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1. Introduction

The need for energy storage materials 
has drastically increased over the last dec-
ades. Especially with the rising interest 
in mobile electronic devices, smart con-
sumer products, and electromobility, the 
research on battery materials gained huge 
momentum in recent years.[1–4] Most of 
the mobile electronic devices would not 
be possible without the lithium ion battery 
(LIB), which was commercially released 
by SONY in 1991. With its high capacity of 
around 160 mAh g−1, good rate capability, 
and cycling performance, lithium cobalt 
oxide (LCO) became the prototype of 
modern cathode materials in lithium ion 
batteries.[5] In the following years, cobalt 
was more and more substituted by manga-
nese, aluminium and/or nickel due to its 
high costs.[6] The most promising group 
of these substitution materials are the 
lithium nickel cobalt manganese oxides 
(NCM). They combine the positive aspects 
of all three oxides (good rate capability, 
high capacity, and good stability) and are 
in the focus of intense research.[7] Com-
bined with lithiated graphite as anode and 

a liquid electrolyte, they became state-of-the-art examples for 
modern, mobile battery systems.

However, there are still negative aspects with this class of 
material, such as side reactions occurring at both the anode and 
the cathode during intercalation and deintercalation of lithium 
ions. During cycling, degradation of the organic electrolyte 
compounds forms a so called solid electrolyte interface (SEI).[8–

11] On the anode side, this layer leads to a decrease in perfor-
mance. Regardless of the downside, the SEI on the anode ben-
efits the cycling stability in the long run due to the formation of 
a passivating layer that hinders further corrosion and side reac-
tions. On the cathode side, however, the side reactions not only 
degrade the electrolyte but also the active material itself leading 
to the formation of a cathode-electrolyte interface (CEI), which 
impedes lithium ion transport at the surface.[12–15] During 
cycling, the NCM gets delithiated, which destabilizes the 
cathode material due to the lithium loss in the structure. Con-
sequently, transition metals get dissolved into the electrolyte, 
especially manganese, which is known to dissolve in organic 
solvents. Another source for corrosive specimens is LiPF6, the 

A facile procedure is demonstrated to prepare lithium nickel cobalt 
manganese oxide (NCM) thin film cathodes. Via a sol-gel approach and 
subsequent spin-coating, a crystalline and phase-pure cathode layer is 
prepared without any further additives or binders. It is shown that the thin 
film cathodes are ideal model systems to access the effect of coating layers 
on electrochemical performance in lithium ion batteries. For this purpose, 
the thin films are coated with an ultrathin alumina layer using atomic layer 
deposition. The samples are structurally and electrochemically characterized, 
exhibiting comparable properties as cathodes prepared from powder. After 
cycling, post-mortem analysis is conducted to investigate structural changes 
inflicted by the electrochemical treatment. The characterization reveals that 
uncoated samples exhibit severe structural changes due to cycling, while 
coated samples show only minor changes under the same conditions. Post-
mortem surface analysis using X-ray photoelectron spectroscopy confirms 
the corrosion of the uncoated cathode and proofs the scavenging effect of 
alumina. The presented results provide a simple and versatile method to 
prepare thin film NCM model systems, which enable an accurate analysis 
of the cathode–electrolyte interface and thus allow to obtain a deeper 
understanding of the beneficial effect of coatings for next-generation lithium 
ion batteries.
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conductive additive in the electrolyte. With the residual water 
inside the electrolyte or water generated by the decomposi-
tion of organic molecules, LiPF6 decomposes and thereby pro-
duces HF.[16,17] The acid dissolves the transition metals and the 
lithium ions on the NCM surface, producing again water and 
HF during this process, and thus creating a degradation spiral, 
which leads to significant capacity fading.[12,17–19]

There are various approaches in literature that deal with this 
issue, like doping the cathode material with stabilizing ions like 
Ti4+, Zr4+, or Mg2+ or using alternative conductive salts (e.g., 
LiClO4, LiBOB) in the liquid electrolyte.[20–22] Another promising 
method to prevent the degradation of the cathode surface is 
coating the cathode material with a nanometer thin coating layer 
to create an artificial CEI.[23–25] While at first, the overall resist-
ance of the cell increases, the performance can be stabilized at 
high efficiencies in the long time run.[26] The coating acts as a 
blocking layer, preventing direct contact between the cathode sur-
face and the electrolyte species and therefore alleviates unwanted 
side reactions like corrosion of the cathode, dissolution of metals 
into the electrolyte, or unwanted phase transitions. The down-
side, however, is that the coating increases the cell resistance 
and acts as a barrier which needs to be overcome by the Li+ ions 
during cycling.[27–30] Many different coatings are recently being 
discussed in literature, ranging from Li+ ion conducting mate-
rials like LiNbO2 to insulating and chemically inert materials 
like Al2O3 or MgO. All of these materials improve the cycling 
stability and the overall electrochemical performance.[31–33]

However, the exact mechanisms of the reactions occurring 
at the surface and in the protective layer (transport through 
coating, side reactions etc.) are not well understood yet. Thus, 
a more detailed analysis of the reaction products formed at the 
surface of coated and uncoated cathodes is desirable in order to 
design effective coatings with optimized properties. Unfortu-
nately, the spherical nature of the secondary particles typically 
used as active material in the cathode prohibits a proper surface 
analysis. To utilize analytical methods like X-ray photoelectron 
spectroscopy (XPS), atomic force microscopy (AFM), or time-
of-flight secondary ion mass spectrometry (ToF-SIMS) with a 
high surface sensitivity and a maximum efficiency, 2D model 
systems (thin film battery electrodes) are needed.[34] In recent 
years, this topic became more and more important in the battery 
community all over the world. While the deposition of LCO thin 
films is known for many years, there are not many publications 
regarding the successful deposition of NCM thin films.[35–38] 
Most of the research on NCM thin films focuses on physical 
vapour deposition (PVD) methods like sputtering or pulsed laser 
deposition (PLD).[34,39–41] Thus, the deposition of these films 
requires high vacuum conditions and a huge amount of energy 
for the deposition process. Furthermore, the films often grow 
epitaxially with a preferred orientation, which does not reflect 
the structural properties of cathodes commercially used in LIBs.

Here, we present a facile and reproducible way to synthesize 
NCM thin film cathodes by a sol-gel process using spin coating. 
The thin films exhibit a smooth surface and a randomly dis-
tributed orientation of the crystallites making them an ideal 
model system, which allows not only to determine the intrinsic 
properties of cathode materials, such as the lithium diffusion 
coefficient, but also enables a detailed study of the electrode–
electrolyte  interface properties before and after cycling using 

surface sensitive techniques.[42] To assess the suitability of 
the thin films to serve as model electrodes, the influence of a 
protective coating on their electrochemical performance was 
investigated. For this purpose, some thin films were coated 
with an ultra-thin Al2O3 protective layer using atomic layer 
deposition (ALD). Electrochemical cycling and cyclic voltam-
metry were performed subsequently on pristine and coated 
cathode thin films. To get a better insight on the comparability 
to powder samples and into structural changes of the thin films 
inflicted by the electrochemical treatment, a thorough structural 
analysis on the pristine and Al2O3 coated cathodes before and 
after electrochemical cycling was performed. Post-mortem anal-
ysis of the cycled and washed thin films enabled a first look on 
the surface reactions prohibited by the protective coating. AFM 
measurements confirm the structural degradation of the pris-
tine sample, while XPS analysis reveals that the Al2O3 coating 
scavenges the corrosive fluorine species to bind it, creating a 
passivation layer at the interface. Furthermore, the formation 
of NiF2 and MnF2 species at the interface was confirmed using 
XPS, whose signals are usually superimposed by signals of the 
additives used in powder-based electrodes. Overall, we show 
that the thin films acts as a suitable and adaptable model system 
for NCM cathode materials, which offer a detailed investigation 
of the formation, the composition, and the structural properties 
of the CEI without interference of binders or additives.

2. Results and Discussion

2.1. Analysis of the Protective Al2O3 Coating Layer

In order to confirm the successful deposition of the ultrathin 
Al2O3 coating layer on top of the cathode, the characteristic Al 
2p and Ni 2p3/2 signals of different coating thicknesses of 2 nm 
and 5  nm were measured using XPS as a function of sputter 
etching time. The results are shown in Figure 1. For the pristine 
thin films, a strong Ni 2p3/2 signal can be detected at 855.2 eV, 
which is in good agreement with values reported in literature 
for Ni2+ in NCM.[14,43,44] A weak Al 2p signal at around 74.2 eV 
is visible, which disappears with increasing etching time 
(Figure  1d). We therefore attribute this to a small amount of 
surface contamination.

For both coated samples, a strong Al 2p signal at around 
74.4  eV is visible (Figure  1e,f), which shifts to lower binding 
energies during the first sputtering step. According to Maibach 
et al. this effect is related to the calibration on the C1s adventi-
tious carbon species.[45] Due to surface effects, the binding ener-
gies of this carbon species shift and therefore alter the position 
of other surface species when calibrated to the C1s signal. After 
removing this surface species and getting a constant signal for 
all species, the binding energy of the cleaned Al2O3 surfaces 
are 74.3 eV and 74.8 eV for the thin films coated with a 2 nm 
and 5  nm thin Al2O3 layer, respectively. These values are in 
good agreement with literature values for Al2O3.[46,47] Further 
sputtering leads to a decrease in the Al 2p signal intensity in 
both cases while the intensity of the Ni 2p3/2 signal and its sat-
ellite signals arise (Figure  1b,c). The energetic position of the 
Ni 2p3/2 signal at about 855.1  eV is again in good agreement 
with literature data of NCM.[9,48,49] For the surface of a sample 
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coated with a 5  nm thin layer of alumina and even after the 
first two sputter steps, no Ni 2p signals are measurable. It is 
worth noting that XPS is a surface sensitive method with a typ-
ical maximum analysis depth of 3–7  nm. However, the actual 
analysis depth depends on the material itself and initial and 
final state processes. The absence of a Ni 2p signal in case of 
the coated NCM thus shows a very high sensitivity to the first 

few nanometers of the surface and confirms a complete and 
homogeneous coating of the thin films. In the case of the 2 nm 
coated sample (Figure 1b), the Ni 2p is observed even without 
a sputtering step, revealing that the coating layer is sufficiently 
thin, so that the photoelectrons of the NCM material can reach 
the analyser. We expect the ALD growth process to be the same 
for both layer thicknesses and therefore assume that the 2 nm 

Figure 1.  XPS analysis of a,d) the pristine thin film and the thin films coated with b,e) 2 nm and c,f) 5 nm alumina.
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coated sample also exhibits a homogeneous Al2O3 coating 
of the surface. Overall, the XPS results indicate a successful 
coating of the NCM thin film cathodes.

2.2. Electrochemical Analysis of NCM Thin Films Coated 
with Al2O3

Electrochemical cycling of the pristine and coated thin film cath-
odes were performed against a metallic lithium anode using 1 m  
LiPF6 in EC:DMC (1:1) as electrolyte. Cyclic voltammograms 
of the first six scans of the pristine and coated NCM thin films 
are shown in Figure 2. All CV curves show the typical oxidation 
(3.8 V) and reduction peaks (3.7 V) in a voltage range between 
3.0 and 4.2 V, which are attributed to the Ni2+/Ni4+ redox couple 
of NCM111.[43] For the uncoated sample shown in Figure 2a, the 
main oxidation peak during the first scan is shifted to a slightly 
higher potential (3.85  V), which is known to occur in NCM 
powder-based cells as well.[50] However, more prominent is a 
second peak occurring in the anodic scan at around 4 V. Inter-
estingly for the coated samples (Figure 2b,c) this peak is barely 
visible or completely vanishes. The origin of this peak at around 
4 V may be attributed to reactions on the surface of the cathode 
material which no longer occur when the surface is coated 
with an inert material. In literature there are several explana-
tions, which reaction may be responsible for the presence of the 
second oxidation peak. According to Chen et al. the peak at 4 V 
can be attributed to an additional phase transition during oxida-
tion of NCM811. The first transition from the hexagonal layered 
phase to a monoclinic one is located at around 3.8 V, while the 
second transition, from the monoclinic to a second hexagonal 
phase, occurs at around 4.0  V.[51] This behaviour is also found 
for NCM111 powder materials.[51] Several studies confirm that an 
ultrathin coating of the cathode material inhibits the additional 
phase transition at around 4.0  V, which is in good agreement 
with our findings.[52–54] Another possibility for the second oxida-
tion peak in the CV of the uncoated thin films is the decomposi-
tion of the electrolyte happening at the surface. This would also 
explain why the corresponding peak is missing in the cathodic 
scan. In the cathodic scan, only one reduction peak at 3.73  V 
(lithiation) occurs. In combination with the oxidation peak vis-
ible at around 3.85 V (delithiation), these two peaks correspond 
to the Ni2+/Ni4+ redox pair. In the second cycle, the oxidation 

peak of NCM is located at 3.81 V and therefore shifts to a lower 
voltage by 40  mV. This behaviour is typically observed during 
the first and second cycles of NCM. According to Kasnatscheew 
et al. the increase of the cell resistance in the first cycle can be 
explained by parasitic surface reactions, like electrolyte decompo-
sition, but also by structural changes in the cathode material.[55] 
With increasing cycling numbers, the oxidation peak starts to 
shift again to higher potentials by about 20–30 mV during the 
first five charge–discharge cycles, indicating an increase in the 
cell resistance and therefore implying the formation of a passiva-
tion layer on the surface of the cathode. During the first cathodic 
scan, a shift of roughly 10 mV to lower potentials is also visible 
for the reduction peak, starting at 3.73 V during the first scan. 
Consequently, the overpotential of the cell increases by roughly 
40 mV during the first five charge–discharge cycles. During the 
first cycles, the current decreases significantly, starting with an 
oxidation peak current of 33 µA during the first cycle and drop-
ping to 9 µA during the fifth cycle. The decrease in current with 
each cycle is accompanied by a loss in capacity, further indi-
cating the formation of a decomposition layer.

The cathode thin film coated with 2  nm Al2O3 (Figure  2b) 
shows a sharp and prominent peak at 3.88 V in the first anodic 
scan which indicates a significant higher overpotential com-
pared to the uncoated samples, where the peak is located at 
3.85 V during the first cycle. The high overpotential of 80 mV 
is attributed to the higher resistance arising from the delithi-
ated Al2O3 coating layer as lithium needs to diffuse through 
the coating layer into the electrolyte during charging. However, 
as for the uncoated sample, the peak shifts to lower potentials 
(3.8  V) for the subsequent cycles indicating the lithiation of 
the Al2O3 coating accompanied with an improved conductivity 
for Li+. For the subsequent anodic scans, a nearly identical 
behavior with an oxidation peak occurring at approximately 
3.8  V is found. The same holds for the cathodic part, which 
reaches a maximum at 3.73 V. Minor polarisation during sub-
sequent cycling indicates only a minimal increase in the cell 
resistance. As shown in Figure  2c, a comparable behavior is 
also found for the cathode thin film coated with a 5 nm thin 
Al2O3 surface layer. The first anodic peak reaches its maximum 
at 3.89  V, that is, at a slightly higher overpotential of 90  mV. 
The even higher overpotential is mainly attributed to the higher 
resistance of the thicker coating layer. However, as for the 
2 nm coated cell, the anodic peak of the second cycle exhibits 

Figure 2.  CV curves of a) the pristine NCM film and the NCM thin films coated with b) 2 nm and c) 5 nm alumina.
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its maximum at 3.8 V, while for the following cycles, the peak 
shifts to a slightly higher potential of 3.81 V. This corresponds 
to the shift of the reduction peak from 3.73 to 3.72 V observed of 
the cathodic scan during the first six cycles. In both coated thin 
films, there are minor to no traces of a second oxidation peak 
around 4.0 V as observed for the uncoated thin film cathode. As 
mentioned before, this oxidation peak is attributed to surface 
reactions and/or to an additional phase transition of the active 
material, which are hindered by the coating with alumina. After 
the CV measurements, the cycling stability of the thin films 
were measured at a rate of 0.1  C in a potential window between 
3.0 and 4.2  V as shown in Figure  3. The thin films exhibit 
capacity values of about 60–80 mAh g−1, which is significantly 
lower compared to powder NCM cathodes typically showing 
capacities in the range of 160–170 mAh g−1.[56] The reason is 
that the NCM thin films possess a lower electrochemical active 
surface area compared to powder materials and contain no 
additional additives. Comparable results were also reported by 
Philipp et al. who investigated the electrochemical properties of 
sputtered NCM thin films.[41] Furthermore, it has to be noted 
that the electrochemical cycling of the cathodes was preceded 
by a cyclic voltammetry (CV) analysis (grey region in Figure 3), 
resulting in differences in the initial capacity of the first cycling 
after the CV measurements. Thus, for better comparison of the 
cycling behaviour, Figure  3 shows the normalized capacity of 
each cell. For the pristine NCM thin films (Figure  3a), a sig-
nificant capacity fading is observed. During the first 20 cycles 
after the CV measurement, the capacity significantly decreases 
and reaches only 36.5% of the initial capacity, while the overall 
efficiency remains constant at about 89%. During the 42nd 
cycle, the cell further drops to about 23 % of the capacity of the 
first cycle, and finally breaks down in the consecutive charging 
step. For the thin film cathode coated with 5  nm alumina, a 
comparable behavior is observed in the first cycles as shown in 
Figure  3c. However, the capacity fading during cycling is less 
pronounced and it retains roughly 50 % of its initial discharge 
capacity up to the 50th cycle. In contrast, the thin film cathode 
with 2  nm alumina coating (Figure  3b) shows a significantly 
higher discharge capacity in the beginning of the cycling pro-
cedure. Furthermore, the capacity fading is even more sup-
pressed as the thin film reaches 75  % after the 100th cycle. 
The efficiency of the cathode coated with 2  nm Al2O3, which 

reaches values of around 97%, also exceeds the efficiency of the 
5 nm coated thin film (≈92%). These results confirm the ben-
eficial effect of the alumina coating on the electrochemical per-
formance and indicate that an optimized coating thickness is 
also crucial for improving cycling stability and rate capability in 
agreement with results reported for powder samples.[57,58] The 
decay of capacity is also evident in the rising polarisation with 
increasing cycling number (Figure S1, Supporting Information) 
as discussed above.

The beneficial effect of the coating on the long term cycling 
is also reflected in the cell resistance, which was estimated from 
the CV as shown in Figure S2, Supporting Information. While 
the overall cell resistance of the uncoated sample increases rap-
idly during cycling, a strong increase of the resistance occurs 
only during the first cycle due to the Al2O3 coating. In the sub-
sequent cycles, the increase in resistance is less pronounced 
also confirming the suppression of undesired surface reactions. 
The resistance of the thin film coated with 5  nm Al2O3 also 
rises sharply during the first cycle followed by a linear increase 
with a larger slope than the 2  nm coated sample as also evi-
dent in the cycling data (Figure 3). In agreement with the CV 
data shown in Figure 2, these results clearly demonstrate that 
coating with an ultrathin layer of alumina improves the cell 
performance up to a critical layer thickness in accordance with 
results from powder-based cathodes reported in literature.[59] 
The comparably low increase of the polarization during cycling 
in case of the coated samples also shows only minor CEI for-
mation and therefore only a minor increase of the overall cell 
resistance.

2.3. Structural Characterization of NCM Thin Films Before and 
After Electrochemical Treatment

To correlate the electrochemical performance with the struc-
tural changes of the cathode material, a thorough struc-
tural analysis of uncoated and coated cathode thin films was 
conducted. To enable a direct comparison of the structural 
properties after cycling, pristine and coated cathodes were dis-
connected and disassembled after 25 cycles at a discharge state 
of 3 V. Subsequently, the cathode thin films were rinsed mul-
tiple times with electrolyte solution (EC:DMC 1:1) to clean it 

Figure 3.  a) Cycling performance tests of a pristine NCM film (green) b) a sample coated with 2 nm (red), and c) 5 nm (blue) alumina after CV meas-
urement. The coulombic efficiency of each cell is displayed in grey. Voltage profiles can be found in Figure S1, Supporting Information.
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from residual conductive salt and separator parts. As no signifi-
cant difference in their structural properties was observed for 
the thin films coated with 2 and 5 nm alumina, only the sample 
coated with 5  nm alumina will be discussed in the following. 
Exemplary results of the cathode coated with 2  nm Al2O3 are 
shown in Figure S3, Supporting Information. Figure  4 dis-
plays the XRD patterns of the pristine thin film and the thin 
film cathode coated with 5 nm Al2O3 before and after electro-
chemical treatment, respectively. For all four samples, the dif-
fraction lines corresponding to the rhombohedral α-NaFeO2 
crystal system with the R3m space group are visible. All addi-
tional reflections can be attributed to the underlying platinum  
layer, which functions as current collector. While the patterns 
of the as-prepared samples are nearly identical independent 
of the coating layer, differences in shape and intensities of the 
prominent reflexes are found after the electrochemical treat-
ment. In case of the uncoated thin films the intensity of the 
(104) reflex after cycling is reduced compared to the prominent 
(003) reflex. Furthermore, both the (006)/(102) and the (108)/
(110) doublets disappear. In case of the coated thin film deterio-
ration of the (006)/(102) doublet is also observable after cycling, 
however, the (108) and (110) reflexes are still distinguishable. 
According to literature it is possible to estimate the degree of 
ordering of the layered structure by the degree of splitting of 
the (006)/(102) and the (108)/(110) doublets.[60] The clear split-
ting of the doublets in the uncycled samples (b,c) indicates a 
good hexagonal ordering of the layered structure in both cases, 
which is of significant importance for use as a cathode mate-
rial.[44,60,61] In case of the coated thin film (e) the degree of split-
ting deteriorates after cycling, indicating a loss of ordering, 
whereas the uncoated and cycled cathode (d) seems to have lost 
it completely.

To further investigate the changes of the structural proper-
ties during electrochemical treatment, Raman spectroscopy 

of the coated and uncoated thin film cathodes was performed 
before and after electrochemical cycling. The Raman spectra of 
all thin films analyzed are shown in Figure 5. For all thin film 
cathodes, two broad bands are visible, the A1g band at about 
600 cm−1 corresponding to in-plane vibrations δ(OMO) and 
the Eg band at about 480 cm−1 corresponding to out-of-plane 
vibrations of the MO6 polyhedra.[62] A sharp deconvolution, 
like for LCO, of the two bands is difficult as the spectrum of 
NCM is generated by overlapping bands at 474 cm−1, 554 cm−1 
(NiO), 594 cm−1 (MnO), 486 cm−1, and 596 cm−1 (CoO) of 
the different vibrations of the transition metal oxygen bonds 
within the hexagonal lattice.[63,64] The presence of bands other 
than the Eg and A1g bands may indicate a lower local symmetry 
potentially arising from complex (Ni/Co/Mn)O bonding or 
modes stemming from MnO interactions (e.g., the mode 
around 630 cm−1).[62,65] The Eg and A1g bands further confirm 
the successful synthesis of phase-pure crystalline material. 
Comparing the Raman spectra of the uncoated and coated thin 
films before cycling, no signature of the coating is detectable 
indicating that the Al2O3 coating is too thin to be detected and/
or amorphous. However, after cycling, the Raman spectra of the 
uncoated thin film exhibits differences compared to the spec-
trum of the coated one. While the intensity ratio of the Eg and 

Figure 4.  Comparison of the X-ray patterns of spin-coated NCM thin films 
before and after electrochemical cycling. a) Reference for NCM111 (black, 
PDF code: 98 015 7146) b) Uncoated and c) coated (5 nm Al2O3) NCM 
thin films before electrochemical cycling. d) Uncoated and e) coated 
(5  nm Al2O3) NCM thin films after electrochemical cycling. Additional 
reflections (*) arise from the underlying Pt layer.

Figure 5.  Raman spectra of uncoated and coated (5 nm Al2O3) NCM thin 
film cathodes before and after electrochemical cycling. The characteristic 
Eg and A1g modes are marked in grey.

Adv. Mater. Interfaces 2021, 8, 2002074
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the A1g mode of the coated thin films after cycling is compa-
rable to the ratio before cycling, the A1g mode of the uncoated 
thin film is significantly attenuated compared to its uncycled 
counterpart. Thus, the Raman measurements also support the 
loss of ordering in the structure as already confirmed by the 
GIXRD measurements. This reduced ordering is another indi-
cator for the decaying capacity within the uncoated sample.
Figure  6 shows the HRSEM images of the uncoated and 

coated thin films before and after electrochemical cycling. As 
seen in Figure 6a, the pristine NCM thin film exhibits a homog-
enous distribution of crystallites on the surface with diameters 
ranging between 90 and 550  nm. Some of these crystallites 
seem to be sintered together while other appear to lie loosely 
on the surface. Most of the crystallites have a cuboctahedrons 
or cuboctahedron-like shape, exposing different crystal facets 
at their surfaces. While most of the crystallites are comparable 
in size and shape, some are elongated or flattened. EDX meas-
urements confirm a homogenous distribution of the transition 
metals and the expected stoichiometry of LiNi0.33Co0.33Mn0.33O2. 
There is no evidence of cluster formation of certain elements 
(Figure S4, Supporting Information). As shown in Figure  6b, 
coating of the thin film with Al2O3 using ALD does not change 
the surface morphology. This is expected as ALD is well known 
as deposition technique, which allows the deposition of uni-
formal and homogeneous coatings with a precise control of 
the layer thickness even in case of porous thin films.[66–68] After 
cycling, the coated NCM thin film (Figure  6d) shows no sig-
nificant difference compared to the pristine sample, while for 
the uncoated thin film (Figure 6c), changes of the surface mor-
phology are clearly visible. Cracks formed at the surface and it 
appears as if the particles on the surface became porous. All 
in all the surface looked damaged, most likely due to corrosion 
reactions as mentioned before. As the coated thin film shows 

no changes in surface morphology, reactions causing structural 
changes seem to be prohibited by the coating layer (Figure 6d). 
No cracks are visible on the big crystallites that would indicate 
a swelling and shrinking due to the cycling treatment. Overall, 
the coating is beneficial for the structural integrity of the thin 
film during cycling and hinders the degradation of the cathode 
material.

The surface properties of the thin films were additionally 
investigated using AFM, as shown in Figure 7. In agreement 
with the results obtained using HRSEM, the AFM measure-
ments reveal that the ALD coating of the thin films does not 
change the surface morphology significantly. The surface 
roughness of the uncoated (Figure  7a) thin film cathode is 
in a range between 26 and 30  nm while for the Al2O3 coated 
thin film cathode (Figure  7b), a comparable roughness of  
24 to 29 nm is determined. Filling of small interparticular gaps 
during the ALD deposition process explains the minor devia-
tion. However, one can clearly identify the crystallites already 
observed in the SEM pictures. After cycling, AFM measure-
ments further clearly support that the surface topography 
changes significantly for the sample without the Al2O3 protec-
tive layer. As shown in Figure 7c, the uncoated thin film after 
cycling has a rough and bulky surface with maximum height 
deviations of around 1.6  µm (note here the difference in the 
scale for Figure  7c compared to the other AFM images) and 
exhibits an increased surface roughness of 88 to 95 nm. For the 
coated and cycled thin film shown in Figure 7d, only a minor 
increase of the surface roughness is detected (25 to 32 nm). This 
roughening is probably caused by partial corrosion of the top 
layer of the coating due to the HF stemming from the electro-
lyte. Except for the as-prepared cathode thin film after cycling, 
the roughness of all samples are in a comparable range as other 
thin film cathodes deposited with PVD methods (10–60 nm).[69] 

Figure 6.  HRSEM images of the surface of an a) uncoated and b) 5 nm coated NCM thin film before cycling. The c) uncoated and d) coated thin films 
after cycling.

Adv. Mater. Interfaces 2021, 8, 2002074
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Xia et al. postulates that a rougher surface is beneficial for the 
cycling behaviour due to a larger electrochemical active surface 
in contact with the electrolyte.[70]

2.4. Post-Mortem XPS Analysis of the Coated and Uncoated 
Cycled Samples

To investigate the beneficial effect of the coating layer in more 
detail, post-mortem XPS analysis of the uncoated and coated 
cathode surface was performed after electrochemical cycling. 
As a first insight into the surface properties of the thin film 
cathodes after cycling, the F1s XPS signal of the uncoated and 
coated cathodes were investigated as shown in Figure  8. It is 
worth noting here, that since neither binder like polyvinyliden-
fluorid (PVDF) nor other additives were used for the electrode 
preparation, it is possible to analyse the reaction products of 
the decomposition reaction between the electrolyte and the 
cathode active material without the influence of carbon addi-
tives or binder.

Figure  8a displays the F1s signal of the uncoated sample, 
which exhibits two prominent peaks at 685.0  eV (orange) and 
687.7  eV (blue). Further deconvolution reveals another species 
at around 686.2  eV (green). The species at around 685.0  eV 
(orange) is typically associated with LiF.[71–73] A closer look at 
the missing signal in the Li1s region (inset in Figure 8a) how-
ever contradicts the presence of LiF on the surface. It is more 
likely that this peak originates from a NiF2-species with a 
binding energy of around 685.1 eV.[73,74] The binding energy of 

around 686.2  eV (green) is addressed to MnF2 species which 
are typically centred at around 686.1 eV.[75,76] The third resolved 
peak, identified at around 687.7 eV (blue), is attributed in litera-
ture to the formation of either LixPFy, LixPFyOz or fluorinated 
carbon species which are typically observed in a similar range 
and therefore hard to distinguish.[9,19,77] All these results con-
firm the degradation of the electrolyte, followed by the corro-
sion of the cathodes surface due to HF which is evident due 
to the presence of the MnF2 and NiF2 species.[78] For the thin 
films coated with 2 nm (Figure 8b) and 5 nm Al2O3 (Figure 8c), 
the peak at 685.0 eV (orange) is also visible but both samples 
exhibit a shoulder which can be fitted by a species centred at 
around 686.9  eV (grey). In case of the coated thin films, the 
orange peak can be attributed to the binding energy of fluorine 
in LiF since there is a clear signal in the associated Li spec-
trum (insets in Figure  8b,c).[34–36] The second peak found at 
≈ 686.9  eV (grey) is addressed to the binding energy of AlF3 
(686.5 eV).[73]

Our XPS analysis reveals the benefit of using a binder and 
additive free 2D cathode model system compared to typical 
powder-based cathodes. Most powder-based systems need con-
ductive additives and binders like PVDF to become electro-
chemically cyclable. The signals of PVDF contributing to the 
F1s spectrum in the XPS analysis overshadow the metal fluo-
ride species like NiF2 or MnF2 and thus, making a proper anal-
ysis of these fluoride species nearly impossible.[9,14] As LiF is 
expected to be found in the cathode–electrolyte interface (CEI) 
of a LIB at 685.0 eV, XPS signals originating from metal fluo-
ride species such as NiF2 or MnF2 may be attributed to LiF by 

Figure 7.  Topographic analysis of an a) uncoated and b) a 5 nm Al2O3 coated NCM thin film before cycling and of c) uncoated and d) an Al2O3 coated 
NCM thin film after cycling using AFM.

Adv. Mater. Interfaces 2021, 8, 2002074
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mistake, without verifying the existence of the corresponding 
Li1s signal. Furthermore, with our model system, we could 
prove that cations are not only dissolved into the electrolyte, 
which is widely known in literature,[10,18,79–81] but also that the 
corrosion products are incorporated into the CEI. This offers 
the possibility to analyse the corrosion products even after 
washing the cathode with EC:DMC (1:1) to remove residuals 
from the electrolyte or separator.

In case of the alumina coated samples, the absence of a 
PVDF signal makes it easier to spot the fluoride species bound 
to aluminium as a clear shoulder in the overall F1s signal. Mar-
tens et  al. did a similar analysis on powder samples, showing 
the difficulties in analysing the F1s spectrum when working 
with PVDF.[82] The fluorination of the Al2O3 observed in the 
XPS analysis is in good agreement with literature where it is 
known that an ultrathin alumina layer scavenges the corrosive 
fluorine species, protecting the cathode underneath.[53,54,59] 
Additionally, the XPS results confirm that the coating layer pre-
vents the decomposition of the cathode active material as evi-
dent by the absence of the XPS signals corresponding to MFn 
(M = Ni, Mn) species. It also seems that the alumina layer pre-
vents the incorporation of LixPFy or LixPFyOz into the CEI as 
there are also no signals of those species evident. The increased 
formation of LiF is also related to the protective coating with 
Al2O3. In a recent study, the group of Jeff Dahn proposes a 
spontaneous reaction of the hexafluorophosphate (PF6

−) species 
when it is getting in contact with the oxide coating of cathode 
materials:[83]

+ → +( ) ( )
− −2Al O 3PF 4AlF 3PO F2 3 6 solv 3 2 2 solv 	 (1)

The as-produced LiPO2F2 is well known in literature to pro-
mote the lifetime and cycling stability of LiPF6 liquid electrolyte 

based battery cells,[84–86] and it is responsible for the formation 
of LiF on the cathodes surface as observed for the coated thin 
films shown in Figure 8.[87]

3. Conclusions

In this paper, we present a versatile solution-based synthesis 
route to prepare thin film NCM111 cathodes via spin-coating 
deposition. The as-prepared films are phase-pure and exhibit a 
crystalline structure comparable to powder NCM. The smooth 
surface with a roughness of about 20–30 nm allows a detailed 
analysis of the composition and the morphology of the elec-
trode–electrolyte interface before and after cycling using surface 
sensitive techniques like XPS and AFM. Also, the beneficial 
effect of an alumina coating of a few nanometers′ thickness 
on electrochemical performance of NCM cathode materials is 
observed. While the as-prepared thin films show a poor cycling 
stability accompanied with side reactions related to the surface, 
the electrochemical performance was significantly improved by 
the coated layer. A thorough structural analysis on the pristine 
and Al2O3 coated cathodes before and after electrochemical 
cycling reveal that the coated cathodes exhibit only minor struc-
tural changes after cycling compared to their uncycled counter-
parts in agreement with results from powder-based electrodes. 
Only in case of the uncoated cathodes, changes of the crystal 
structure occur during cycling as confirmed by GIXRD and 
Raman spectroscopy. Furthermore, HRSEM and AFM inves-
tigations reveal that the uncoated thin films suffer from cor-
rosion and mechanical damaging due to crack formation and 
an increase in surface roughness. Post-mortem analysis of the 
cathode-electrolyte interface using XPS confirms the degrada-
tion of the cathode by the presence of characteristic NiF and 

Figure 8.  Post-mortem XPS analysis of cycled NCM thin film cathodes a) without coating and films coated with b) 2 nm and c) 5 nm alumina. For 
better visualization, the spectrum of the uncoated sample was 3x magnified.

Adv. Mater. Interfaces 2021, 8, 2002074
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MnF signals. In contrast, only signals originating from LiF and 
AlF species are found for the coated thin film cathodes. This 
confirms that the coating scavenges the fluorine species and 
hinders structural degradation of the cathode. Thus, our results 
demonstrate the successful deposition of NCM thin film cath-
odes, which act as a suitable model systems to characterize the 
interphase properties, interfacial reactions, as well as degra-
dation mechanisms between NCM active material and liquid 
electrolyte using surface-sensitive techniques such as XPS 
and AFM. In future, in situ measurements are conceivable, 
which will enable a direct investigation of the formation of the 
cathode–electrolyte interface during electrochemical cycling.

4. Experimental Section
Preparation of the Precursor Solution: The precursor solution for the 

spin coating process was prepared by dissolving stoichiometric amounts 
of lithium nitrate (LiNO3·H2O, 99.99 %), nickel (II) nitrate hexahydrate 
(Ni(NO3)2·6 H2O, 99.999 %), cobalt (II) nitrate hexahydrate (Co(NO3)2·6 
H2O, 99.999  %), and manganese (II) nitrate tetrahydrate (Mn(NO3)2·4 
H2O, 99.99  %) in a mixed solvent of deionized water (0.5  mL) and 
ethanol (3.5 mL). The high amount of ethanol increases the wettability 
of the substrate during spin coating while water increases the solubility 
of the compounds. 2.25  mmol of each transition metal nitrate and 
2.5  mmol of lithium nitrate were added to the solvent mixture and 
kept stirring for 10  min. The 10% higher amount of lithium was 
used to compensate for lithium losses during the heat treatment steps. 
Subsequently, 150  mg of polyvinylpyrrolidone (PVP, average molecular 
weight of 40  000) was added to increase the viscosity of the solution. 
All chemicals were purchased from Sigma–Aldrich. The as-prepared 
transparent solution had a red–violet colour and showed no sign of 
precipitates even after weeks of storage. After preparation, the solution 
was stirred for several hours before deposition to ensure proper mixing.

Thin Film Preparation and Coating: The spin coating process was 
conducted in a clean room to provide a controlled atmosphere and 
to avoid comet streaks in the films due to dust particles. Prior to the 
spin coating, 10  mm x 10  mm x 0.5  mm sapphire (0001) substrates 
were coated with a 100  nm Pt layer as back electrode using sputter 
deposition. In the first step, the precursor solution was spin-coated onto 
the substrates at 3,000 rpm for 45 s. The as-prepared films were heated 
at 400 °C for 4 min on a hotplate and subsequently cooled down to room 
temperature. To increase the thickness of the thin film cathodes, the 
deposition was repeated two additional times. After the final deposition, 
the films were calcined in an oven at 700 °C for 5 h under atmospheric 
conditions (10 K min−1 heating rate). Afterward, the as-prepared 
thin film cathodes (Figure S5, Supporting Information) were stored 
in an Ar glovebox until further use. To investigate the influence of an 
ultrathin surface coating with varying thickness on the electrochemical 
performance, NCM samples were coated with a thin Al2O3 film using 
atomic layer deposition (ALD), which enables a homogeneous coating 
even of porous samples.[66,67,88] The ALD deposition was carried out in 
a PicoSun R200 ALD reactor using trimethylaluminium (TMA, STREM 
chemicals inc., min. 98%) as precursor and deionized water as reactant 
for TMA to form the oxide layer. During deposition, the reactor was kept 
at 150 °C with an intermediate space flow of 150 sccm nitrogen between 
reactor and vacuum pump. To access the influence of the coating 
thickness on the electrochemical performance, different thin films 
were coated using 20 and 50 ALD cycles, respectively. To determine the 
Al2O3 film thickness, a Si wafer was placed inside the reaction chamber 
together with each of the NCM thin films serving as a reference. Using 
X-ray reflectometry (XRR), the thicknesses of the coating layer were 
determined to be 2 and 5 nm, respectively.

Structural Characterization: Microstructural analysis of the thin film 
cathodes was done by Raman spectroscopy and grazing incident X-ray 
diffraction (GIXRD). Raman spectroscopy was carried out using a Leica 

top-illuminating bright field microscope with a Leica 50 ×/0.75  NA 
objective and a Renishaw InVia spectrometer. Measurements were done 
at room temperature between 200 and 800  cm1 with an Arion laser 
(λlaser  = 514.5  nm) and a resolution of 2 cm1. The laser power never 
exceeded 5  mW during the measurement. A Panalytical X´Pert Pro 
MRD with CuKαradiation (40  kV, 40  mA, λCuKα  = 1.542  Å) was used to 
measure the thin films at an incident beam angle of ω = 1 between 2Θ = 
10–90°. For the structural and elemental analysis of the surface, a Zeiss 
SMT Merlin high-resolution Schottky field-emission scanning electron 
microscope (HRSEM) equipped with an X-MAX Extreme EDS detector 
(Oxford Instruments) was utilized. The morphology of the surface was 
investigated using a Bruker Multimode 8 atomic force microscope 
(AFM) with a ScanAsyst cantilever and the eponymous modus. From 
the AFM measurements, the average surface roughness of each sample 
was determined after the DIN ISO 4287 norm using an average of five 
different measurements. To confirm the coating of the samples, X-ray 
photoelectron spectroscopy (XPS) was carried out on a PHI5000 Versa 
Probe II. The samples were transferred under Ar atmosphere into the 
XPS system using a transfer vessel. Analysis was performed using 
a monochromatic Al Kα source (hν  = 1486.6  eV, 50  W) having a spot 
diameter of 200  µm. To avoid charging effects, a dual beam charge 
neutralizer was used. Depth profiles were achieved by using an Ar+ 
sputter beam (0.5 kV, 0.5 µA, (2 × 2) µm2). All spectra were calibrated in 
relation to the signal of adventitious carbon (284.8 eV).

Electrochemical Characterization: The pristine and coated NCM 
cathodes were assembled in a pouch bag setup in an Ar filled glovebox 
ensuring oxygen and water levels below 1  ppm. Metallic lithium was 
used as a counter and reference electrode, the NCM thin films were 
used as working electrode. The electrodes were separated by a Whatman 
glass fibre separator (GFA) soaked with 50  µL of electrolyte. As 
electrolyte 1 m LiPF6 as conducting salt in EC/DMC (LP30, battery grade, 
≤15  ppm, Sigma–Aldrich) was used. Electrochemical analyses were 
performed using a VMP3 battery cycling systems by Biologic. Before 
each measurement, the open-circuit potential was recorded for 30 min 
to ensure equilibrium inside the cell. The galvanostatic cell cycling tests 
were conducted with upper and lower cutoff voltages of 4.2  V versus 
Li/Li+ and 3.0  V versus Li/Li+. Cyclic voltammetry (CV) measurements 
were recorded at a scan rate of 0.1 mV s−1 in a voltage range between 
3.0 and 4.2 V versus Li/Li+. All electrochemical experiments were carried 
out at room temperature. For the post-mortem characterization, the 
electrochemical cells were disassembled, the cathode films were rinsed 
five times with DMC, and subsequently dried at 60 °C for 18 h.
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from the author.
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