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highest specific capacity in practical cells.[2] 
Within this materials family, the avail-
able specific capacity increases with the 
nickel content for a fixed cut-off voltage.[3] 
However, this increase comes at the price 
of reduced structural stability and there-
fore accelerated degradation during bat-
tery operation.[4,5] Such effect is especially 
severe for the endmember in terms of 
nickel content, LiNiO2 (LNO).[6,7] Mul-
tiple strategies to mitigate degradation 
and increase capacity retention have been 
developed and reviewed, with doping/ele-
mental substitution and coating being the 
most prominent ones.[8,9] As the applica-
tion of a coating in industry is currently a 
post-synthesis step independent from the 
main high-temperature calcination of the 
material itself, various coating strategies 

and chemistries have been reported.[10,11,12] Aluminum oxide 
has emerged as an inexpensive, yet effective coating material, 
applied through a variety of methods, including atomic layer 
deposition (ALD), wet-chemistry, and dry coating routes with 
different protective mechanisms proposed.[13–17] Mechanistically, 
these coatings are reported to protect the CAM by scavenging 
HF,[13] by forming beneficial electrolyte additives in a reaction 
with LiPF6,[14] by suppressing surface phase transformations[15] 
or by reducing resistance and improving lithium diffusivity.[16]

The energy density of layered oxide cathode materials increases with their Ni 
content, while the stability decreases and degradation becomes more severe. 
A common strategy to mitigate or prevent degradation is the application 
of protective coatings on the particle surfaces. In this article, a room-tem-
perature, liquid-phase reaction of trimethylaluminum (TMA) and tetraethyl 
orthosilicate (TEOS) with adsorbed moisture on either LiNi0.85Co0.10Mn0.05O2 
or LiNiO2, yielding a hybrid coating that shows synergetic benefits compared 
to coatings from TMA and TEOS individually, is reported. The surface layer is 
investigated in long-term pouch full-cell studies as well as by electron micros-
copy, X-ray photoelectron spectroscopy, and differential electrochemical 
mass spectrometry, demonstrating that it prevents degradation primarily by a 
fluorine-scavenging effect, and by reducing the extent of rock salt-type phase 
formation.
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1. Introduction

As the use of portable electronics and the market share of 
electric vehicles increase, so does the demand for batteries 
with high energy density. The current technology of choice 
is the lithium-ion battery (LIB), where the specific energy 
strongly depends on the specific capacity of the cathode 
active material (CAM).[1] In general, layered oxides of the type 
Li1+x(Ni1−y−zCoyMnz)1−xO2, so-called NCM CAMs, provide the 
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In the past, we have reported a coating process that exploits 
the reactivity of a typical ALD precursor, trimethylaluminum 
(TMA), with moisture adsorbed on the CAM particle surface, 
almost doubling the cycle life of NCM811 (80% Ni).[18] In the 
present work, we show that the addition of tetraethyl orthosili-
cate (TEOS) as a second coating reagent yields a hybrid coating, 
enabling enhanced electrochemical performance of NCM851005 
(85% Ni). We investigate the interplay of reagent ratio and total 
amount in a design of experiments (DoE)-like approach. TEOS 
alone leads to silica coatings for which HF scavenging, increased 
diffusivity, and reduced impedance are reported as mechanisms 
improving performance of Ni-rich NCM materials.[19–23] In a 
direct comparison between alumina and silica coatings, alumina 
has been reported to be more beneficial.[24] The combination of 
TMA and TEOS via ALD is known to give aluminosilicates and, 
in combination with a lithium precursor, has been used in elec-
trochemical research to obtain lithiated aluminosilicate-type solid 
electrolytes.[25] However, a cathode coating based on this combi-
nation has, to the best of our knowledge, not yet been reported.

To further highlight the potential of our coating method-
ology, we then apply it to a more challenging material, namely 
LNO. We investigate its performance in pouch full cells, where 
so far only one study for LNO exists,[26] thereby broadening 
the spectrum of assembly and cycling conditions. Finally, the 
mechanism of protection on both NCM851005 and LNO is 
thoroughly investigated and discussed based on DEMS, elec-
tron microscopy, and XPS characterizations.

2. Results and Discussion

2.1. Coating of NCM851005 CAM

To investigate the interplay between the total reagent amount 
and reagents ratio, the coating was applied to NCM851005 and 
the electrochemical performance of the resultant materials was 
evaluated. Figure 1a summarizes the TMA:TEOS combinations 
used in a DoE-like grid. Note that 1 equiv. is equal to 100 µmol 
of coating reagent per 1 g of CAM.

Figure 1 also reports the cycling performance of the coated 
NCM851005 CAMs in coin cells. Figure  1b,c shows that the 
capacity retention achieved for different equimolar mixtures is 
best at a total amount of 3 equiv.. A further increase in the 
reagent amount to a total of 6 or 12 equiv. did not improve 
the capacity retention any further, likely due to increased 
thickness and resistance of the coating. The first-cycle spe-
cific discharge capacity for uncoated, 1.5 equiv.:1.5 equiv. 
and 6.0 equiv.:6.0 equiv. coated NCM851005 was 196, 192 
and 183 mAh gCAM

−1, respectively. The respective specific 
capacity versus cycle number curves are shown in Figure S1, 
Supporting Information. For aluminum oxide coatings from 
ALD, the optimal thickness has been reported to be just four 
Al2O3 layers.[17] These findings justify the limitation of the 
experimental grid in Figure 1a to a total amount of not more 
than 3 equiv.. Although the coating thickness was not exam-
ined directly with the DOE-like approach, it was part of the 

Figure 1. a) DoE-like testing of different reagent amounts and compositions. b) Performance of coated and uncoated NCM851005 CAMs in coin full 
cells for different total amounts of equimolar mixtures. c) Performance at higher reagent amounts. No further improvement in capacity retention is 
noticed after 1.5 equiv.:1.5 equiv. d) Performance of different compositions at 3 equiv. total amount. Cells tested at 45 °C, 1.0 C, 3.0–4.2 V.
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tailoring process, as is evident from Figure 1c and Figure S1c, 
Supporting Information.

The effect of varying the ratio of TMA to TEOS is shown in 
Figure  1d for a total amount of 3 equiv.. It was found that an 
equimolar ratio of TMA and TEOS gives higher capacity reten-
tion than the reagents individually or combined in a 2:1 ratio, 
suggesting a synergetic effect and establishing the 1.5 equiv.:1.5 
equiv. mixture as the best-performing reagent mixture. This 
synergy is also visualized in Figures S2 and S3, Supporting 
Information. Taking the increased cycle life as a key metric, in 
the following, this optimal coating was used for a more detailed 
investigation.

The morphology of the coating was probed by scanning elec-
tron microscopy (SEM) (Figure  2a,b), SEM-energy dispersive 
X-ray spectroscopy (SEM-EDS; Figure S4, Supporting Infor-
mation), and scanning transmission electron microscopy-EDS 
(STEM-EDS; Figure  2c). While SEM alone only shows the 
presence of rounded and bridged edges as primary indicators 
of the surface layer, SEM-EDS indicates a uniform coating ele-
ment distribution both between and within the secondary par-
ticles and STEM-EDS reveals a ≈20 nm coating on a secondary 
particle. This layer thickness is different to very thin but dense 
ALD coatings, since with the chosen approach, it appears that 
the coating thickness and density do vary on an atomic level 
depending on the amount of surface moisture present, leaving 
enough porosity and channels for efficient lithium diffusion.

For long-term cycling, single-layer pouch cells were used 
instead of coin cells. It is known that materials tend to perform 
better and more reliably in the former rather than the latter.[27] 
In manual assembly, main advantages of pouch cells are better 
alignment of electrodes and gas tightness. Furthermore, pouch 
cells resemble geometries in industrial applications closer than 

coin cells do and allow access to larger electrodes for post-
mortem analysis.
Figure  3a shows a comparison of the discharge capacity 

retention in coin and pouch cells, while Figure  3b,c,d gathers 
the specific discharge capacity, mean discharge voltage, and 
cell resistance from pouch cell testing. Interestingly, the differ-
ence between coated and uncoated NCM851005 CAMs is not 
as pronounced in pouch cells, since the overall capacity reten-
tion is increased. However, it can be observed that the coating 
improved the mean discharge voltage and reduced the increase 
in cell resistance over cycling, thereby increasing the cell per-
formance. The Coulombic efficiency is not significantly dif-
ferent, ≈99.90% for both coated and uncoated CAMs.

2.2. Coating of LNO CAM

For coating of the LNO CAM, the process had to be slightly 
modified to account for the fact that as-synthesized material 
had very little residual water (<50 ppm), which is necessary for 
the coating reaction to proceed. On the other hand, the sup-
plied NCM851005 had a water content of ≈600 ppm, as deter-
mined by Karl Fischer titration. To address this, an additional 
processing step was required to introduce moisture and prop-
erly coat the material. Specifically, the LNO CAM was dispersed 
in methanol containing a designated amount of water, then 
the supernatant liquid was removed and finally the powder 
was dried in vacuo before being subjected to the coating proce-
dure. Figure S5a,b, Supporting Information, shows the capacity 
retention and specific discharge capacity of the as-obtained LNO 
CAMs. As expected, dry LNO (<50 ppm water) coated using the 
1.5 equiv.:1.5 equiv. mixture only showed a slightly increased 
capacity retention versus the uncoated LNO, while wetted LNO 
(1100  ppm water) revealed a much greater improvement after 
coating. Notably, the difference between the 2.0 equiv.:1.0 equiv. 
and 1.5 equiv.:1.5 equiv. coatings was more pronounced than 
for NCM851005. Unless stated otherwise, coated LNO there-
fore refers to the 1.5 equiv.:1.5 equiv. coating mixture, which is 
investigated in more detail in the following paragraphs.

It is known that washing LNO alone can already affect its 
cycling performance, which can be significantly improved 
when water as the solvent is avoided.[6,10,28] With the wetting 
step in methanol and the reaction step in toluene, two washing 
effects can occur. Figure S5c,d, Supporting Information, shows 
the capacity retention and specific discharge capacity for LNO 
that was dispersed in toluene, but not coated and for LNO that 
was washed in methanol, but not wetted and coated. While 
the effect of toluene is negligible, the methanol-washed LNO 
clearly showed increased capacity retention. However, in all 
cases, the presence of the coating led to the most improved 
capacity retention.

As in the case of NCM851005 CAM, STEM-EDS of coated 
LNO confirmed the presence of a coating containing both 
aluminum and silicon (Figure  4a). Figure  4b shows a cavity 
between two primary particles that, prior to coating, likely con-
tained water due to the capillary effect. After coating, it was 
filled with a phase containing aluminum and silicon, providing 
an insight into the reaction of surface moisture with TMA and 
TEOS.

Figure 2. a,b) Surface constitution of the uncoated and coated  
(1.5 equiv.:1.5 equiv.) NCM851005 CAMs. c) STEM-EDS analysis of coated 
material showing the presence of a protective layer on the particle surface.
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To quantify the amount of coating, inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) analysis 
was carried out. As shown in Figure  5, the amounts of sil-
icon and aluminum were similar for both the NCM851005 
and wetted LNO CAMs. Furthermore, the surface moisture 
reaction was proven by clearly increased elemental content 
in the wetted LNO as opposed to the dry one. The disparity 
between aluminum and silicon contents, especially after con-
sidering the silicon already present in the uncoated CAM, 
can be explained by the higher reactivity of TMA compared 
to TEOS.

Recently, a long-term pouch cell study has been reported 
for LNO.[26] In a similar fashion, yet with differences in cell 
assembly and under different cycling conditions, both the 
1.5 equiv:1.5 equiv. and 2.0 equiv.:1.0  equiv. coatings were 
compared to bare LNO, providing a second data set of LNO 
long-term performance. As depicted in Figure 6a, the capacity 
retention achieved with the two different coating mixtures is 
very similar in pouch cells and notably improved compared 
to that of bare LNO. Cells using the bare LNO on average fell 
below 80% capacity retention after 69 cycles, while cells with 
the coated LNO on average lasted 205 cycles, an improvement 
by a factor of three. Figure 6b–d shows that other relevant cell 
characteristics are also improved, as well as the fact that there 
is only a minor advantage of the equimolar coating reagent 
mixture over the 2:1 ratio in terms of cell resistance and mean 
discharge voltage. It is noteworthy that the specific capacity in 
the first cycle was decreased by only 5.2 mAh gCAM

−1 (214.5 vs 

219.7 mAh gCAM
−1) compared to uncoated LNO. The average 

Coulombic efficiency was above 99.91%.

2.3. Post-Mortem Analysis

After completion of the long-term cycling (1100 cycles), the LNO 
pouch cells were disassembled and the electrodes harvested. 
Figure  7a–c shows results from STEM imaging and electron 
energy-loss spectroscopy (EELS) elemental mapping of sur-
face regions of coated and uncoated secondary particles. It can 
be seen that a ≈10  nm coating was still present after cycling. 
Additionally, a fluorine-containing layer was apparent both on 
coated and uncoated particles, with the layer being more dif-
fuse around uncoated particles.

Detailed study of the NiL2,3 edge reveals its chemical shift of 
≈1 eV to lower energy near the LNO particle surface (Figure S6,  
Supporting Information). Figure 7d,e shows the chemical shift 
mapped using the multiple linear least squares (MLLS) fit-
ting routine in Gatan Digital Micrograph. The maps indicate 
a surface layer thickness of ≈8  nm in coated and 20–30  nm 
in uncoated LNO. The NiL2,3 edge shift provides evidence 
that the Ni cations are in different valence states near the par-
ticle surface compared to the bulk. Note that the Ni reduction 
observed near the surface is indicative of the formation of 
a rock salt-type LixNi1−xO layer, as is often reported in the lit-
erature.[29–33] The presence of the rock salt-type structure was 
also confirmed by high-resolution STEM (HR-STEM), see 

Figure 3. Difference in a) capacity retention, b) specific discharge capacity, c) mean discharge voltage, and d) cell resistance between coated  
(1.5 equiv.:1.5 equiv.) and uncoated NCM851005 CAMs in pouch full cells. Cells tested at 45 °C, 1.0 C, 3.0–4.2 V.
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Figure  7f,g. In the bulk, a characteristic pattern of the layered 
structure with bright rows of Ni cations spaced by 4.84 Å [(003) 
crystallographic plane] is observed. The pattern changes at the 
surface, where the contrast becomes homogeneous. These find-
ings are corroborated by the corresponding fast Fourier trans-
forms (FFTs). The TEM investigation of the interface between 
two primary particles in coated and uncoated LNO CAMs 
is detailed in Figure S7, Supporting Information, showing 
smooth edges and a clear gap for coated LNO, but rough edges 
and a gap diffusely filled with oxygen, fluorine, and nickel for 
uncoated LNO. The match in location of fluorine and nickel, 
also in Figure 7, suggests the presence of NiF2

[34] as a degrada-
tion product from acid leaching, which is further evident from 

TEM results for cycled NCM851005 CAMs (see Figures S8 and 
S9, Supporting Information). For uncoated NCM851005, sur-
face corrosion can be observed. This is caused by the dissolu-
tion of transition-metal ions promoted by hydrogen fluoride.[35] 
Together with protons, lattice oxygen at the LNO surface forms 
water, receiving electrons from Jahn–Teller active Ni3+ in the 
process. The resulting Ni4+ readily oxidizes electrolyte mole-
cules and thereby is reduced to soluble Ni2+.[36] As the formed 
water again reacts with LiPF6, new hydrogen fluoride is formed, 
allowing the leaching to continue.

The Ni content of the harvested anodes (1100 cycles) was 
analyzed via ICP-OES to confirm whether dissolution and 
migration across the cell occurred.[37,38] Ni contents of (0.0294 ±  
0.0004) wt% in a cycled anode paired with cathodes of coated 
LNO and (0.0429 ± 0.0006) wt% in an anode paired with cath-
odes of uncoated LNO suggest that the protective surface layer 
also mitigates metal leaching, as has been reported before.[39]

Using XPS, the surface of the coated cathodes was investi-
gated in more detail. As shown in Figure 8, the binding energy 
of the Al 2p peak was increased by 0.9  eV for (cycled) coated 
LNO CAM when compared to fresh cathodes. Figure S10, Sup-
porting Information, shows a similar finding for NCM851005. 
This increase in binding energy is indicative of a fluorine-scav-
enging effect of the coating, leading to a change from oxide 
to oxyfluoride environment for the aluminum ions, as also 
suggested by the fluorine-containing layer observed by TEM 
(Figure  7) and described in the literature.[34,40,41] Figure S11, 
Supporting Information, shows the Al 2p XP spectra of coated 
and uncoated CAM powder samples. Silicon (Si 2p) was probed 
via XPS too, but because of residual silicon in the particles and 
the low amount of coating, no clear effect could be observed.

2.4. Gassing Analysis

Although some in situ data are available on the gas evolu-
tion of Ni-rich (>80% Ni content) NCM CAMs or even LNO, 
open questions remain because of the difficult comparability 
between experimental setups.[28,42–45] Moreover, no studies have 
been published yet on the influence of coatings on the gas evo-
lution of layered oxides in LIBs.[5,45] Here, our DEMS analysis 
focuses on carbon dioxide (CO2) evolution, the most prevalent 
gas released by far.[42,46] CO2 can be produced by decomposition 
of surface carbonate impurities, electrochemical oxidation of 

Figure 4. STEM-EDS analysis of a) the outer surface of a coated  
(1.5 equiv.:1.5 equiv.) LNO particle and b) a cavity between two primary 
particles.

Figure 5. ICP-OES results for uncoated and coated (1.5 equiv.:1.5 equiv.) 
NCM851005 and LNO CAMs.
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organic carbonate electrolyte, and chemical oxidation involving 
oxygen released from the lattice during transformation to the 
rock salt-type phase.[42,46,48] Recently, it was shown that decom-
position of surface carbonates contributes especially to the CO2 
evolution in the initial cycle,[46] while in later cycles, CO2 is 
formed by reaction of the reactive singlet oxygen (1O2) released 
from the CAM lattice with the electrolyte.[47] However, CO2 evo-
lution also strongly depends on the cut-off voltage and achieved 
state of charge (i.e., degree of delithiation).[42,44,46–48] Regardless 
of the CO2 origin, greatly reduced gassing is expected to have a 
beneficial effect on the electrochemical performance and, from 
a practical point of view, on safety.

NCM851005 and LNO, each coated using the 1.5 equiv.:1.5 
equiv. mixture of TMA and TEOS, were investigated via 
DEMS and compared to the respective uncoated CAMs. For 
NCM851005, Figure  9 shows a summary of specific charge 
capacities and total CO2 amounts for the first two cycles. As 
coated and uncoated NCM851005 showed similar capaci-
ties, hence, nearly equivalent states of charge, the amounts of 
evolved CO2 can be directly compared. Uncoated NCM851005 
released 62.4 µmol gCAM

−1 combined, while coated CAM only 
released 10.1 µmol gCAM

−1. The coating therefore lowered the 
total gas evolution by a factor of more than six. The difference 
between the first and second cycles can mostly be explained by 
the decomposition of surface carbonates in the initial cycle, as 
previously mentioned.[46]

For LNO, one has to consider the initially lower specific 
charge capacity of coated versus uncoated CAM that is likely 

caused by the higher resistance of the coated LNO, as shown 
in Figure  6. Consequently, reductions in gas evolution cannot 
be univocally attributed to the coating, but also to the effect of a 
lower state of charge. Further detailed analysis and discussion 
of the dependence of gassing on the state of charge for coated 
and uncoated CAMs is currently under investigation, but goes 
beyond the scope of this paper.

2.5. Discussion

From the observations made so far, we found multiple effects 
of the coating that can explain the reported increase in perfor-
mance. First, the reduced thickness of the rock salt-type surface 
layer, as shown in Figure 7. Second, the reduced gas evolution, 
as shown in Figure  9. Third, the scavenging of HF, as indi-
cated by the dense fluorine-containing layer in Figure  7 and 
the change in chemical environment of aluminum in Figure 8. 
Acid scavenging in turn prevents transition-metal leaching. It 
should be mentioned that the formation of AlF3 from alumina 
coatings has been reported not only as a result of HF scav-
enging, but also because of the reaction with LiPF6 in the elec-
trolyte, forming LiPO2F2 as a beneficial electrolyte additive.[14] 
So far, presumably due to the very small amount of coating 
elements present, the role of Si has not been determined and 
remains to be discussed. From ICP spectroscopy, an Al/Si ratio 
of 5.9 for LNO and 18.6 for NCM851005 is found, which can be 
explained by the higher reactivity of TMA compared to TEOS. 

Figure 6. Performance of LNO pouch full cells. Difference in a) capacity retention, b) specific discharge capacity, c) mean discharge voltage, and  
d) cell resistance between coated and uncoated LNO CAMs. Cells tested at 25 °C, 1.0 C, 3.0–4.2 V.
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As both reagents are in contact with the CAM at the same time 
and compete for surface moisture or hydroxides as reaction 
partners, it can be assumed that the local distribution of coating 
elements varies to some degree such that not a single composi-
tion is achieved, but multiple possible compositions of the type 
LixAlySizO (plus alumina and silica) are present at the same 
time at different spots. A similar observation of Lix[AlySizO4] 

has been made for manganese-rich cathodes, where an optimal 
combination of Al2O3 and SiO2 in the ratio of 2:1 was reported, 
yet at a much higher coating mass fraction.[49]

We suggest that additional to the positive effect of alumina, 
the high affinity of silicon and fluorine leads to the forma-
tion of fluorinated species, of which mostly SiF4 and Li2SiF6 
have been discussed in the literature,[20,22,50,51] while a variety 

Figure 7. STEM imaging and EELS mapping of a,b) coated (1.5 equiv.:1.5 equiv.) and c) uncoated LNO after long-term cycling and mapping of Ni 
valence state (red: +2, blue: +3) in d) coated and e) uncoated CAMs. HR-STEM images confirm the presence of a rock salt-type layer of different thick-
nesses for f) coated and g) uncoated LNO.
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of oxyfluorides are also known.[52] These species might either 
retain fluorine permanently as a scavenger or react with alu-
mina, as applied in aluminum refining,[53] forming an oxy-
fluoride environment (see also section on XPS above). Because 
the coating still contains silicon after 1100 cycles, mobile (gas-
eous) species, such as SiF4, either reacted before leaving the 
layer or their formation was disfavored versus less mobile spe-
cies. In DEMS, the formation (or non-formation) of SiF4 can 
only be monitored by following the m/z  = 85 signal of SiF3

+, 
where also POF2

+, the main fragment of POF3, a known gas-
sing product,[54,55] is detected.

Furthermore, the formation of silicates, such as Li2SiO3
[23] 

and Li4SiO4,[21] has been reported to support lithium diffusion 
and protection of the CAM. Beyond the abovementioned acid 
scavenging at the cathode side,[19] silica is also used in separa-
tors[50] and composite electrolytes[56,57] to increase cell perfor-
mance, providing further support to its beneficial role within 
the cell. Additionally, silica and aluminosilicates have been 
shown to quench 1O2.[58,59] As the oxygen released from the lay-
ered CAM lattice is apparently 1O2,[48,60] we hypothesize a con-
version of highly reactive singlet oxygen to less reactive triplet 
oxygen as an additional stabilization mechanism.

To address whether the beneficial effect of the TMA:TEOS 
combination is specific to the respective elements, experiments 
were carried out in a similar fashion with trimethylgallium and 

trimethylbismuth and their combinations with TMA. However, 
they did not lead to satisfactory results. While the exact reason 
is unclear at present, often observed rollover failure points at 
issues of coating stability and metal deposition on the anode 
side.

In summary, we propose that alumina and silica coatings on 
their own act via different protective mechanisms and a combi-
nation of both materials therefore shows a synergistic effect by 
merging these mechanisms, most likely within an aluminosili-
cate-type structure.

3. Conclusion

In this work, a liquid-phase binary coating approach was 
applied to two promising next-generation Ni-rich CAMs, 
namely, NCM851005 and LNO. For NCM851005, multiple 
experiments were performed to examine the performance 
of different coating compositions and amounts. It was found 

Figure 8. Increase in Al 2p peak-binding energy after cycling of the LNO 
CAM suggesting a change in chemical environment of the Al ions from 
oxide to oxyfluoride or fluoride.

Figure 9. DEMS measurements on NCM851005 CAMs. Cells tested at 
25 °C, 0.1 C, 3.0–4.3 V versus Li+/Li.
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that the optimal coating is obtained from a reaction mixture 
of 150  µmol each of TMA and TEOS per 1  g of NCM851005, 
whereas higher reagent amounts reduce the initial specific 
capacity and lower reagent amounts, as well as different ratios, 
lead to accelerated capacity fading. ICP-OES clarified that the 
same amounts of precursors do not necessarily lead to a coating 
with equimolar amounts of silicon and aluminum.

The results of the study on NCM851005 were transferred to 
LNO via the inclusion of an additional wetting step. This pro-
cedure enabled achieving a successful coating, as proven not 
only by cell performance, but also by SEM, TEM, and ICP-OES. 
In pouch cells, uncoated LNO lasted an average of 69 cycles 
before reaching 80% of its original capacity, while cells with 
LNO coated by the aforementioned optimal mixture lasted an 
average of 205 cycles, which is a drastic improvement by a 
factor of three. After long-term cycling for almost 1100 cycles, 
electrodes (NCM851005, LNO, graphite) were harvested and 
investigated using TEM, ICP-OES, and XPS. It was found that 
in coated LNO, a much thinner rock salt-type layer had formed 
on the surfaces compared to uncoated LNO. While the coating 
appeared to be intact after cycling, it now also contained fluo-
ride, while in uncoated LNO, the fluoride layer seemed more 
diffuse. This result suggests a fluorine-scavenging effect of the 
coating, as supported by the observation of increased Al 2p 
peak-binding energy via XPS. Using ICP-OES, the Ni content 
of anodes paired with coated LNO was found to be lower than 
that of anodes paired with uncoated LNO, indicating that the 
coating also reduces metal leaching.

The outgassing of NCM851005 during battery operation 
was investigated by DEMS. The coating drastically reduced 
the gas evolution, which at least to some extent, is responsible 
for improved electrochemical performance. As carbon dioxide 
(after the 1st cycle) mostly stems from the reaction of released 
lattice oxygen with the electrolyte components, the detrimental 
high-voltage phase transformation appears to be reduced, as 
also confirmed by post-mortem TEM.

In conclusion, we proved that the synergetic effect of Al and 
Si yields an oxide coating suitable to stabilize CAMs with a 
Ni content up to 100%. The coating protects the materials by 
scavenging HF and reducing the amount of transition-metal 
dissolution, as well as by reducing the outgassing at high 
states of charge. Both effects ultimately lead to lower imped-
ance increase and better capacity retention in pouch full cells. 
In future studies, more detailed investigations into the role 
of Si and the scavenging mechanism are envisioned. The use 
of a non-hydrolyzing electrolyte salt, such as Li[(C2F5)3PF3],[61] 
instead of LiPF6 and the resulting reduced formation of HF 
may provide an insight into what extent HF scavenging is 
explaining the effect of the coating and to what extent other 
protective mechanisms are involved. Because other organome-
tallic reagents can be used in the experimental procedure, dif-
ferent coating compositions and elemental combinations open 
up space for future studies.

4. Experimental Section
Unless stated otherwise, all preparative steps were performed in a 
glovebox (MB200B, MBraun) under an argon atmosphere with oxygen 

and water levels below 0.1 ppm. NCM851005 was supplied by BASF SE 
and used as received. LNO was prepared as reported in the literature.[62]

LNO Synthesis: LiNiO2 was prepared from Ni(OH)2 and Li(OH) H2O 
(BASF SE). After thoroughly mixing Ni(OH)2 (12.981  g, 0.140  mol, 
1.00 equiv.) and LiOH H2O (5.933 g, 0.141 mol, 1.01 equiv.), the resulting 
mixture was heated in oxygen flow (5  L h−1, ≈0.65  reactor volume 
exchanges per h) in a box furnace (VMK-80-S, Linn High Term) at 700 °C 
for 6 h, with heating and cooling rates set to 3 °C min−1. The calcination 
product was rapidly transferred into the glovebox and sieved with a 
45  µm metal sieve, yielding 13.272  g LNO. LNO purity was confirmed 
by X-ray diffraction (XRD) and multiple batches were blended to ensure 
uniform properties.

To obtain wetted LNO, an amount of 3.5  g LNO was dispersed in 
a solution of 15  µL deionized water in 5  mL dry methanol, and the 
dispersion was shaken for 5  min. The supernatant liquid phase was 
removed with a syringe and the LNO dried at room temperature and 
1 × 10−3  mbar on a Schlenk line for 2  h. Wetting was confirmed by 
Karl Fischer titration, indicating a water content in the range between 
1100 and 1200 ppm, in contrast to a water content below the detection 
limit for dry (as-synthesized) LNO.

Coating Reaction: An oven-dried Schlenk flask containing a magnetic 
stirring bar was transferred to the glovebox and 7  mL dry toluene 
(Sigma–Aldrich) added into the flask. The reagents were then added 
dropwise. For TMA, a 2  m solution in toluene (Sigma–Aldrich) was 
used. TEOS (Merck KGaA) was used as received. For readability and 
easy comparison, the reagent amount was given in equivalents of a base 
amount of 100 µmol reagent per 1 g of CAM. After adding the reagents, 
the solution was stirred for 1  h and then 2.5  g CAM was added. After 
2 h, the flask was transferred to a Schlenk line with a cold trap between 
line and flask to remove solvent and excess reagents in vacuo. After 
no liquid phase was visible anymore, the flask was directly attached 
to the Schlenk line and the CAM dried at room temperature and  
1 × 10−3 mbar overnight. The obtained material was heated at 300 °C in 
a tube furnace (P330, Nabertherm) in oxygen flow (1 L h−1, ≈1.5 reactor 
volume exchanges per h) for 1 h. The heating and cooling rates were set 
to 2.3 °C min−1. Afterward, the product was rapidly transferred back into 
the glovebox.

Cathode Preparation: The cathode slurries necessary for electrode 
fabrication were prepared by first mixing a 7.5 wt% binder solution 
of polyvinylidene difluoride (PVDF, Solef 5130, Solvay) in N-methyl-
2-pyrrolidone (NMP, ≥99.5%, Merck KGaA) with conductive carbon 
black (Super C65, TIMCAL Ltd.) and NMP in a planetary centrifugal 
mixer (ARE-250, Thinky) for 3  min at 2000  rpm, followed by 3  min at 
400  rpm. After the first mixing, the CAM was added to the slurry. For 
LNO, a sealable screw-cap mixing cup was used and the CAM added 
inside the glovebox. For NCM851005, an open mixing cup was used. 
The mixture was then stirred again for 3 min at 2000 rpm and 3 min at 
400  rpm, yielding a homogenous deep black slurry. Using a motorized 
film applicator (Erichsen Coatmaster 510), the slurry was immediately 
coated on 0.03  mm thick aluminum foil with a blade film applicator 
having a slit height of either 120 µm for NCM851005 or 140 µm for LNO 
to achieve areal loadings of ≈10 mgCAM cm−2. The resulting cathode 
tapes were dried at 120 °C in vacuo overnight and afterward calendared  
at 15  N mm−1 (Sumet Messtechnik). Coin-cell cathodes were punched 
out using an arc punch of 14  mm. Pouch cell cathodes were punched 
out using a 20 × 40 mm2 die. For DEMS-cell cathodes, a circular die with 
an inner diameter of 4 mm and an outer diameter of 30 mm was used.

Cell Preparation: CR2032 steel coin cells (Hohsen Corp.) were 
assembled inside the glove box with a vacuum pen by placing cathode, 
gasket ring, and separator in the case, then soaking with electrolyte 
and adding the anode, spacer disk, and spring before closing  
the cell by slightly pressing the cap into the gasket ring. The cells were 
sealed by crimping (MSK-160D, MTI Corp.). A 17  mm polyethylene 
fiber separator (Freudenberg), 50  µL LP472 electrolyte (1.0  m LiPF6 in 
3:7 ethylene carbonate [EC]:diethyl carbonate [DEC] by weight with 2% 
vinylene carbonate additive), and a 15  mm diameter graphite anode 
(≈8 mg cm−2) were used. Single-layer pouch cells were assembled in 
a dry room (dew point <  −55  °C) using a 50 × 30  mm2 microporous 

Adv. Mater. Interfaces 2021, 2101100



www.advancedsciencenews.com
www.advmatinterfaces.de

2101100 (10 of 11) © 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

polypropylene separator (Celgard 2500), 500 µL LP472 electrolyte, and a  
42 × 22 mm2 graphite anode. The n/p ratio[63] was controlled by choosing 
adequate electrode loadings based on the initial specific capacity in 
half-cells (LNO : 250 mAh g−1, NCM851005 : 235 mAh g−1, graphite: 
330 mAh g−1). With a graphite loading of 64 mg per pouch cell anode, 
n/p ratios of 1.16 for LNO (73 mg CAM per pouch cell cathode) and 1.32 
for NCM851005 (68  mg CAM per pouch cell cathode) were achieved. 
The lower n/p ratio for LNO was chosen to partially accommodate the 
increased initial loss of cathode capacity.[64]

Electrochemical Testing: In general, for every experiment, at least three 
cells were successfully cycled and results are shown as the average of 
these cells. They were cycled in a battery testing system (Series 4000, 
MACCOR) at 45 °C to stress the CAM in order to observe performance 
differences earlier, or in case of LNO pouch cells, at 25 °C to ensure 
comparability with most other LNO cycling studies.[26] The first two 
cycles involved galvanostatic charging to 4.2 V (full cells) or 4.3 V (half-
cells) at a rate of 0.1 C, with 1 C = 195 mA gCAM

−1 for NCM851005 and 
225 mA gCAM

−1 for LNO. After reaching the cut-off voltage, the charge 
was continued for either 1 h or until the current dropped below 0.02 C 
depending on which condition was met first. After 5 min of rest, the cells 
were discharged to 2.8 V at 0.1 C rate and then rested for 5 min. After 
these initial cycles, the charge rate was set to 0.5 C. The discharge rate 
was 1 C for the first ten cycles, then a rate test with two cycles each 
at 0.5, 1, 2, and 3 C followed. For long-term cycling, the rate test was 
repeated after 100 cycles at 1 C each.

For NCM851005, coin-cell testing was ended automatically after 
425 cycles or when the discharge capacity fell below 80% of the specific 
capacity delivered in the 3rd cycle. For LNO and all pouch cells, the test 
was carried out beyond this and ended manually. Capacity retention was 
reported as the share of capacity in a given cycle compared to the 3rd 
cycle capacity of the cell in question. The cell resistance was calculated 
once per cycle from the voltage difference between the last data point 
of rest after constant-voltage charge and the interpolated voltage after 
1 s of discharge at the given discharge current. Thus, the reported 
resistance is that of a cell after completed charge.

Gas Analysis: The gas evolution was studied by differential 
electrochemical mass spectrometry (DEMS). A specialized cell made 
from a 30 mm diameter cathode with a 4 mm hole in the center allowed 
for gas flow, a 40  mm diameter GF/D glass microfiber separator 
(Whatman), a 32  mm diameter Li-metal anode, and 800  mL LP57 
electrolyte (1.0  m LiPF6 in 3:7 EC:ethyl methyl carbonate [EMC]) was 
cycled in the voltage range between 2.8  V and 4.3  V versus Li+/Li at 
0.1 C rate. During cycling, a constant stream of He carrier gas (purity 6.0, 
2.5  mL min−1) was passed through the cell. The extracted gas mixture 
was analyzed using a mass spectrometer (Omni Star GSD 320, Pfeiffer 
Vacuum GmbH). Further details can be found in the literature.[65,66]

Karl Fischer Titration: Coulometric Karl Fischer titration was carried 
out using an 851 Titrando setup (Metrohm). About 500 mg sample was 
heated to 250  °C in an oven module (860 KF Thermoprep, Metrohm) 
under a stream of dry air toward the measurement cell. The detection 
limit of the setup is ≈10 µg, with a quantification limit of ≈50 µg for water.

Electron Microscopy: Scanning electron microscopy (SEM) was carried 
out with a Leo 1530 SEM (Zeiss) equipped with a Schottky-type field-
emission gun at accelerating voltages of 10  or 20  kV with an in-lens 
secondary electron detector. Energy dispersive X-ray spectroscopy (EDS) 
was carried out at 20 kV using an Oxford X-MaxN (Oxford Instruments) 
detector.

Transmission electron microscopy (TEM) of powder samples was 
performed using a Titan 80–300 image-corrected microscope (FEI) 
equipped with an EDAX EDS detector. The study of tapes was performed 
on a Themis Z (Thermo Fisher Scientific) double-corrected transmission 
electron microscope operated at 300 kV. Samples for TEM investigation 
were prepared by lift-out technique using a gallium focused-ion beam 
(FIB) on a STRATA dual-beam system. The samples were milled at 
30 kV followed by final polishing at 2 kV to reduce surface-layer damage. 
Scanning TEM (STEM) images were collected using a high-angle annular 
dark-field (HAADF) detector. EELS data were acquired with an energy 
resolution of ≈1 eV, estimated by the full width at half maximum of the 

zero-loss peak (ZLP) by a Gatan image filter with continuum camera 
(Gatan Inc.). The spectra were collected in dual EELS mode, allowing to 
lock the ZLP and use it as a reference for accurate determination of the 
edge position of each element.

ICP-OES: For ICP-OES, the samples were dissolved in acid in a 
graphite furnace and unless stated otherwise, mass fractions of specified 
elements were measured three times per sample.

XPS: X-ray photoelectron spectroscopy (XPS) measurements were 
performed using a K-Alpha instrument (Thermo Fisher Scientific) 
applying a micro-focused, monochromatic Al-Kα X-ray source with 
a 400  µm spot size. The samples were transported under inert 
atmosphere for XPS analysis. Data acquisition and processing using 
the Thermo Avantage software is described in ref. [67]. The K-Alpha 
charge-compensation system was employed during the analysis using 
electrons of 8 eV energy and low-energy argon ions to prevent localized 
charge buildup. The spectra were fitted with one or more Voigt profiles. 
All spectra are referenced to the C 1s peak of either hydrocarbon at 
285.0 eV or graphitic carbon at 284.4 eV controlled through well-known 
photoelectron peaks of Cu, Ag, and Au. For intense peaks and/or peaks 
clearly evidenced by the peak shape, the binding energy uncertainty was 
±0.1 eV. In the case of weak peaks and no direct justification by the peak 
shape, the uncertainty was set to ±0.2  eV. The analyzer transmission 
function, Scofield's sensitivity factors,[68] and effective attenuation 
lengths (EALs) for photoelectrons were applied for quantification. The 
EALs were calculated using the standard TPP-2M formalism.[69]
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