mg, or Al) {(such as and LiNixCoyMnz Al (1–x–y–z) O2 (NCMA)} are a suitable choice 

for low-cost, high-capacity, and particularly low toxic cathode materials that already used and 

as well can be designed to fabricate for ever increasing EV mileage in future research [1-8]. 

An important composition of Ni-rich cathode elements can be fabricated by LiNixCoyAlzO2 

with x ≥ 0.8 (NCA), which has similar electrochemical behavior to NMC with identical 

efficiency. Recently, other commercial Ni-rich composite materials, such as 

LiNi0.8Mn0.1Co0.1O2 (NMC811) and LiNi0.8Co0.15Al0.05O2, with higher energy densities and 

better thermal stabilities compared with NCA, NCM811 were synthesized. [9-11]. 

Unfortunately, in higher Ni concentrations of Ni, electrode–electrolyte deterioration [12], 

micro-crack producing [13], and NiO rock-salt phase appear in mole fraction equal x = 0.8 [14, 

15]. So although enhancing Ni concentration increases the capacity, the structure is destroyed 

due to the reduction of cobalt and manganese concentrations, resulting in the capacity fading 

and impedance increasing [16,17]. In total, NMC containing more manganese has better 

cycling stability [18, 19], while NMC with more nickel mole fraction could not reach high 

voltages due to the lack of Mn4+ as a structure stabilizer [20]. From the viewpoint of thermal 

runaways, the safety issues of Ni-rich NMC and NCA are similar [21], but NCA cells react 

faster than NMC cells above 1°C min-1 [22]. In addition, the high redox potential of Ni-rich 

cathode materials is also a cause of their poor thermal and structural stability, so using Ni-rich 

cathode materials is only feasible if these compounds are carefully controlled to avoid oxygen 

release. Several research have been accomplished for solving this problem [18,23-28] such as 

cationic doping and coating [29-31], core–shell configuration [32], electrolyte additives [33], 

parasitic reactions [16], cation mixing [34], oxygen release controlling from rock-salt structure 

[34-40], active material removing [41], evolution of surface chemistries [29,42], which all 

above mentioned items are responsible for cathode degradation with Ni-richening during 

higher operating voltages. Basically, the first reason for the thermal runaway phenomenon is 

chemical interactions between the cathode and both the anode and the liquid electrolyte [43,44] 

during oxygen release and migration from the cathode to the anode chamber. Therefore, it is 

essential to prevent the surface of Ni-rich cathode materials from electrolytes. Through a 

triangle diagram (Figure 1), 28 composite points based on the lever rule can be determined for 

NMC (M= Mn, Ti, Fe, etc.), including various mole fractions of Ni, Ti, Mn, and Co (Table 1) 

for further synthesis. In this work, we aim to develop a novel resistive H2 sensor using the 

latest mechanism that enables operation in Ni-rich lithium-ion batteries, addressing several 

aspects, including room-temperature operation, selectivity, and internal gas sensors in LIB.  

 
Figure 1. Binary and ternary diagram of (1‒x‒y) LiNi0.333Ti0.333Co0.333PO4, xLi2MnPO4, yLiNiPO4 

compositions for Ni-rich lithium-ion batteries. 

https://doi.org/10.33263/BRIAC161.038


https://doi.org/10.33263/BRIAC161.038  

 https://biointerfaceresearch.com/   3 of 22 

 

As shown in Table 1, stoichiometric weights and mole fractions can be easily 

determined from the triangle diagram.  

Table 1. 28 different composition points according to using the lever rule, stoichiometric weights, and mole 

fractions of the triangle diagram. 

Sample Composition Sample Composition 

1 LiNi0.333Ti0.333Co0.333PO4 15 LiNi0.778Ti0.111Co0.111PO4 

2 Li1.167Ni0.278Ti0.278Co0.278Mn0.166PO4 16 Li1.835Ni0.055Ti0.055Co0.055Mn0.835PO4 

3 LiNi0.444Ti0.278Co0.278PO4 17 Li1.668Ni0.222Ti0.055Co0.055Mn0.668PO4 

4 Li1.334Ni0.222Ti0.222Co0.222 Mn0.334PO4 18 Li1.501NI0.389Ti0.055Co0.055Mn0.501PO4 

5 Li1.167Ni0.389Ti0.222Co0.222Mn0.167PO4 19 Li1.334Ni0.556Ti0.055Co0.055Mn0.334PO4 

6 LiNi0.556Ti0.222Co0.222PO4 20 Li1.167Ni0.723Ti0.055Co0.055Mn0.167PO4 

7 Li1.501Ni0.167Ti0.167Co0.166 Mn0.500PO4 21 LiNi0.890Ti0.055Co0.055PO4 

8 LiNi0.334Ti0.166Co0.166Mn0.334PO4 22 Li2MnPO4 

9 LiNi0.501Ti0.166Co0.166Mn0.167PO4 23 Li1.835Ni0.166Mn0.834PO4 

10 LiNi0.667Ti0.167Co0.166PO4 24 Li1.668Ni0.332Mn0.668PO4 

11 Li1.668Ni0.111Ti0.111Co0.111 Mn0.667PO4 25 Li1.501Ni0.500Mn0.500PO4 

12 Li1.501Ni0.278Ti0.111Co0.111Mn0.500PO4 26 Li1.334Ni0.668Mn0.332PO4 

13 Li1.334Ni0.445Ti0.111Co0.111Mn0.333PO4 27 Li1.167Ni0.834Mn0.166PO4 

14 Li1.167Ni0.612Ti0.111Co0.111Mn0.166PO4 28 LiNiPO4 

Thermal runaway arose due to Li dendrites interacting with graphite anodes during fast 

and long cycling, which produce flammable gases, consequently fire and explosion [45,46]. 

According to Global Technical Regulations for Safety of Electric Vehicles, Safety 

Requirements, at least five minutes before serious incidents, the early safety warning should 

be turned on. A safety warning sensor is based on energy storage in LIBs and acts according 

to the protection of the battery management system (BMS), smoke detection, and some special 

gases detection [47,48]. BMS sensor protects the battery through detecting its external surface 

increased temperature, changeable voltages, and abnormal charge density against special gases, 

which they produce through the Red/Ox of electrolyte materials. [49–53]. During gas 

accumulation inside the electrode cavity, the chamber vent ruptures and the hydrogen gas leaks 

sooner among other released gases (CO, CO2, HCl, HF, and SO2) around ten minutes earlier, 

before rapid temperature increasing [46, 53]. Jin and coworkers [46] exhibited that H2 gases 

could be a safety index before “thermal runaway” due to the H2 produced from the reaction of 

Li dendrite with polymer binders such as polyvinylidene fluoride (PVDF). However, H2 

recognizing methods in the electrode chambers of LIBs are still in an early stage of research, 

and there are not enough experimental data about these types of sensors. Jin et al. [54] reported 

on the H2 gas diffusion mechanism and related detector installation of LIBs energy-storage 

chambers, which is able to turn on the warning sign around two minutes before thermal 

runaway in 20 ppm of H2 concentration. Up to now, several H2 gas sensors have been 

fabricated, such as FET [55–57], Schottky barrier [58–61], Capacitive [62], surface acoustic 

wave [63–65], and resistive [66–68]. Resistive H2 sensors act via converting chemical reactions 

to the resistance signals, which has an advantage as a low detection limit (LOD) around part/per 

billion (ppb) mole fraction that are capable of detecting even at room temperature [69]. 

Palladium (Pd)-based H2 is one of the most advanced resistive H2 sensors, which consists of 

two electrodes containing one Pd-based metal and Pd-based composites [67,70–73]. Moreover, 

homogeneous and heterogeneous systems of other metal oxides (MOXs), carbon nanotubes 

(CNTs), and graphene are fabricated for detecting H2 gas [38]. Although recent advances in 

information and research on resistive H2 sensors have been significant, a comprehensive 

integrated H2 sensor system has not yet been fabricated. According to Jin and coworkers' 

studies [46, 54], since the internal H2 sensor requires more accurate sensing, it must work in 

the absence of any heater instrument, so the detection concentration of the internal H2 sensor 
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should be higher than 20 ppm. Thus, various challenges appear for this type of detection for 

the early safety warning of LIBs. Based on our previous work [74-82], we present a novel 

resistive H2 sensor mechanism that enables operation in Ni-rich lithium-ion batteries, 

addressing three aspects: operating at room temperature, selectivity, and internal gas sensors 

in LIBs.  

1.1. H2 gas sensing. 

1.1.1. Li dendrite growth in LIBs. 

Flammable electrolytes in LIBs and the intrinsic thermal compounds during charge and 

discharge can cause a problem known as battery thermal runaway. These LIB safety accidents 

frequently occur due to Li dendrite growth on graphite anodes under overcharging or fast 

charging situations [45] that depend on several factors such as type of cathode materials, type 

of electrolytes, and Nano anode-based materials. Here, we investigated this event on three 

structures of LIBs, including NMC, NCA, and NCMA. Since LIBs consist of a polymer 

separator and a liquid electrolyte, they are packaged in an aluminum, stainless-steel, or plastic 

cover [83]. We also accomplished our plan work based on a detailed schematic of a fabricated 

sensor for detecting mechanisms of H2 gas through the resistive RT H2 sensors for early safety 

warning of LIBs (Figure 2). This design finally achieves thermal dissipation, even at low levels, 

due to the battery intrinsically producing joule heat during charging or discharging, particularly 

under critical conditions such as overcharging or fast-cycle charging, when Li dendrites grow 

over the graphite anode and puncture the polymer separator [84, 85]. 

 
Figure 2. A simple schematic of a dendrite growth sensor through H2 adsorption, (A) Optical detection of Li 

dendrite growth; (B) Mechanism of H2 gas production; (C) Chemical reaction of Li and PVDF. 

Consequently, a current of heat moves to the anode chamber and causes a dendrite-

shorted connection, which increases violent exothermic chemical reactions and produces 

various gases. Safety warning sensors of battery energy storage system (BESS) basically 

recognize gas and smoke detection through the battery management system (BMS). These 

gases are produced from Red/Oxe of the electrolyte materials and cannot serve the Li dendrite 

growth when the temperature is less than 50°C; consequently, thermal runaway cannot be 

produced [86, 87]. The current BMS can recognize the external surface temperature of LIBs 

and the state of charge (SOC), thereby preventing a cell battery from overcharging by sending 

a warning signal when the external temperature exceeds [87]. Since there are large differences 
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between the temperatures of the internal compared with the external surface of a LIB [88, 89], 

the error rate of SOC increases in large battery capacities (around MW-level of battery energy 

storage system), which is due to the poor thermal conduction of various cell components [90, 

91]. Therefore, to date, SOC estimations have not been able to detect Li dendrite growth or 

protect the battery from safety failures, as evidenced by Tesla electric car battery fires and 

damage to Samsung devices. Consequently, accurate and reliable methods are needed to 

recognize early Li dendrite growth as a warning, allowing sufficient time for precautions.  

2.2. Thermal runaway in NMC, NCA, and NCMA. 

Since Li+ ions accumulate on the surface of Ni-rich particles, including NMC, NCA, 

and NCMA particles, which causes destruction of electrolytes, this enhances the dissolution of 

metal ions (Ni, Co, Mn, and Al) in the electrolyte [92], and it decreases the Li+ diffusion 

coefficient [93]. Diffusion of metal ions within the anode chamber prevents lithium migration 

into the anode, leading to decreased capacity and degraded battery performance [94]. 

Obviously, there are differences among NMC, NCA, and NCMA cathode materials about the 

dissolution of metal ions, where the disproportionation of Mn ions (Mn3+ → Mn4+ + Mn2+) can 

lead to more dissolution of Mn compared with Ni, Co, and Al ions [95]. Therefore, the capacity 

loss of LIBs is approximately dependent on the concentration of Mn ions, and obviously, the 

Ni-rich pristine NCA cathode exhibits much less dissolution of Ni ions than Ni-rich from 

NCMA, due to the stabilized effect of Al3+ [96]. Exceed charged situation produces large 

amounts of Ni4+, which enables it to react with electrolytes; as a result, the thickness of the 

cathode-electrolyte interface (CEI) increases. This phenomenon causes a decrease in the 

number of Li+, and consequently, a resistive surface layer appears [18], which in parallel 

increases the risk of thermal runaway in LIBs [97]. Above 4.1 V, the generation of heat due to 

the flow of CO2 in NMC cathode materials indicates that the metal ions react with the 

electrolyte, which, at the delithiated state, can cause large electrolyte oxidation. In this 

situation, additives should be added to the electrolyte. A mixture with 2 wt.% prop-1-ene-1,3-

sultone (PES) + 2 wt.% tris-(trimethyl-silyl) phosphite (TTSPi) + 2 wt.% 1,3,2- dioxathiolane-

2,2-dioxide (DTD) in the control electrolyte (1 M LiPF6 ethylene carbonate (EC): ethyl methyl 

carbonate (EMC) 3:7 w:w electrolyte), named PES211, should be added in electrolytes for Ni-

rich cells to prevent and control the gas evolution [98]. It is notable that Ni-rich batteries should 

not be fully charged due to a loss of energy density [99], and additives should be added to the 

electrolyte to form an interphase between the cathode and the electrolyte to prevent any 

connection. In a Ni-rich cathode material of NMC containing graphite in an anode, the 

dissolved Ni moves to the anode chamber, and the tight binding between Ni2+ and Li+ in the 

solid-electrolyte interphase (SEI) is the main reason for enhanced resistance [100]. Huang et 

al. applied tetravinylsilane (TVSi) as an electrolyte additive into a commercial electrolyte for 

LiNi0.92Mn0.05Co0.03O2 cathode [101]. As a result, the capacity exhibits retention of 83% after 

200 cycles at 1°C. In another work, Zhang et al. used 3-Fluoro-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)picolinonitrile (FTDP) as an additive [102]. As a result, the 1.6 Ah NMC 

(811)/SiOx pouch cell with 0.2 wt.% of this additive delivered a high-capacity retention of 

84.0% after 300 cycles at a current of 1.0 A. 
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2. Materials and Methods 

2.1. Synthesis of Ni-rich cathode materials. 

Since the sol-gel method makes it possible to obtain various composites, especially in 

the form of submicron powders, all samples were prepared using the sol-gel synthesis method, 

including stoichiometric weights of each compound of xLi2MnPO4, y LiNiPO4, and (1-x-y) 

LiNi1/3Ti1/3Co1/3PO4 based on Figure 1 and Table 1 information. Sol-gel and molten-salt 

techniques were primarily used because the chemical reactions are fast and straightforward in 

these ternary systems compared with conventional solid-state synthesis. Particularly, it can be 

done at a low temperature and also has a high homogeneity in its morphologies. In the whole 

ternary diagram (Table 1 and Figure 1). 

For finding the Ni-rich cathode materials compositions from three compounds, 

including (1‐x‐y) LiNi1/3Ti1/3Co1/3PO4, xLi2MnPO4, and yLiNiPO4 in Figure 1 mixtures, 

stoichiometric weights and suitable mole‐fractions were chosen to synthesize those optimized 

materials with good electrochemical efficiency and high initial discharge capacities. According 

to different composition points, using the lever rule, 8 samples from 28 added were selected 

with numbers 1, 6, 13, 15, 19, and 25, which are Ni-rich compared with other compositions. 

The condition of synthesis and details of materials usage and the names of companies, as well 

as related electronic devices, were exactly described in our previous work, completely [103]. 

Titanium and Cobalt mole fractions gradually reduced towards the down direction of the 

triangle; meanwhile, the compositions of 22 and 24 have zero mole fractions of Titanium and 

Cobalt. More amounts of manganese are found in sample 22, and its amount decreases at the 

opposite endpoints of the triangle. The notable cyclability of the samples is directly related to 

the amounts of Manganese, Cobalt, Titanium, and Nickel, as well as the specific capacities of 

all samples, which are related to the energy that can be stored per unit volume or mass (Ah). 

2.2. Characterization of 6 composites.  

2.2.1. XRD and morphological features of the samples. 

X-ray diffraction of (1‒x‒y) LiNi0.333Ti0.333Co0.333PO4, xLi2MnPO4, yLiNiPO4 is shown 

in Figure 3. XRD was done for six composites, using inductively coupled plasma atomic 

emission spectroscopy (ICP‐AES) devices (ICP analyzers; PerkinElmer Optima 7300 DV 

containing ASX‐520 auto sampler). XPS (Cu-Kα radiation with λ = 1.49 Å) was used to define 

the percentage amount and the oxidation number of the transition metals, including Ti, Ni, Mn, 

and Co, to confirm the exact morphology of those samples. The θ angles for each sample with 

sharp peaks were seen according to Bragg’s law to distinguish the existence of any unknown 

substances via diffraction data (Table 2).  

Table 2. lattice constants and peak intensities of six composites. 

Sample a (nm) c (nm) 

1 0.263 1.4 

25 0.271 1.5 

6 0.274 1.5 

13 0.285 1.3 

15 0.280 1.5 

19 0.275 1.4 

https://doi.org/10.33263/BRIAC161.038


https://doi.org/10.33263/BRIAC161.038  

 https://biointerfaceresearch.com/   7 of 22 

 

 
Figure 3. X-ray diffraction of six cathodic composites combination of (1‒x‒y) LiNi0.333Ti0.333Co0.333PO4, 

xLi2MnPO4, yLiNiPO4.  

2.2.2. Raman analysis. 

Raman peaks were used to predict the structure and cathode material properties of all 

samples. Figure 4 exhibits spectra of the pure LiNi0.333Ti0.333Co0.333PO4, Li2MnPO4, and 

LiNiPO4, including samples 1, 13, and 15 from Table 1. The highest peak at 700 cm−1 (A1g) 

belongs to the LiNi0.333Ti0.333Co0.333PO4 in structures with the group theory model of (P21/n). 

Although the peaks of LiNiO2 and LiCoO2 are 425 cm−1 (Eg) and 225 cm−1 (T2g) respectively, 

but these amounts will changed a little bit in mixture samples of(1‒x‒y) 

LiNi0.333Ti0.333Co0.333PO4, xLi2MnPO4, yLiNiPO4. The peak widths indicate stability due to the 

uncertainty principle of the Heisenberg rule.  

 
Figure 4. Raman spectra shift (cm-1); contains samples 1, 13, 15 from table 1. 

The width of the energies and also the time-dependent can be described by the 

Heisenberg rule because the Heisenberg uncertainty principle can be interpreted as: ∆𝐸. ∆𝑡 ≥

ℏ/2, where h is Planck’s constant (∼4×10−15 eVs) and ∆𝑡 @t1/2 (∼10−16 s) is the half-life of the 

initial ionization position. So, ∆𝐸 ⩾ ℏ/2∆𝑡 ∼6 eV indicates the natural Auger line width (G). 

During ∆𝐸instrument⩾G, instrumental broadening occurs, but if ∆𝐸 instrument is significantly 

less than G, the effect on peak width by the instrument is small. Since the photon energy and 
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the wavelength are related as =
2𝜋ℏ𝑐

𝜆
, the uncertainty relation of the width peak can be found 

by ∆𝜀 =
2𝜋ℏ𝑐

𝜆2
∆𝜆. Consequently, the position and the place of Raman peaks are a factor for 

recognition of each sample.  

In Figure 4, the internal modes are assigned as ν1, ν2, and ν3 as T2g, Eg, and A1g, 

respectively. It is notable in this work that the laser light of the Raman spectroscopy was 

selected to be smaller than 1 µm. 

2.2.3. SEM, TEM and HRTEM. 

The morphology of the powder samples was analyzed using SEM (SU3900, Hitachi, 

Ltd., Tokyo, Japan) and the HT7800 Ruli TEM (HT7800, Hitachi, Ltd., Tokyo, Japan) (Figure 

5). 

The surface structures of active materials for 10 samples were examined using 

spherical-aberration-corrected (Cs)-STEM (JEOL, JEM-ARM200F, 200kV) and HRTEM 

(JEOL, JEM-3010), with energy-dispersive X-ray spectroscopy (EDX) and electron energy-

loss spectroscopy. TEM images showed that the lithium-transition metal in the mixed layered 

oxides exhibits excellent homogeneity in metal distribution, and the presence of metal cation 

mixing in each sample has been confirmed at a proper mole ratio. Using HRTEM, we 

characterized the TNMC particles in each sample and their concentration at the macroscopic 

scale.  

 
Figure 5. SEM (a,b); TEM (c,d) images of sample 15 on micro and nano scales. 

2.3. Li-dendrite growth sensor during H2 gas adsorption. 

An in situ optical system for sensing H2 gas amounts was designed based on Figure 2 

to exhibit Li dendrite growth via H2 gas adsorption with various cathode materials of the above-

mentioned samples, produced gases (Figure 2A) from a self-assembled LIB, including various 

Ni-rich cathode materials, graphite-based anode materials, and a liquid electrolyte of LiPF6 

dissolved in organic solvent of EC (ethylene carbonate). In addition to evaluating the 

conductive pathway for the movement of cations passing from the negative to the positive 

electrodes during discharge, we also used LiBF4, LiClO4, dissolved in EMC (ethyl methyl 

carbonate) and PC (propylene carbonate), respectively, and frequently. These materials were 

located in a glass package and were attached to a GC instrument for automatic detection at any 

time under Ar gas. In addition, PVDF (Polyvinylidene Fluoride) was used in our system due to 
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its high thermal level and electrochemical stability. It is notable that the degradation of PVDF 

binder also causes the destruction of electroactive materials and the loss of cycling charge. 

Dendrite formation can be recorded simultaneously via optical microscopy, and in a usual 

position, Li ions are deintercalated from the cathode and intercalated into the graphite anode, 

leading to LiC6 formation [104]. We measured the dendrite production by optical microscopy 

gradually. Based on the destruction and decomposition mechanism, the Li ions are first 

separated from the cathode and intercalated into the graphite anode to form LiC6. Under 

overcharging or fast cycling charging, Li dendrites start growing on Li-saturated parts of the 

graphite anode and react with polymer binder (PVDF), thus generating H2 gas (Figure 2 B) 

[105]. Figure 2-c and Figure 6 exhibited the mechanism of Li-PVDF interactions that gradually 

produce hydrogen bubbles.  

 
Figure 6. Gibbs energies changing for the degradation mechanism of lithium metal over PVDF binder reaction 

Since H2 gas comes out from the lithium and PVDF reaction according to the 

stoichiometric amount as follows −𝐶𝐻2 − 𝐶𝐹2 − +𝐿𝑖 → 𝐿𝑖𝐹 +  −𝐶𝐻 = 𝐶𝐹 −  +0.5 𝐻2 

The corresponding size of Li dendrite formation based on released H2 gas 

concentration, we have to suppose the minimal H2 amount as 4.5× 10-5 mg at 20°C under 1 

atmosphere pressure. This is equivalent to a Li-metal particle with a radius of approximately 

50 𝜇m or equal 2.8× 10-4 mg plated on the graphite anode, which can result in detectable H2 

generation by gas chromatography. 

3. Results and Discussion 

3.1. In situ detection of H2 gas. 

In situ experiments were conducted as shown in Figure 2, using a platform containing 

synthesized composites intercalated into graphite. Composites of graphite and Li metal-

graphite were used as cathodic and anodic electrodes, respectively. Meanwhile, both graphite 

electrodes contained vacuum-dried PVDF and carbon black with a mass ratio of 6:1:1; for 

graphite// carbon black// PVDF, respectively. Two electrodes were fixed at a distance of 5 mm 

from each other (Figures 7a and b), and the overlap area of the two electrodes was designed to 

be 4 cm2. The theoretical area capacity of graphite anode was 1mAhcm-2, and the charging 

current density was set as 4 mAhcm-2 (1 mA/ cm2) (equivalent to 1°C rate). 

In situ measuring of cathodic composites based on graphite cells exhibited growing H2 

gas from composite samples dendrites, as well as a similar event, H2 gas is also generated from 
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the Li dendrites due to the metal that can be reacted with the polymer binder in the graphite 

electrode.  

  

Figure 7. Detailed structure of situ lithium batteries: (a) schematic image of anodic and cathodic structure 

and dimension; (b) Fabricated bottle containing two electrodes and electrolyte containing related cables and 

monitor. 

 

To remove the heat effect from internal resistance during Li metal-PVDF connections 

and charging, thermal simulations of self-assembled cells were performed using the finite 

element method. The whole charging time was about 2000 seconds (Figure 8a and b), and 

during this time, the simulated temperature slightly increased (around 0.25°C). Therefore, 

according to the room temperature at 20°C, the maximum temperature was about 20.25°C 

throughout the whole of the measurement. Obviously, this negligible temperature change is 

low enough to cause localized heating that affects the reaction, and during this time, the 

simulated temperature change with a slightly increased rate of the cell has been plotted for six 

composite samples (Figure 8c).  

  

 
Figure 8. Anode area (4cm2) charge current (4 mAh cm-2); (a) Voltage Vs time of self-assembled for samples 

1,6,13,15,19,25 of composite-graphite in LIBs; (b) The signals voltages (mV) of six samples from 1, 25, 6, 

13, 15; (c) Slightly increased rate of the cell for six composite samples. For the samples-graphite cell, SOC 

begins from 0% at 0 s, and Li dendrite growth has been detected at 910, 990,825,780, 560, and 620 seconds 

for samples including 1, 25,6,13,15, and 19, respectively. The cell voltages were also around 4.4, 4.5, 4.1, 

3.95, 3.65, and 3.48 approximately and respectively (Figure 8-a). 
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Since calibration is an important process, the measurements obtained from the GC were 

calibrated by known standards to establish a reliable basis for accurate analysis. Calibration 

ensures that the GC system can accurately translate sample concentrations into meaningful data 

points, which is essential for making informed decisions based on the analysis. By ensuring the 

GC system is properly calibrated, we are able to trust the data it generates. Gradually, H2 gas 

starts to be produced due to the Li dendrite phenomenon, and consequently, a signal can be 

detected through gas chromatography, and H2 bubbles can also be observed through optical 

microscopy simultaneously. Due to the resolution limitation of microscopy, the initial dendrite 

can be smaller than 1 mm and forms much earlier than 560 s (Figure 8b). The signal voltages 

(mV) of these six samples from 1, 25, 6, 13, 15, and 19 are 0.37, 0.34, 0.28, 0.16, 0.24, and 

0.32 millivolts, respectively. The time of appearance of these signals in Figure 8-b for each 

composite is also approximately similar to the time of appearance in Figure 5a corresponding 

to the composites. Although in this work, we are looking to find a novel sensor using the latest 

mechanism for resistive H2 sensors that enable working in Ni-rich lithium-ion batteries based 

on three aspects, including operating at room temperature, selectivity, and internal gas sensors 

in LIB, there are several limitations for Ni-rich lithium-ion batteries as follows. 1- The high 

redox potential of Ni-rich cathode materials is the cause for their poor thermal and structural 

stability [21, 22]; 2-using Ni-rich cathode materials is runnable only if this compounds is 

controlled for avoiding oxygen releasing [23]; 3-During oxygen releasing and migrate from 

cathode to anode preventing the surface of Ni-rich cathode materials from electrolytes is very 

important compared with other commercial LIBs. 4- Exceed Li+ ion accumulation on the 

surface of Ni-rich, including NMC, NCA, and NCMA particles, causes the destruction of 

electrolytes quickly. 5-The Ni-rich batteries should not be fully charged due to loss of energy 

density [99]; 6- When using Ni-rich batteries, additives should be added to the electrolyte to 

produce an interphase between cathode-electrolyte for preventing any connection [99]. 

According to these items, an index item containing the H2 gas signal detecting time 

multiplication to voltage signals in Figure 8b can be used to show the efficiency of each sample 

for applying in electric vehicle (EVs) systems. These amounts are 333.6. 336.6, 231.56, 218.4, 

134.4, and 198.4 for samples 1, 25, 6, 13, 15, and 19, respectively. Therefore, sample 15 

LiNi0.778Ti0.111Co0.111PO4, with the most Ni-rich, exhibited better efficiency compared with 

other samples. 

2.2. Battery modelling and sensor faults. 

2.2.1. Resistance circuit for predication of an accurate ECM parameter. 

In this work, we designed and fabricated a planar model based on fault detection and 

isolation (FDI) for Ni-rich LIBs undergoing degradation [106, 107]. Currently, battery 

degradation can be prevented by fitting experimental data in situ testing of EV conditions. We 

should be able to estimate the equivalent circuit model (ECM) parameters in real-time and in 

situ testing. Obviously, in advanced EVs, we need a battery management system (BMS) [108] 

with high efficiency and accuracy to ensure safety. The major functions of the BMS should 

cover two important items, including SOC and state of health (SOH) over both current and 

voltage protection. Since ECM parameters can be generated during degradation, the FDI 

scheme estimates ECM parameters in real time using a weighted moving average (WMA) to 

detect faults in voltage and current sensors. Fault detection and isolation (FDI) of EVs plans 

can be improved via integrating degradation into the Schematic of a resistance equivalent 
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circuit model (ECM) as follows (Figure 9). In an FDI approach using fundamental analysis and 

statistical theory, ECM estimation can be checked; therefore, an FDI scheme using output error 

with findings that exhibited false can be operated by model parameters [109].  

 
Figure 9. Schematic of a resistance equivalent circuit model (ECM). 

The resistance monitoring in any EVs for our sensor can be expressed as follows: 

 

𝑈1 =
1

𝐶
−

𝑈1

𝐶𝑅2
 and 𝑈𝑒𝑞 = 𝑂𝐶𝑉 − 𝑈1 − 𝐼𝑅2                        (1) 

 

Here, the system enables obtaining the transfer function of the battery impedance from 

Equation (1), according to Equation (2), then the transfer function can be discretized using the 

Euler transformation: 

 

𝐺(𝑠) =
𝑈2(𝑠)

𝐼(𝑠)
= −𝑅1 −

𝑅2

1+𝑠𝑅2𝐶
 𝑎𝑛𝑑 𝐺(𝑧) =

𝑎
2+𝑎3𝑍−1

1+𝑎1𝑍−1        (2) 

 

where 𝑎1 =
𝑇

𝑅2𝐶
− 1, 𝑎2 = −𝑅1, and 𝑎3 = 𝑅1 −

𝑇

𝐶
−

𝑇𝑅1

𝑅2𝐶
  (3) 

 

Consequently, the amounts of OCV (open-circuit voltage) will be determined from the 

above resistance equations (equations 1-3), which can also be established for predicting 

accurate ECM parameter estimations for the purpose of fault diagnosis. This work focuses on 

sensor faults, and measurements from voltage and current sensors can affect the estimation of 

SOC. It is notable that a voltage-accuracy system used to calculate SOC in a Lithium iron 

phosphate (LFP) cell has a base error of 5.9%, whereas a lithium nickel manganese cobalt oxide 

(NMC) cell's SOC can have different base errors [110]. 

4.2.2. Experimental setup. 

Here we used a simple testing setup assembled by a battery tester, Maccor 4200, and 

this system was connected to a computer that had a software program for controlling the battery 

test system to charge and discharge the cell at a room temperature of 25°C, as well as it was 

run from the cell SOC of 15% to 85% (Figure 10).  
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Figure 10. Experimental setup for ECM estimation of various samples composites (Ni-reached samples of 1, 6, 

13, 15, 19, and 25) in real-time and in situ testing. 

Figure 11 exhibits the degradation effects of R1, R2, and C parameters for six cathodic 

material composites. As can be seen in all items, the effect of degradation on R1 does not exhibit 

any obvious change. However, it can be distinctly seen that R2 increases, while 𝐶 decreases, 

with degradation. This is a reasonable trend because the R2-C pair (Figure 9) represents the 

charge-transfer, and degradation can affect the total charge in the cell battery. Although any 

changes of these parameters are not considerable in a short time by a few drive cycles, they can 

be very considerable in the whole lifetime for any lithium battery cells, particularly in rich 

nickel cathodic materials. 

  
Figure 11. ECM parameters evaluation at various cell capacities. (a) R1 estimation at different cathodic 

samples cell capacities; (b) R2C estimation at different cathodic samples cell capacities. 

 

Interestingly, by several simulations, it was shown that R1 responds the fastest to 

current sensor faults, while either R2 or C2 responds the fastest to voltage sensor faults. 

According to these facts, we are able to investigate a fault isolation plan to complement the 

detection method. 

4.3.3. Voltage sensor fault detection. 

In this work, multiple voltage sensors for 6 samples were tested, as faults were 

estimated at different cell capacities. The voltage sensor faults at different cell capacities were 

exhibited in Table 3. We found sample 15 as the sensitive Ni-rich composite for cathode 

materials in LIBs (Figure 12). 

Table 3. Voltage sensor faults at different cell capacities. 

Samples Composition 
Capacity (Ah) 

Range 

Fault Voltage 

Detection 

Detection time 

(R2C) 

1 LiNi0.333Ti0.333Co0.333PO4 17.55-18.40 0.45-0.50 34000 
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Samples Composition 
Capacity (Ah) 

Range 

Fault Voltage 

Detection 

Detection time 

(R2C) 

6 LiNi0.556Ti0.222Co0.222PO4 16.34-17.30 0.50-0.55 33000 

13 Li1.334Ni0.445Ti0.111Co0.111Mn0.333PO4 15.88-16.25 0.55-0.58 34000 

15 LiNi0.778Ti0.111Co0.111PO4 16.12-18.95 0.51-0.59 31000 

19 Li1.334Ni0.556Ti0.055Co0.055Mn0.334PO4 15.12-16.55 0.49-0.52 32000 

25 Li1.501Ni0.500Mn0.500PO4 14.22-16.40 0.48-0.56 33000 

 
Figure 12. Detecting result in the case of voltage sensor fault versus time for sample 15. 

4.3.4. Current sensor fault detection. 

Similar to voltage sensor fault diagnosis validation, current sensor faults were also 

found for various composite samples. The diagnostic results are plotted in Figure 13 according 

to data from Table 4. This paper also presented a model-based sensor FDI scheme for a Li-ion 

cell used in EVs with cell degradation consideration.  

Table 4. Amperage sensor faults at different cell capacities. 

samples Composition 
Capacity (Ah) 

Range 

Faults Amperage 

Detection (A) 

Detection time 

(R2C) 

1 LiNi0.333Ti0.333Co0.333PO4 17.55-18.40 1.45-3.40 28500 

6 LiNi0.556Ti0.222Co0.222PO4 16.34-17.30 1.65-3.75 30900 

13 Li1.334Ni0.445Ti0.111Co0.111Mn0.333PO4 15.88-16.25 1.55-3.65 31500 

15 LiNi0.778Ti0.111Co0.111PO4 16.12-18.95 1.15-3.75 29500 

19 Li1.334Ni0.556Ti0.055Co0.055Mn0.334PO4 15.12-16.55 1.35-3.40 31000 

25 Li1.501Ni0.500Mn0.500PO4 14.22-16.40 1.65-3.85 32000 

 
Figure 13. Detecting result in the case of amperage sensor fault versus time for sample 15. 
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In addition, the errors were found to increase during fault injection, indicating a current 

sensor fault according to the FDI plan. Consequently, assuming constant parameters in fault 

detection and isolation (FDI) is not sufficient for any evaluation, and the acceptable data for 

the FDI plan should account for parameter changes from ECM due to cell degradation. 

In addition, data collected after sampling and the readings were analyzed with 

calibration procedures, and also statistical analysis was done, like descriptive statistics, 

correlation, regression, and predicting the average voltages and capacity (Ah), ranges from the 

regression equation were obtained with RMSE=0.99 in all items. 

4. Conclusions 

Thermal runaway arose due to Li dendrites interacting with graphite anodes during fast 

and long cycling, which produces the generation of flammable gases, consequently, fire and 

explosion. Based on the Global Technical Regulations for the Safety of Electric Vehicles, 

Safety Requirements, the early safety warning should be activated at least 5 minutes before 

serious incidents. Therefore, we developed a sensitive detection method for Li dendrite growth 

in LIBs by H2 gas capture for early safety warning, containing six synthesized Ni-rich 

composites. We designed and fabricated a temperature- and resistance-monitoring sensor for 

detecting Li dendrite growth in LIBs using H2 gas capture, providing early safety warnings 

from six synthesized Ni-rich novel composites. We found the minimum size of metallic Li 

dendrites that can be detected is only 2.8 ×10 -4 mg. 

Through gas detection tests with six synthesized cathodic materials in a battery tube 

pack in situ cabin, H2 gas was found to be the most suitable gas for sensing, which enables 

capturing much faster than the other gases. The Li dendrite growth and thermal accumulation 

process can be intercepted from the cell by cutting off charging at the time H2 gas is captured, 

with neither smoke nor fire observed. It is notable that the LiNi0.778Ti0.111Co0.111PO4 composite 

containing a faulty voltage of 0.51-0.59 and a detection time of (R2C=31000) seconds, as well 

as a capacity (Ah) range between 16.12-18.95 and faulty amperage detection (A) between 1.15-

3.75, has the most efficiency and safety warning for electric vehicle usage compared with other 

samples in Ni-rich cathode materials. Finally, we found that our novel synthesized composite, 

LiNi0.778Ti0.111Co0.111PO4, has the highest efficiency and safety for electric vehicle use 

compared with other samples in Ni-rich cathode materials. 
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