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Stabilizing cathode-electrolyte interphase of LiNi0.5Mn1.5O4 high-voltage 
spinel by blending garnet solid electrolyte in lithium-ion batteries 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• LLZT solid electrolyte (SE) as Li+ con
ducting and HF scavenging additive for 
LNMO. 

• 5 wt% LLZT blended LNMO cathode 
delivered an optimal electrochemical 
performances. 

• SEI and CEI became more stable during 
high-voltage cycles by adding 5 wt% 
LLZT. 

• SE blending is cost-effective, and 
manufacturing friendly vs. conventional 
coating.  
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A B S T R A C T   

This work presents a strategy of blending Li6.7La3Zr1.7Ta0.3O12 (LLZT) garnet solid electrolyte into LiNi0.5Mn1.5O4 
(LNMO) high-voltage spinel cathode to enhance electrochemical performances and stabilities of electrode/ 
electrolyte interphase layers in full-cells. Among a series of samples, 5 wt% LLZT blended LNMO delivered 
improved capacity, cycle life, and rate capability compared with a bare LNMO. The improvement mechanism of 
LLZT blended cathode can be explained in two folds. First, LLZT contacts with LNMO and improves Li+ transport 
properties of the cathode-electrolyte interphase (CEI) layer, as evidenced by electrochemical impedance spec
troscopy (EIS) and distribution of relaxation time (DRT) analyses. Second, LLZT can scavenge moisture/proton in 
the electrolyte, oxidative decomposition products from the electrolyte, and suppress the degradation of CEI and 
solid-electrolyte interphase (SEI) layers during extended cycles, as evidenced by X-ray photoelectron spectros
copy (XPS). As a result, the 5 wt% LLZT blended LNMO cathode delivered a stable electrochemical performance 
even in the presence of 5000 ppm moisture (and thus HF) in an electrolyte. In contrast to the traditional surface 
coating methods, the solid-electrolyte blending approach is cost-effective, manufacturing/environmentally 
friendly, and thereby can serve as a practical pathway for improving the performances and stability of current 
battery cells for EV and small electronics.   

1. Introduction 

The LiNi0.5Mn1.5O4 (LNMO) spinel is an attractive cathode material 

for lithium-ion batteries (LiBs) due to its low material cost and high 
operating voltage (e.g., >4.7 Vvsl. Li) [1,2]. Moreover, LNMO has a good 
rate capability attributed to its three-dimensional Li+ diffusion 
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pathways in its lattice [3,4]. However, the LNMO/graphite full cells 
suffered from serious capacity fading. Current understanding of the 
degradation mechanisms of LNMO at high voltages includes (1) oxida
tive decomposition of liquid electrolytes and consequent degradation of 
cathode electrolyte interfaces (CEI), (2) transition metal (TM) dissolu
tion and migration to the anode side, (3) consumption of Li+ through 
parasitic reactions at the solid electrolyte interface (SEI) at graphite 
anodes [2,4,5]. 

Recent studies have focused on coating the LNMO cathode by using a 
thin layer of metal oxide or metal phosphate to suppress parasitic re
actions at the CEI layer. For example, it has been reported that V2O5 [6], 
Al2O3 [7], ZnO [8], and ZrP [9] coating on LNMO particles could protect 
the CEI from HF attack and consequently improve the LiB performances. 
In contrast, some of the coating materials had intrinsically poor Li+

conductivity that unwantedly led to lower discharge capacity [10]. 
Therefore, Li-ion conducting solid electrolytes such as Li7La3Zr2O12 
(LLZO) and Li1.4Al0.4Ti1.6(PO4)3 (LATP) have been proposed as alter
native coating materials [11–13]. 

Besides the coating materials, the coating method is another critical 
factor that governs the performance of cathode materials. Most common 
coating methods include wet chemical coating processes such as sol-gel, 
dry coating processes such as powder coating, physical/chemical vapor 
depositions such as atomic layer decomposition (ALD) technique [14]. 
The dry coating process is cost-efficient but has less control on coating 
thickness, morphology, and homogeneity [15]. These problems can be 
solved by using the wet chemical coating process at the expense of extra 
processing steps. For example, Belharouak et al. [15] discussed that the 
wet coating process requires extra cost due to the wastewater treatment 
and subsequent drying of the coated materials and can unwantedly 
modify the surface chemistry of cathodes by leaching lithium with sol
vents used for the coating process. Moreover, coating solid electrolytes 
on cathode powders by wet coating methods requires extra 
high-temperature calcination, which can cause the migration of the 
coating element into the lattice of LNMO [11]. Finally, phys
ical/chemical vapor deposition of solid electrolyte materials onto LNMO 
particles will be challenging due to the complexity and high cost of the 
process. 

In our previous work, we reported that blending Li6.7La3Zr1.7

Ta0.3O12 (LLZT) garnet-type solid electrolyte with LiNi0.6Mn0.2Co0.2O2 
(NMC622) cathode can effectively passivate the CEI and scavenge HF 
under its high-voltage operation (~4.5 Vvs.Li) condition [16]. Due to the 
even higher operating voltage of LNMO cathodes (5.0 Vvs.Li upper cut-off 
voltage), the parasitic reactions occurring at CEI will be accelerated 
further. Therefore, we adopted the LLZT blending strategy for the LNMO 
cathode and examined its effect on electrode-electrolyte interfacial 
stability and LNMO/graphite full-cell performances. Compared with the 
conventional surface coating methods, our proposed solid-electrolyte 
blending can offer advantages in terms of manufacturing friendliness, 
energy-saving, and cost-effectiveness, which can be a practical alterna
tive to conventional coating for high-energy and high-voltage cathode 
materials in LiBs. 

2. Experimental setup and characterization 

2.1. Preparation of electrodes and battery cells 

The LiNi0.5Mn1.5O4 (LNMO) cathode active material (MSE supplies), 
conductive agent (Super-P), and polyvinylidene fluoride (PVdF) binder 
powders were mixed in 85:7.5:7.5 wt%. For LLZT-LNMO blending 
cathodes, LNMO powders were partly replaced by Li6.7La3Zr1.7Ta0.3O12 
(LLZT; Ampcera) powder with different ratios of 2.5 wt%, 5 wt%, and 
10 wt%. Mesocarbon microbeads (MCMB) graphite was used as the 
anode for full cells, consisting of 89 wt% of active material, 4 wt% 
Super-P, and 7 wt% PVdF binder. Each electrode material was thor
oughly mixed with N-methyl-2-pyrrolidone (NMP, Alfa Aesar) solvent 
and a zirconia bead to form a slurry by using a planetary mixer (Thinky). 

The obtained slurry was homogeneously spread on the Al current col
lector for cathodes and dried in an oven overnight at 80 ◦C. Li-ion bat
teries were fabricated as CR2032 coin-type half-cells (using Li metal 
anode) and full-cells (using graphite anode) by using 1 M LiPF6 in 
ethylene carbonate (EC): ethyl methyl carbonate (EMC) solvents (1:1 wt 
ratio) and a piece of separator (Celgard 2500). A moisture-contaminated 
electrolyte was prepared by adding 50 μL deionized water to 10 mL 
liquid electrolyte. 

2.2. Electrochemical and physical characterizations 

The assembled half- and full-cells were, respectively, tested in a 
voltage range of 3.5–5.0 V and 3.4–4.9 V by using a battery cycling 
station (Arbin LBT System) in an environmental chamber (at 25 ◦C). 

Fig. 1. (a) SEM image of LLZT powder. (b)–(d) SEM, elemental mapping, and 
EDS spectrum images of 5 wt% LLZT-LNMO cathode. 
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Electrochemical impedance spectroscopy (EIS) was measured using a 
potentiostat (Grammy Interface 1010E). The Nyquist plots were further 
analyzed by distribution of relaxation time (DRT) technique [17]. 

The scanning electron microscope (SEM, FEI Apreo LoVac) with 
energy-dispersive X-ray spectroscopy (EDS) was performed on fresh and 
cycle-aged electrodes. After cycling tests, full-cells were disassembled in 
an Ar-filled glovebox to recover cycle-aged electrodes, followed by 
washing in dimethyl carbonate for 2 min. X-ray photoelectron spec
troscopy (XPS, Kratos AXIS with Mg Kα source) analysis was performed 
on the cycled cathodes. To minimize surface charging, charge neutrali
zation was enabled, and spectra were calibrated based on C–C peaks at 
284.7 eV. The resulting spectra were fit using CasaXPS software. 

3. Results and discussion 

Fig. 1a shows that the pristine LLZT powder consists of ~500 nm 
particles. The electrode morphology and distribution of 5 wt% LLZT 
solid electrolyte in LNMO (hereafter noted as 5 wt% LLZT-LNMO) were 
observed using SEM and EDS. Fig. 1b shows a good dispersion of LLZT 
(brighter particle due to its higher molecular weight) witin 3–6 μm 
LNMO particles in the 5 wt% LLZT-LNMO cathode. EDS spectrum of the 
LLZT (5 wt%) – LNMO blended cathode shows the composition of Ni: 
2.04 at%, Mn: 7.15 at%, C: 63.20 at%, O: 19.91 at%, F: 7.09 at%, La: 
0.38 at%, Ta: 0.07 at%, and Zr: 0.15 at%, respectively. The elemental 
mapping image in Fig. 1c shows that ~3 μm LNMO particle is contacting 
with sub-micron-sized LLZT solid-electrolyte particles in the cathode. 
The contents of Mn, Ni, and La were determined to be 21.77 wt%, 6.65 
wt%, and 2.93 wt%, respectively. This corresponds to an average TM/La 
ratio of ~29.10, which is close to the target ratio of 24.8 in the 5 wt% 
LLZT-LNMO. This result demonstrates the homogenous distribution of 
LLZT within the LNMO cathode. Further increase in LLZT contents led to 
its local agglomeration, as shown from the 10 wt% LLZT – LNMO 
cathode in Fig. S1. 

In previous study, we reported that 5 wt% LLZT blending to 
LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode was beneficial in terms of full- 
cell (i.e., NMC622/graphite) performances. The optimal content of 
LLZT within the LLZT-LNMO cathode needs to be identified for (i) 
balancing ionic and electronic transport properties of the blended 
cathodes and (ii) minimizing a loss of gravimetric energy density of 
cathode caused by adding inactive LLZT solid-electrolyte. Therefore, we 
first examined the effect of LLZT contents on the electrochemical 
properties of the LNMO – LLZT blended cathodes. Half-cell perfor
mances of the blended cathodes with the LLZT contents of 2.5, 5.0, and 
10.0 wt% were compared with the bare LNMO cathode. Fig. S2 shows 
voltage profiles and corresponding dQ/dV profiles of the half-cells. All 
the cathodes have a plateau at around 4.7 VVs.Li attributed to the Ni2+/ 
Ni4+redox couple, and a short plateau in the ~ 4VVs.Li region attributed 
to the Mn3+/Mn4+ redox [2]. There was no evidence that LLZT was 
involved in the electrochemical charge-discharge reaction. More 
importantly, the bare LNMO suffered from a significant increase in 
Ohmic voltage polarization (ΔV = ΔI•R) during repeated cycling. In 
earlier study, we reported that parasitic reactions at CEI and SEI are 
responsible for such cell impedance growth during cycling [2,18]. 
Adding 2.5 wt% LLZT to LNMO (hereafter noted as 2.5 wt% 
LLZT-LNMO) suppressed the voltage polarization during 100 cycles. In 
stark contrast, the 5 wt% LLZT-LNMO cathode could maintain its initial 
voltage profiles without noticeable voltage polarization during cycling. 
Finally, adding 10 wt% LLZT to LNMO (hereafter noted as 10 wt% 
LLZT-LNMO) showed a slight increase in voltage polarization again, 
suggesting that 5 wt% LLZT addition will be optimal for stabilizing the 
CEI and SEI and suppressing the cell impedance growth. 

Fig. 2a compares the cycle life of the half-cells. The bare LNMO 
delivered an initial discharge capacity of 119.19 mAh/g and 82.4% 
capacity retention after 200 cycles. In contrast, the 2.5 wt% LLZT- 
LNMO, 5 wt% LLZT-LNMO and 10 wt% LLZT-LNMO cathode, respec
tively, delivered higher initial discharge capacities of 132.3 mAh/g, 
128.9 mAh/g, and 127.2 mAh/g. Here, it should be noted that the 
specific capacities of LLZT-LNMO cathodes (shown in Fig. 2a) were 
determined by considering LNMO’s mass only, and the LLZT’s mass 
would decrease the electrode-level capacities. The LLZT-LNMO blended 
cathodes delivered improved capacity retentions in a range of 86.3–88% 
comparing with the bare LNMO cathode. 

Fig. 2b compares the capacity retentions of full-cells when cycled in a 
range of 3.4–4.9 V at 25 ◦C. The initial discharge capacity of a full-cell 
made with the bare LNMO cathode is 94.1 mAh/g, and its capacity re
tentions after 200 cycles is 59%. Comparing with the LNMO/Li half-cell, 
the LNMO/graphite full-cell suffers from poor capacity retention during 
cycling. We reported that the series of parasitic reactions at both cathode 
and anode sides are the main source of the degradation [19–21]. An 

Fig. 2. Cycle life and rate capability of (a,c) half-cells and (b,d) full-cells made 
with the LLZT-LNMO blended cathodes having various LLZT contents in a range 
of 0–10 wt%. The half-cells and full-cells were, respectively, cycled in voltage 
ranges of 3.5–5.0 Vvs.Li and 3.4–4.9 V at 25 ◦C. For the rate-capability tests, the 
cells were charged at a constant C/10-rate and discharged at various C-rates. 
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electrolyte oxidation produces HF and leads to transition metal disso
lution (e.g., Mn2+), which in turn migrates and continuously catalyze 
SEI regeneration at the expense of active Li+ [20,21]. In addition, the 
resulting thick graphtie SEI and LNMO CEI can increase the internal 
reistance of cells, underming the Li+ diffuion kinetics at the 
electrolyte-electrode interfaces [18]. Such the poor cycle life of the 
LNMO full-cells has become the most critical barrier of its 
commercialization. 

In contrast, full-cells made with the LLZT-blended LNMO cathodes 
delivered enhanced specific capacities and cycling performances 
comparing with the bare LNMO cathode. For example, the 2.5 wt%, 5 wt 
%, 10 wt% LLZT blended LNMO cathodes, respectively, delivered initial 
discharge capacities of 109.8 mAh/g, 119.3 mAh/g, and 87.4 mAh/g, 
and capacity retention values of 74.94%, 78.27%, and 84.35%, after 200 
cycles. Among the samples, the 5 wt% LLZT-LNMO showed the highest 
capacities of 93.4 mAh/g after 200 cycles, which is ~68.3% improve
ment over the bare LNMO cathode. The different initial discharge ca
pacities in the LLZT blending electrodes can be attributed to the 
properties of the solid-state electrolyte. For the 10 wt% LLZT – LNMO 
cathode, the local agglomeration of LLZT particles would impede elec
tron conduction pathways between LNMO particles (see, Fig. S1). This 
may explain the lower specific capacity of LLZT although it offered the 
best capacity retentions among the samples. 

To further investigate the effect of LLZT blending on rate capabilities 
of the half-cells and full-cells, all the cells were charged at a constant rate 
of C/10 followed by discharging at different C-rates of 0.1, 1.0, 3.0 and 
5.0 for 5 cycles, respectively. Fig. 2c shows that the 5 wt% LLZT-LNMO 
half-cell delivers the best rate performance among all the cells. Even at 
the 5 C-rate discharging, the 5 wt% LLZT-LNMO delivered 108.9 mAh/g 
(~82.45% capacity retention) while the bare LNMO delivered 63.4 
mAh/g. The 5 wt% LLZT-LNMO cathode still exhibits the best rate 
capability in full-cells, as shown in Fig. 2d. The rate capability of a 
cathodes is highly dependent on the transport properties (both Li+ and 
e−) between the two electrodes. The results demonstrate that 5 wt% 
LLZT-LNMO cathode offers the optimal transport behavior of both Li+

and e− among the series of samples. Further increase in LLZO content 
can improve the cycle life at the expense of specific capacity but reduce 

cell-level energy density. The inferior rate-capability of 2.5 wt% LLZT- 
LNMO cathode suggests that 2.5 wt% LLZT is not enough to provide 
enough Li+ conductivity or passivate CEI while impeding electronic 
conductivity, which agrees well with our prior report on LLZT-NMC 
blended cathodes [16]. 

The electrochemical impedance spectroscopy (EIS) of bare LNMO 
and 5 wt% LLZT-LNMO half-cells were collected at every 30 cycles at 
their 50% state-of-charge (SOC). During the analysis, a contribution of Li 
SEI on half-cell impedance can be assumed to be identical because the Li 
metal in half-cell experienced the same electrochemical history [13]. 
This would allow comparing the impedance behaviors of the working 
electrode. Fig. 3a and b respectively show their Nyquist plots which 
were fitted with an electrochemical circuit model (ECM) as shown in 
Fig. 3b. The intercept at the high-frequency region is ohmic resistance 
(Rohmic), which mainly correspond to an electrolyte resistance; the high 
to middle-frequency arc is associated with interface resistances (RInt) 
from both CEI and Li SEI; the low-frequency arc, which is merged with 
the higher frequency arc, is associated with a charge transfer resistance 
(RCT) [22]. 

Although the Nyquist plots sufficiently demonstrate the difference in 
impedance amplitude and growth between the two samples, they lack 
resolution in deconvoluting individual impedance sources. Therefore, 
the distribution of relaxation time (DRT) analysis was utilized in this 
study, and the corresponding results are shown in Fig. 3c and d. The 
resulting DRT plots present three major sources of electrochemical 
impedance from the bare LNMO and 5 wt% LLZT-LNMO cathodes: P1 
(103–104 Hz) for contact impedance between particles or between ma
terials and current collectors, P2 (102–103 Hz) originating from CEI and 
SEI, and P3 (101–102 Hz) for charge transfer [23–26]. The DRT data 
from the bare LNMO cathode shows that the increase in CEI impedance 
is responsible for the overall cell impedance growth during cycling. In 
contrast, the 5 wt% LLZT-LNMO cathode has stable CEI impedance 
values during the cycling, suggesting that LLZT has a positive effect on 
maintaining a good Li+ transport properties of the CEI, which agrees 
well with our prior report on LLZT-NMC blended cathodes [16]. 

To understand the difference in CEI properties between the bare 
LNMO and the 5 wt% LLZT-LNMO cathodes, we measured XPS of cycle- 

Fig. 3. Nyquist plots of half-cells made with (a) bare LNMO and (b) 5 wt% LLZT-LNMO cathodes. The data were collected at 50% state-of-charge (SOC) during 
cycling at 25 ◦C. Experimental data (symbols) was fitted (black lines) with the electrical circuit model shown in Fig. 3b. DRT data analyzed from the corresponding 
Nyquist plots of (c) bare LNMO and (d) 5 wt% LLZT-LNMO cathodes. 
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aged cathodes. Here, the cycled cathodes were recovered from 200- 
times cycled full-cells, of which performances were demonstrated in 
Fig. 2b. Fig. 4 plots their C 1s, O 1s, F 1s, and Mn 2p XPS spectra in 
comparison to the fresh LNMO cathode. The C 1s spectrum of the fresh 
LNMO cathode retains relatively high C–C (~284.7 eV) and C–H 
(~285.3 eV) peak intensities from conductive carbon black and PVdF 
binder, respectively. After 200 cycles in full-cells, XPS data from the bare 
LNMO and 5 wt% LLZT-LNMO cathodes exhibit presences of lithium 
alkoxides (ROLi), lithium carbonate (Li2CO3), metal fluorides (MF2), 
and alkyl carbonate (ROCOOLi) in their CEIs, which agrees very well 
with literature [27,28]. The resulting XPS spectra from different ele
ments consistently indicates that the 5 wt% LLZT – LNMO has thinner 
CEI layer than that of the bare LNMO after 200 cycles. For example, the. 

M − O peaks (at ~ 529.8 eV) in O 1s spectra is from the LNMO and 
thus has the highest intensity for the fresh LNMO. After 200 cycles, 
absence of the M − O peak from the bare LNMO can be explained by a 
thick SEI deposition onto the cycle-aged LNMO. In contrast, the 5 wt% 
LLZT-LNMO still retains the M − O peak, indicating its thinner CEI than 
that of the bare LNMO. In addition, the relative intensity of the C–C peak 

to the C–O peaks reflects the thickness of the CEI layer [19,22,29]. The 
peak ratio of C–C to C–O were, respectively, 1.15 for the bare LNMO and 
1.27 for the 5 wt% LLZT-LNMO. Its relatively high ratio (i.e., 1.27) also 
confirms that the 5 wt% LLZT – LNMO cathode has thinner CEI layer 
than the bare LNMO cathode. 

In the F 1s spectra, the peaks at 684.8 eV and 686.4 eV, respectively, 
can be assigned to M − F and LixPFyOz. At high-voltage cell operation (e. 
g., >4.3 Vvs.Li), the reaction between residual moisture and LiPF6 is 
accelerated because PF6

− lowers the oxidation threshold of H2O and 
decreases the energy barrier of the hydrolysis reaction, producing a 
larger amount of HF and LixPFyOz of which reaction mechanisms are 
listed below [30]. 

LiPF6 ⇆ PF5 + LiF [1]  

PF5 + H2O → POF3 + 2HF [2]  

POF3 + Li+ → LixPFyOz + LiF [3] 

When we compare the F 1s spectra of both cycled cathodes, amounts 

Fig. 4. XPS spectra for representative surface elements from CEI layers of (i) fresh, bare LNMO, (ii) cycle-aged bare LNMO, and (iii) cycle-aged 5 wt% LLZT-LNMO 
cathodes. The cycle-aged cathodes were recovered from the full-cells after 200 cycles, of which performances were demonstrated in Fig. 2b. 

Fig. 5. XPS spectra for representative surface elements from SEI layer on (a) fresh graphite anode, (b) cycle-aged graphite anode paired with the bare LNMO in full- 
cells, and (c) cycle-aged graphite anode paired with the 5 wt% LLZT-LNMO cathodes in full-cells. The cycle-aged anodes were recovered from the full-cells after 200 
cycles, of which performances were demonstrated in Fig. 2b. 
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of M − F and LixPFyOz of the 5 wt% LLZT–LNMO are significantly lower 
than the bare LNMO, which agrees well with our previous result ob
tained from the LLZT blended NMC cathodes [16]. In the Mn 2p1/2 
spectra, the different ratios of Mn2+ (at ~640.9 eV), Mn3+ (at ~641.7 
eV), and Mn4+ (at ~ 642.7 eV) [31,32] were observed between the two 
cycled cathodes. Compared with the bare LNMO, the 5 wt% 
LLZT–LNMO shows a relatively low peak intensity of Mn2+. The Mn2+ at 
the surface of LNMO was associated with the presence of MnF2, which 
was re-deposition product of the dissolved Mn2+ after the HF attack 
[21]. The low Mn2+ peak intensity of the 5 wt% LLZT–LNMO can be 
explained by proton scavenging of LLZT and thereby less severe Mn2+

dissolution. 
We also performed XPS analysis of SEI layers on graphite anodes 

after 200 cycles in full-cells (see, Fig. 2c), which were paired with the 
bare LNMO or the 5 wt% LLZT-LNMO cathodes. The representative XPS 
spectra are plotted in Fig. 5. For the C 1s spectra, the graphite anodes 
paired with the bare LNMO and 5 wt% LLZT-LNMO, respectively, have 
C–C/C–O peak ratios of 1.01 and 1.86. The result suggests that 
employing the 5 wt% LLZT-LNMO cathode contributes to maintain the 
tinner SEI thickness on graphite. This assumption is supported by the 
reduced intensities of M − F (LiF, MnF2, and NiF2) peaks (see, F 1s, Mn 
2p, and Ni 2p spectra) and LixPFyOz peaks (see, F 1s and O 1s spectra) 
from the graphite SEI paired with the 5 wt% LLZT-LNMO cathode. The 
existence of Mn and Ni species with oxidation states of +2 or higher on 

cycled graphite SEI is consistent with literatures [33,34]. 
Our earlier report presented that electrolyte oxidation and produc

tion of HF acid is responsible for the TM dissolutions, which tends to be 
accelerated by time, temperature, and cell voltage [21]. The dissolved 
Ni2+ and Mn2+ ions from LNMO can migrate to and damage the graphite 
SEI layer during their re-deposition into metallic clusters or metal 
fluorides [35,36]. Such damaged SEI layer undergoes a self-healing 
process at the expense of active Li-ion and electrolyte solvents [20, 
37]. Therefore, more severe parasitic reactions occurring at CEI leads to 
a thicker SEI layer production on graphite anode, which in turn reduces 
the capacity (by losing cyclable Li-ions) and increases a cell impedance. 

The XPS analysis of cycled electrodes demonstrated that LLZT 
addition to LNMO could effectively suppress the parasitic reactions and 
maintain relatively thinner CEI and SEI layers. More importantly, the 5 
wt% LLZT-LNMO full-cell exhibited low peak intensities of LixPFyOz and 
LiPF6 from both cathode and anode surfaces comparing with the bare 
LNMO. Sharafi et al. [33] has reported that the Li7La3Zr2O12 (LLZO) 
garnet solid electrolyte is moisture sensitive and can consume the re
sidual water by scavenging protons by following reaction routes:  

Li7La3Zr2O12+xH2O → Li7-xHxLa3Zr2O12 + xLiOH                             [4]  

Li7La3Zr2O12+xH2O → Li7-2xH2xLa3Zr2O12 + xLi2O                            [5] 

Therefore, it can be inferred that LLZT can scavenge the moisture in 

Fig. 6. Experimental process that was designed to identify the impact of 5 wt% LLZT in blended cathode on suppressing parasitic reactions and consequent active Li+

loss from the moisture/proton-attack in full-cell. 

X. Jiao et al.                                                                                                                                                                                                                                     



Journal of Power Sources 561 (2023) 232748

7

the liquid electrolyte and suppress the parasitic reactions. 
To prove this assumption, we designed series of experiments as 

shown in Fig. 6. Considering that high concentration of H2O accelerates 
the oxidative decomposition of LiPF6 and produces more HF [30], first, 
5000 ppm (by mass) deionized water was mixed with a commercial 
electrolyte as a moisture-contaminated electrolyte to emphasize the ef
fect of the LLZT additive on preventing the moisture attack. Then, bare 
LNMO and 5 wt% LLZT-LNMO cathodes, respectively, were fabricated 
into full-cells using the moisture contaminated electrolyte. The full-cell 
made with the bare LNMO cathode experienced severe voltage fluctu
ation during an initial charging due to moisture-related decomposition 
reaction, followed by a noticeable discharge capacity loss. For example, 
the discharge capacity after 2 cycles was 66 mAh/g, experiencing 28% 
capacity loss from the full-cell made with a fresh electrolyte (e.g., 92 
mAh/g in Fig. 2c). In contrast, another full-cell made with the 5 wt% 

LLZT-LNMO cathode delivered a discharge capacity of 108 mAh/g after 
2 cycles with normal voltage profiles, which corresponds to 10% ca
pacity loss from the full-cell made with the fresh electrolyte (e.g., 118 
mAh/g in Fig. 2c). The severe irreversible charging process of bare 
LNMO is indicative of inevitable parasitic reactions at 
electrode-electrolyte interfaces in the presence of moisture in electro
lyte, which accompanies with massive Li+ loss and impedance growth of 
CEI and SEI layers due to increases in surface byproducts such as LixP
FyOz and LiF [34]. 

After 2nd discharging of full-cells made with the moisture- 
contaminated electrolyte, each cathode was recovered and re- 
fabricated into half-cell using a fresh electrolyte and Li-metal as an 
anode. The schematic of this experiment is shown in Fig. 6. The amount 
of Li-loss from each cathode after the 2 cycles is equivalent to its initial 
discharge capacity of the half-cell. As a result, the bare LNMO cathode 

Fig. 7. Comparison of full-cells (a) cycle lives and (b) Coulombic efficiencies of bare LNMO and 5 wt% LLZT-LNMO cathodes by using fresh electrolyte and moisture- 
contaminated (5000 ppm) electrolytes. The degrees of capacity losses (QLoss) from the moisture attacks was compared each other. All the full-cells were cycled at C/ 
10 for two formation cycles and C/3 for rest of cycles in a voltage range of 3.4–4.9 Vvs.Li at 25 ◦C. 
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lost significant Li-ions corresponding to ~22 mAh/g due to the moisture 
attack. In contrast, the 5 wt% LLZT-LNMO cathodes only lost a small 
amount of Li-ions corresponding to ~5 mAh/g. After compensating the 
Li-loss, the half-cells delivered 2nd discharge capacities of 106 mAh/g 
for the bare LNMO cathode and 110 mAh/g for the 5 wt% LLZT-LNMO 
cathode, respectively. 

The excess amount of HF in the electrolyte can expedite the corrosion 
of electrodes dissolution of TM ions (e.g., Mn2+ and Ni2+) from LNMO 
that can migrate to graphite anode during the 1st charging (i.e., for
mation cycle). The dissolved Mn2+ and Ni2+ redeposit onto graphite 
surface with their reduced forms, which perturb the formation of 
graphite SEI layer and subsequently consume excessive amount of Li- 
ions (~22 mAh/g) during the formation cycle (i.e., initial 2 cycles) of 
the full cell (see, Fig. 6) [20,35]. On the other hand, LLZT in the 5 wt% 
LLZT-LNMO cathode could scavenge protons, and thereby suppresses 
the TM dissolution and consequent SEI degradation, as evidenced by its 
small amount of Li-loss (~5 mAh/g) during the formation cycles. 

Fig. 7 compares cycle life of full-cells made with fresh and the 
moisture-contaminated electrolytes. Their voltage profiles are also 
compared in Fig. S3. The detrimental effect of the moisture in terms of 
specific capacities were observed immediately from the beginning of the 
cycles. The high moisture content (e.g., 5000 ppm) accelerates LiPF6 
decompositions following the reaction routes (1)–(3) and leads to 
thicker SEI and/or CEI layers deposited onto cycle-aged electrodes, as 
evidenced by their XPS spectra as shown in Fig. S4. After 40 cycles, the 5 
wt% LLZT-LNMO cathode has higher C–C/C–O intensity ratio than that 
of the bare LNMO (see, Fig. S4). Besides, the low intensity of LixPFyOz 
peak and obvious M − O peak in the O 1s spectra from the 5 wt% LLZT- 
LNMO also suggest that LLZT contributed to suppress parasitic reactions 
involving the HF and maintained a thin CEI layer despite the high- 
concentration (5000 ppm) moisture attack. As a result, the 5 wt% 
LLZT-LNMO cathode could maintain good full-cell performances; (i) 
91.7% capacity retentions (see, Fig. 7a) and (ii) normal voltage profiles 
(see, Fig. S3d) similar to the fresh-electrolyte cell during 40 cycles. 

In contrast, the bare LNMO cathode suffered from severe voltage and 
capacity drops (see, Fig. 7 and S3c) due to the moisture attack. The 
thicker CEI formation on the bare LNMO cathode as confirmed by the 
XPS data (see, Fig. S4) not only consumed extra Li+ corresponding to 
~22 mAh/g (at the 2nd cycle, see Fig. 6) but could increase cell im
pedances. The bare LNMO cathode lost 55.7% of full-cell capacity dur
ing 40 cycles by using the moisture-contaminated electrolyte. 

Coulombic efficiencies (CE) of the full-cells also decrease by using 
the moisture contaminated electrolyte, as shown in Fig. 7b. Their low CE 
values (e.g., 39% for the bare LNMO and 47% for the 5 wt% LLZT- 
LNMO) at the 1st cycles are indicative of severe parasitic reactions 
occurring at SEI and CEI during the 1st charging process (i.e., the for
mation cycle). During the long-term cycles, the full-cells delivered high 
CE values in order of 5 wt% LLZT-LNMO (fresh electrolyte) > 5 wt% 

LLZT-LNMO (moisture-contaminated electrolyte) > bare LNMO (fresh 
electrolyte) > bare LNMO (moisture-contaminated electrolyte). By 
comparing the fresh and moisture-contaminated electrolytes, consis
tently low CE values from the moisture-contaminated electrolytes sug
gest that HF and H2O continuously degraded the CEI and SEI layers in 
the full-cells during the extended cycles. By comparing the bare LNMO 
and the 5 wt% LLZT-LNMO cathodes, the LLZT acts as a proton and 
moisture scavenger and continuously improves the CEI stability in 
contact with both the fresh and the moisture-contaminated electrolyte. 

4. Conclusion 

In this study, we reported the strategy of blending LLZT garnet solid 
electrolyte into the LNMO spinel cathode to stabilize electrode/elec
trolyte interphase layers and improve the full-cell performances. Among 
the series of LLZT blended cathodes, the 5 wt% LLZT-LNMO delivered 
optimal performances in terms of specific capacity, capacity retention, 
and rate capability. The improvement mechanism of LLZT blended 
cathode can be explained by two folds. First, the LLZT contacts with 
LNMO active material and improves Li+ transport at the CEI layer, as 
evidenced by EIS and DRT analyses. Second, the LLZT can scavenge 
moisture/proton in the electrolyte, side reaction product from anodic 
decomposition of electrolyte, and suppress the degradation of CEI and 
SEI during the extended cycles, as evidenced by XPS and set of experi
ments with moisture-contaminated electrolyte. Scheme 1 illustrates the 
proposed improvement mechanisms of the LLZT-LNMO blended cath
odes in full-cells. In contrast to the traditional surface coating methods, 
this solid-electrolyte blending approach is cost-effective and 
manufacturing/environmentally friendly, and thereby can serve as a 
practical pathway for improving performances and stability of current 
battery cells for EV and small electronics. 
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