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Abstract: Lithium iron phosphate (LiFePO4 or LFP) is a promising cathode material for lithium-
ion batteries (LIBs), but side reactions between the electrolyte and the LFP electrode can degrade
battery performance. This study introduces an innovative coating strategy, using atomic layer
deposition (ALD) to apply a thin (5 nm and 10 nm) Al2O3 layer onto high-mass loading LFP
electrodes. Galvanostatic charge–discharge cycling and electrochemical impedance spectroscopy
(EIS) were used to assess the electrochemical performance of coated and uncoated LFP electrodes.
The results show that Al2O3 coatings enhance the cycling performance at room temperature (RT)
and 40 ◦C by suppressing side reactions and stabilizing the cathode–electrolyte interface (CEI).
The coated LFP retained 67% of its capacity after 100 cycles at 1C and RT, compared to 57% for
the uncoated sample. Post-mortem analyses, including scanning electron microscopy (SEM) and
X-ray photoelectron spectroscopy (XPS), were conducted to investigate the mechanisms behind the
improved performance. These analyses reveal that Al2O3 coatings are highly effective in reducing
LFP electrode degradation during cycling, demonstrating the potential of ALD Al2O3 coatings to
enhance the durability and performance of LFP electrodes in LIBs.

Keywords: lithium-ion batteries; LiFePO4; atomic layer deposition; cathode–electrolyte interface;
cycling improvement; XPS analysis

1. Introduction

Lithium-ion batteries (LIBs) play a crucial role in achieving energy accessibility by
enabling the smarter utilization of environmentally friendly resources, ultimately leading to
a reduction in carbon dioxide emissions [1]. Nowadays, we see these batteries everywhere,
in our watches, mobile phones, notebooks, and electric vehicles (EVs). According to a
recent report, the market for LIB was estimated at USD 41.1 billion in 2021 [2], and it is
poised for significant expansion, with forecasts suggesting it will exceed USD 120.65 billion
by 2028 [3].

LIBs primarily comprise four major elements: a cathode, an anode, an electrolyte, and
a separator. Cathode-active materials (CAMs) are usually made up of metal oxides. The
most prevalent cathode materials found in LIBs encompass lithium cobalt oxide (LiCoO2 or
LCO), lithium manganese oxide (LiMn2O4 or LMO), lithium nickel manganese cobalt oxide
(LiNiMnCoO2 or NMC), and lithium iron phosphate (LiFePO4 or LFP) [4]. Each of these
materials provides different combinations of energy density, thermal stability, and cost
efficiency. Among these CAMs, olivine-type LFP is particularly notable as a highly promis-
ing cathode material because of its low cost, eco-friendliness, and reduced dependence on
nickel and cobalt [5], making it a secure choice for sustainable batteries [6,7]. With millions
of electric vehicles and enormous energy storage facilities equipped with billions of LFP
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batteries, it is essential to comprehend the factors contributing to their deterioration and to
discover ways to enhance their performance. The structural stability and the interface of
the electrode/electrolyte are the primary parameters that affect the performance of LFP
batteries [8]. For instance, LFP-based LIBs exhibit significantly increased impedance polar-
ization, whether operated at a high or low state of charge (SOC) [9]. This is primarily due to
noticeable side reactions between the electrolytes and electrodes, along with evident struc-
tural alterations in LFP [10,11]. Surface modification of cathode electrodes is a promising
approach to address the degradation issues in cathode materials for LIBs [12]. Thin films,
in particular, can alter the surface properties of the substrates they cover, introducing new
functionalities to bulk materials or shielding them from undesired reactions. Consequently,
they have a significant impact on the overall performance of the systems in which they are
incorporated. Prakasha et al. employed a wet chemical process to deposit Li2ZrO3 (LZO)
onto an NMC cathode in order to mitigate electrode degradation. In Prakasha’s study,
the surface-modified cathode material retained 85% of its initial capacity after 100 cycles,
compared to 57% without modification [13]. Another study by Dai X. et al. demonstrated
the deposition of ZnO coatings on LCO, resulting in an 81% capacity retention of the LIBs
after 200 cycles [14].

Currently, there is an increasing interest and need for thin films, with thickness control
at the nanoscale level. The atomic layer deposition (ALD) technique has recently gained
considerable interest as a suitable method for the fabrication of nanoscale thin films [15]
and engineering nanostructures in various applications, including energy conversion and
storage, microelectronics, and sensing [16–19]. The virtue of this technique is that the
deposition is controlled at the atomic level by self-limiting surface reactions through the
alternate exposure of the substrate surface to different gaseous precursors [20]. It provides
ultimate control of the film thickness and conformality and has the potential to achieve
uniform film composition and properties over the entire substrate surface, even in high
aspect ratio structures [17].

So far, ALD has found widespread use in LIBs, for applying nanocoatings to the
surfaces of active electrode and electrolyte materials, leading to improvements in their
stability, capacity, safety, and more [21–23]. For instance, recent studies have indicated that
the ALD method exhibits less surface Li extraction for alumina-coated NMC and a more
uniform coating morphology compared to the wet chemistry technique [24]. The ALD
technique has also been employed to coat LCO powder, creating a cathode electrode in
LIBs. This resulted in a capacity retention of 89% after 120 charge–discharge cycles, within
the range of 3.3–4.5 V (vs. Li/Li+) [25]. Recently, the ALD technique has also emerged as a
promising method for advancing next-generation batteries, particularly in the development
of lithium–sulfur batteries [26]. However, most of the previous studies have focused on
deposition on powder and low-mass loading electrodes [27], rather than electrodes with
high-mass loading [28]. This limitation makes it challenging to assess the behavior of
surface-modified cathodes for commercial applications.

In our current research, we focus on investigating the LFP cathode/electrolyte inter-
face, with particular emphasis on how protective layers produced using ALD techniques
can stabilize this interface and provide insights into the underlying mechanisms. It is note-
worthy that directly applying coating layers onto cathode electrodes can maintain electrical
conductivity and facilitate rapid electron transport by preventing deposition at contact
points among active material particles, conductive agents, and the current collector [29,30].
This approach enhances battery performance, as reported in the recently published paper
by Khotimah et al. on LFP electrodes [31]. Consequently, we opted to utilize ALD directly
on the cathode electrode, applying very thin Al2O3 coatings on the surface of high-mass
loading LFP films. This approach, involving more ALD cycles, resulted in coatings on LFP
electrodes with different Al2O3 thicknesses compared to other similar studies [31]. We
conducted electrochemical analyses, including galvanostatic charge and discharge cycles at
both room temperature (RT) and 40 ◦C, as well as electrochemical impedance spectroscopy
(EIS), to delve deeper into the role of Al2O3 coatings. Additionally, the morphological and
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chemical characterization of both coated and uncoated LFP electrodes was performed using
scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). These
tests, along with post-mortem analyses, revealed that the thin Al2O3 coating successfully
suppressed undesirable side reactions and improved the transport of lithium ions at the
interface between the LFP and the liquid electrolyte. However, to address the relatively
low theoretical capacity of the LFP cathode, future research should focus on increasing
battery energy density through electrode structure design, supported by modeling and
experimental work. Additionally, breakthroughs in fast-charging technology are essential
for advancing EVs [32].

2. Experimental Section
2.1. Al2O3 Coating of LFP Electrode by ALD

To deposit an Al2O3 coating over the LFP electrode, the ALD technique was utilized.
The depositions were performed in a commercial Beneq Oy TFS 500 ALD reactor, employing
trimethylaluminum (TMA, 99.5+%, CAS 75-24-1) (0.25 s exposure) and UPW vapor (0.25 s
exposure) as precursors. After each cycle, the reactor chamber underwent purging through
the use of an intense N2 flow to remove the byproducts of the chemical reactions. The
reactor temperature remained at 115 ◦C during the deposition process. The growth rate,
determined on a Si wafer planar surface, was approximately 0.112 nm/cycle. Consequently,
we applied 44 ALD cycles to deposit an Al2O3 layer nominally 5 nm thick on LFP and
88 ALD cycles to deposit an Al2O3 layer nominally 10 nm thick on LFP.

2.2. Electrochemical Measurements

The single-coated LFP cathode was purchased from MSE Supplies. This electrode
possesses 93.4% active-mass loading, with a coating density of 14 mg cm−2. For cell
assembly, 2032 coin cells were employed for all the electrochemical tests. The cell included
pristine LFP or modified LFP electrodes (10 mm diameter), lithium metal chips as the anode
(15.6 mm diameter and thickness of 0.25 mm, purchased from MSE supplies), a 25 um
polypropylene separator (TOB new energy), and 1.0 M of LiPF6 solution in a 1:1 (v/v)ratio
of ethylene carbonate/dimethyl carbonate, as the electrolyte (Merck, battery grade). The
cells were assembled in an argon-filled MBraun glove box, with H2O and O2 levels lower
than 5 ppm

The assembled cells were then subjected to electrochemical analysis using a constant
current (CC) protocol within the voltage range of 2.5–4.2 V, at current rates of 0.1, 0.5,
1, 2, and 5C. The current rates were calculated based on the active material weight of
the LFP electrode. The LFP cells were galvanostatically characterized at 1C at room
temperature (RT) and 0.5C at 40 ◦C in the 2.5–4.2 V range. After cell assembly, the cells
were rested for 18 h. Afterwards, activation cycles at 0.1C were carried out in order to
stabilize the cathode–electrolyte interface (CEI). The cycling performance of the Li/LFP
cell was also compared with the modified LFP cell during overcharging (up to 4.5 V) at RT
and 1C. EIS was conducted at various states of discharge to gain a better understanding of
the performance of the modified and pristine electrodes. Each EIS experiment involved
applying an amplitude of 10 mV over a frequency range of 100 kHz to 10 mHz and
recording 5 points. Various electrical parameters were derived from the EIS data analysis
fitted by the BT-Lab software (V1.75), with a chi-square goodness of fit (χ2) below 10−3.
All the electrochemical tests at RT were carried out using a BCS-810 BioLogic instrument
and repeated three times to ensure reproducibility. The cycling analyses at 40 ◦C were
conducted using the BTS-5 V10 mA (Neware battery testing system), with the assistance of
a thermal chamber.

2.3. Characterization of the LFP Electrodes

The morphological and chemical characterizations were performed on both fresh
and cycled electrodes. To do this, the cycled electrodes were removed from the cells
after cell disassembly. Subsequently, the electrodes were rinsed with dimethyl carbonate
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solvent in an argon-filled glove box and further dried for structural analyses. The surface
morphology and elemental distribution of the main elements in the modified electrode
were obtained using FE-SEM (Thermo Fisher Scientific, Waltham, MA USA) in transmission
mode, equipped with an energy-dispersive spectrometer (EDS).

A detailed chemical analysis of the pristine LFP electrode material, LFP electrode
coated with alumina by ALD, and the cycled electrodes was conducted using X-ray pho-
toelectron spectroscopy (XPS). The XPS spectra were obtained with a Kratos Axis DLD
Ultra instrument (Kratos Analytical, Manchester, UK), equipped with a hemispherical
analyzer and a monochromatic Al Kα (1486.6 eV) X-ray source. The broad spectra (survey)
were acquired at a pass energy of 160 eV, while a higher resolution was employed for the
acquisition of the core lines, with the pass energy set at 20 eV, resulting in an energy reso-
lution of ~0.4 eV. The analyses were conducted with the sample tilted at 90◦ with respect
to the analyzer, enabling a maximum sampling depth of approximately 10 nm. Spectral
fitting was performed using homemade software (R-XPS), based on the R platform [33].
Following a Shirley-type background subtraction, Gaussian–Lorentzian peak shapes were
utilized for the deconvolution of single core lines. Experimental sensitivity factors (RSF)
were applied for quantifying the different components. The quantification accuracy, in
terms of the relative atomic concentration, was evaluated to be within the range of 0.5–1%.

3. Results and Discussion
3.1. Structural Characterization of the Pristine LFP Electrode and of the Al2O3-Coated Electrodes

The chemical composition of the pristine LFP electrode and the same substrate coated
with 5 nm and 10 nm of Al2O3 deposited by ALD was analyzed by XPS. The broad survey
spectra are presented in Figure 1: in green the spectrum acquired on the pristine LFP
electrode are shown, in red the spectrum acquired on the LFP coated with 5 nm of Al2O3
and, finally, in black the spectrum acquired on the LFP coated with 10 nm of Al2O3.
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Figure 1. XPS survey spectra of the pristine LFP (green curve), LFP coated with 5 nm Al2O3 (red
curve), and LFP coated with 10 nm Al2O3 (black curve). The main core levels are labeled.

As indicated by the labels in Figure 1, the main peaks appearing in the data acquired
on the pristine LFP (green upper line) are those due to the elements fluorine (F1s), carbon
(C1s), oxygen (O1s), and phosphorus (P2s and P2p). The presence of iron is also detected,
even if the signal of the line Fe2p is partially embedded in the loss structures on the high
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binding energy (BE) side of the F1s peak. Similarly, the Li1s signal is not easily discernible
in the survey spectrum due to its position at 56 eV, falling within the weak, low BE region
of the broad spectrum. As expected, O1s, P2p, Fe2p, and Li1s peaks originate from the
LiFePO4 composite structure, while C1s and F1s signals arise from the carbon black and
the polyvinylidene fluoride (PVDF) binder, which are commonly found in commercial LFP
electrodes. It is also important to point out that peaks related to the Auger transitions of
electrons of O (OKLL) and F (FKLL) are present in the data and they have been labeled for
better clarity.

Looking at the wide spectrum acquired for the LFP electrode coated with 5 nm of
Al2O3 (red central line in Figure 1), one can observe a significant reduction in the fluorine
and carbon signals, while those of aluminum (Al2p and Al2s) appear, together with an
increase in O1s signal intensity. This indicates the successful deposition of an alumina
layer (Al2O3) on the LFP surface. The Al2O3 coating, in fact, covers the LFP surface and
tends to attenuate the XPS signal coming from it. (This result has been validated with
FE-SEM/EDS analysis, as shown in Figure S1 in the Supporting Information.) Considering
that the maximum sampling depth of XPS is 10 nm, it is reasonable that with 5 nm of Al2O3
coating the peak of F1s is still visible, even if strongly reduced in intensity, as it comes from
the LFP underneath. On the contrary, the F1s peak nearly disappears in the wide spectrum
acquired on the LFP sample coated with 10 nm of alumina (lower black line in Figure 1),
as the coating thickness approaches the sampling depth of the technique, minimizing the
contribution from the underlying LFP electrode. Overall, we can conclude that Figure 1
is helpful in proving the successful deposition of Al2O3 coatings with increasing and
controlled thicknesses by ALD on LFP substrates.

The high-resolution core lines of the different elements detected were then analyzed
and deconvoluted to highlight the contribution of the various chemical states [34,35].

Particularly in Figure 2, we present the deconvolution of the detailed core lines of
C1s (panel a), F1s (panel b), O1s (panel c), and Al2p (panel d), acquired on pristine
LFP (green curves) and on LFP coated with 5 nm and 10 nm of Al2O3 (red and black
curve, respectively).

The C1s peak acquired on the pristine LFP (Figure 2a, green curve) exhibits a strong
component at 284.5 eV, attributed to C-C sp2 bonds, commonly associated with carbon
black present in LFP electrodes. Additionally, the components at 285 eV (C-H bonds),
286.5 eV (CF2-CH2 bonds), and 290.9 eV (CF2-CH2 bonds) are mainly due to the PVDF
binder typically added to LFP, while the component at 288 eV can be attributed to ether
O-C-O or carbonyl C=O groups from carbonaceous contamination [35]. Looking at the F1s
core line acquired on the same sample (Figure 2b, upper green curve), it can be fitted with
just one component at 688 eV, which corresponds exactly to the C-F bond in the CH2-CF2
polymeric chain of the PVDF binder. Finally, the O1s core line acquired on pristine LFP
(Figure 2d, green curve) displays a main component at 531.4 eV, attributed to lattice oxygen
of LFP, with weaker components at higher BEs due to carbonaceous contamination (O-C-O
and C=O oxidized states of carbon).

Following the evolution of the different core lines in Figure 2, it is possible to highlight
the changes in the LFP electrode surface composition, which occur after the Al2O3 layer
deposition by ALD. As previously evidenced by the comparison of the survey spectra in
Figure 1, the alumina coatings cover the LFP surface, gradually hiding its native chemical
structure, as long as the thickness of the film increases. This is shown first of all in the
evolution of the C1s core line (Figure 2, panel (a): the red core line corresponding to the
5 nm Al2O3-coated LFP and the black core line to the 10 nm Al2O3-coated LFP), where
signals from the conductive carbon black and the PVDF binder at 284.5 eV, 286.5 eV, and
290.9 eV, coming from the LFP, are significantly progressively attenuated as the thickness of
the alumina film increases. The C1s core line acquired on the surface of the growing Al2O3
film is instead mainly composed of components at 285 eV and 288 eV, attributable to C-H
and C-Ox bonds, probably related to residuals coming from the TMA reactant used in the
ALD process.
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Correspondingly, in Figure 2, panel (b), it can be observed how the single C-F com-
ponent at 688 eV coming from the PVDF binder, which is intense in the pristine LFP
(green line), is greatly diminished in the Al2O3-coated samples (red and black lines). As
the LFP surface starts to be covered by the alumina layer, in fact, the signal due to C-F
bonds leaves place to a lower BE component at around 685.5eV, which can be attributed to
Al-F bonds [34] which probably are created at the interface between LFP and the growing
alumina films. The fact that this contribution is notably weaker in the sample coated with
the thickest 10 nm alumina film (lower black line in panel b) confirms our hypothesis, as in
this sample the XPS sampling depth (10 nm) is comparable to the thickness of the film and
the signal coming from the interface with the LFP underneath is necessarily less intense.

Confirmation of the successful deposition of an Al2O3 coating on the LFP surface
finally comes from the analysis of the Al2p and O1s core lines (Figure 2 (panels c and d)):
the deconvolution of the former acquired on the ALD-coated samples reveals a main
component at 75 eV, which is the expected BE for aluminum oxide, with a minor shoulder
at higher BEs due to Al-F and/or Al-OH bonds [34]. Similarly, the fitting of the latter
acquired on the coated samples shows an upward shift in the main O1s component,
consistent with the creation of Al-O bonds, and minor components at higher BEs due to
C-Ox bonds, probably related, as discussed before, to residuals coming from the TMA
reactant used in the ALD process.

3.2. Electrochemical and Post-Mortem Analyses

The cycling performance of pristine and Al2O3-coated LFP electrodes (5 nm and 10 nm
coating), over 100 charge and discharge cycles at 1C, are shown in Figure 3a. Initially, all
three electrodes exhibit a similar capacity of approximately 103 mAh g−1. However, after
100 cycles, the capacity of the pristine LFP electrodes and 5 nm and 10 nm Al2O3-coated LFP
electrodes decreases to around 59, 69, and 64 mAh g−1, respectively. Notably, the capacity
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retention of the 5 nm Al2O3-coated LFP is 66.7%, surpassing that of the other two electrodes.
To investigate the origin of the improved cycling performance imparted by the Al2O3 film,
top-view SEM analysis (Figure 3b) was performed on the coated and uncoated electrodes
in the fresh state and after cycling. After 100 cycles, the original LFP electrode exhibits
agglomerates and protrusions on its surface, hindering electrolyte penetration into the
internal active materials and impeding the channel for Li+ transportation. Conversely,
when employing coated LFP electrodes, the morphological changes are less pronounced,
indicating that the protective layer ensures a stable interface throughout the charge and
discharge processes. Consequently, the LFP electrodes with coated layers demonstrate both
enhanced capacity and better cycling stability.
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Figure 3. (a) Cycling performance of Li/LFP cells with and without Al2O3 deposition, in the range
of 2.5–4.2 V at 1C (1C = 170 mA gLFP

−1) and RT. The test was performed after 10 cycles at 0.1C.
(b) Top-view FE-SEM images of the electrodes in the fresh state and 100 cycles at 1C.

To gain deeper insights, galvanostatic charge–discharge profiles (1st, 50th, and 100th
cycles) and differential capacity (dQ/dV) versus voltage plots for the 100th cycle were
analyzed. Figure S2a,b illustrates the higher overpotential observed in the pristine LFP
compared to the modified sample during cycling. Additionally, during the lithiation and
delithiation processes of the LFP (Figure S2c), two sharp reduction and oxidation peaks are
observed at around 3.3 V and 3.6 V, respectively, both corresponding to the Fe2+/Fe3+ redox
couple [36]. The voltage difference between these peaks is 0.38 V for the pristine sample,
compared to 0.29 V for the 5 nm Al2O3-coated sample, indicating greater polarization in
the pristine LFP under half-cell configuration.

Figure 4 illustrates the performance rate of the LFP-based electrodes at different C
rates. For each cathode electrode, the discharge capacities exhibit a clear decline as the C
rate increases, a phenomenon commonly observed in LIB electrodes [29]. The dominant
factor influencing this behavior is the diffusion of lithium ions within the cathodes at very
low rates, which plays a crucial role in the lithium insertion process [37,38]. This leads
to the formation of a concentration gradient for lithium ions within the cathodes during
discharge. Consequently, the cathode potential rapidly declines to the cutoff potential,
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once the cathode surface completes the discharge process. However, the central region of
the cathodes may not achieve full discharge, contributing to a reduction in the cathode
usage efficiency. This decrease in efficiency is exacerbated when higher current densities
are applied, inevitably leading to a lower discharge capacity. Here, at C rates lower than 2C,
the electrodes exhibit very similar behavior. However, at 2C and 5C, the pristine sample
demonstrates a higher capacity compared to the coated electrodes. This difference may be
attributed to the protective layer on the LFP surface in the case of the coated electrodes,
which increases the resistance and enhances the transport range of Li ions to LFP electrodes.
Nevertheless, the 5 nm Al2O3-coated LFP electrode demonstrates better reversibility when
the current rate returns to 0.1C after 50 cycles.
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The market share of low-voltage LFP cathodes is currently increasing due to its
economical nature, high thermal stability, lack of toxicity, and safety features. Although
its discharge voltage plateau is lower than that of other cathodes, such as LiCoO2, the
stable discharge voltage of LFP within the electrochemical stability window of existing
electrolyte systems serves to prevent electrolyte decomposition and the development of a
Solid Electrolyte Interphase (SEI) [9]. The stability of LFP is credited to its olivine structure
and secure P-O bonds [39]. Despite the overall stability of low-voltage cathode materials
like LFP, during overcharging the small size of LFP nanoparticles can trigger adverse
reactions, leading to SEI formation and degradation in LIBs’ performance [40]. This may
result in local heating, causing cell destruction, with potential ignition. In this work, in
addition to the evaluation of the performance of both pristine and 5 nm Al2O3-coated LFP
electrodes within the voltage range of 2.5 to 4.2 V, an exploratory investigation has been
initiated to understand the impact of increased upper cutoff potentials, specifically set
at 4.5 V, on the cyclability of LFP electrodes. As depicted in Figure 5, the coated sample
exhibits superior performance in comparison to the pristine LFP, indicating that the Al2O3
coating might efficiently shield the LFP electrodes from additional degradation.

To gain a better understanding of the electrochemical performance of the samples, we
conducted EIS on both pristine and 5 nm Al2O3-coated LFP electrodes. After stabilizing the
cell, the electrode was completely charged and discharged at 0.1C, employing a different
discharge cutoff voltage (Figure S3). Figure 6a,b displays the Nyquist plot for the EIS data
recorded at various lithiation states of both electrodes. At intermediate frequencies, it is
possible to see a depressed, large semicircle, which corresponds to the superposition of
two semicircles related to the CEI layer formation and the charge transfer of the faradaic
process; finally, at low frequencies a straight line due to diffusion is observed [41]. To better
distinguish the semicircles, a Bode plot of the cells at 50% DOD is provided, as an example,
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in the Supplementary Information (Figure S4). To obtain the electrochemical parameters,
the experimental data were fitted using an equivalent electric circuit (Figure S5), in which
Re, RCEI, and Rct are the resistances of the electrolyte, CEI, and charge transfer, respectively,
while CPE1 and CPE2 are the constant phase elements used to obtain the effective capaci-
tance values CCEI and Cdl related to the CEI and the double layer, respectively, with the aid
of the Brug equation, Equation (1) [42]. The W element represents the Warburg impedance
associated with the diffusion process.

Ceff = [Q(Re
−1 + R−1)(α−1)](1/α), (1)
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Our findings indicate that the overall impedance of the pristine sample is higher than
that of the coated sample, as the discharge process approaches its completion (depth of
discharge, DOD of around 80% and 100%). Notably, the CEI resistance in the pristine
sample (Figure 7a) exhibits more variation at different states of lithiation, whereas the
coated sample maintains an RCEI of approximately 58 Ω across the various discharge states
(Figure 7b). Table S1 and Figure 7 present the numerical values of Re, RCEI, and Rct, CCEI,
Cdl, and W, obtained from fitting the EIS spectra at different lithiation states.
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Figure 7. Resistance and capacitance obtained from fitting the EIS spectra at different states of
lithiation for the pristine LFP electrode (a) and 5 nm Al2O3-coated LFP electrode (b).

Since the LFP electrodes used in all cell tests underwent no modification in regard
to their preparation, it is reasonable to assume that the differences in the RCEI values are
related to processes involving the CEI layer. Therefore, it is possible to verify that the coated
electrode presents an RCEI almost 10% lower than the pristine electrode, indicating a more
stable CEI layer. Furthermore, it was also observed that the Rct increases along with the DoD
for both electrodes, indicating that the delithiated form has higher electrical conductivity
than the lithiated form, consistent with previous reports on LFP-based batteries [43,44].
Additionally, the coated electrode presented resistance values in the same range as the
pristine electrode, which points out that the additional non-conductive 5 nm layer of Al2O3
does not substantially hinder electrode conductivity.

The transport properties of lithium ions play a crucial role in the performance, dura-
bility, and efficiency of LIBs; if ion mobility is hindered or slowed down, it can lead to
degradation of the electrode materials and a loss of capacity over time. Therefore, EIS was
used to estimate the diffusion coefficient of Li+ (DLi+) for both the pristine and 5 nm-coated
electrodes, to assess possible side effects from the alumina deposited film. The Warburg
impedance can be used to obtain (DLi+) by means of Equation (2) [45,46].

DLi+ = ½[(Vm/FAσW)(dE/dx)]2, (2)
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where Vm is the molar volume of LiFePO4 (43.87 cm3 mol−1), F stands for the Faraday
constant, A is the surface area of the electrode (0.79 cm2), σW is the Warburg coefficient ob-
tained from the fitting, and (dE/dx) is the slope of the discharge curve for each composition.
Table S2 and Figure S6 show the calculated DLi+ for both the pristine and 5 nm Al2O3-
deposited electrodes at different DoD. Based on the analysis, it is possible to verify that the
more lithiated region presents higher ionic mobility, when compared to the low-lithiated
DoD, which might be related to distortions in the lattice parameters and, consequently,
the expansion of the internal channels in the LFP olivine structure when the content of Li+
increases [47]. Furthermore, since the lithium insertion starts from the periphery of the
electrode during the reaction, the results show that the additional 5 nm Al2O3 coating did
not cause significant drawbacks in the ionic diffusion during the lithiation process [44].

In addition to analyzing the electrodes at room temperature, the cycling performance of
the electrodes at elevated temperatures is considered a crucial criterion. Figure 8 illustrates
the electrochemical behavior and structural changes in both the uncoated and coated
electrodes during cycling at 0.5C and 40 ◦C. According to Figure 8a, coated LFP electrodes
with 5 nm and 10 nm Al2O3 exhibit more stable behavior compared to the pristine electrode.
In the cell with pristine LFP particles, there was a capacity fluctuation after 40 cycles
of charge/discharge, likely due to the unstable reaction between the electrode and the
electrolyte. Consequently, uncontrollable side reactions between the electrolyte and the LFP
cathode led to electrolyte decomposition, resulting in an unstable interface layer. In contrast,
cells fabricated using Al2O3-coated LFP electrodes exhibited stable behavior, indicating that
side reactions at the interface were suppressed by the Al2O3 coating. Among all the cells, the
LFP electrode with a 5 nm Al2O3 ALD coating showed the highest capacity. The sample with
the 10 nm coating also demonstrated good performance, but with less capacity compared
to the 5 nm Al2O3-coated LFP, possibly because the thicker Al2O3 coating suppressed
undesirable side reactions, while extending the lithium-ion transport pathway, resulting in
increased resistance. Figure 8b illustrates the charge/discharge curves of the electrode at
the 50th cycle. The overpotential of the pristine sample is higher than the other two coated
electrodes, consistent with the cycling performance. Moreover, the top-view SEM images
of the electrodes (Figure 8c) after cycling at 40 ◦C display morphological changes and crack
generation on the pristine LFP surface, while the coated LFP surface undergoes minimal
changes. These results further confirm that Al2O3 coating can suppress undesirable side
reactions between LFP and the electrolyte, leading to better cycling behavior.

XPS analyses were conducted on selected LFP samples, both pristine and coated with
5 nm Al2O3 thin films by ALD, both before and after cycling at room temperature and at
40 ◦C. These analyses proved invaluable in exploring the surface’s chemical changes result-
ing from cycling and for elucidating the mechanisms influencing the varied performance
of LFP cathodes coated with Al2O3 thin films compared to their pristine counterparts. In
Figure 9, the C1s, F1s, and P2p core lines (panels a, b, and c, respectively) are displayed,
acquired from the pristine LFP and the same samples post-cycling at room temperature
and at 40 ◦C. A comparison, among the various samples, distinctly indicates a shift in the
chemical composition of the cathode surface after cycling, as anticipated, attributable to the
formation of a CEI. These chemical alterations likely stem from a combination of LFP degra-
dation and side reactions within the electrolyte phase. Particularly in Figure 9a, the shape
and deconvolution of the C1s core line suggest that signals related to carbon black and
binder (PVDF), which constitute the fingerprint of the C1s peak on the pristine reference
LFP, persist after cycling, albeit with a change in the ratio of their intensities. Conversely,
all cycled samples exhibit an increase in the components associated with various oxidized
carbon species (COx), notably C-O or C-OH bonds around 286–287 eV and O-C-O or C=O
bonds around 288 eV, likely resulting from electrolyte oxidation. This cycling-induced
effect becomes even more pronounced when examining the F1s and P2p core lines. In
Figure 9b, the F1s component around 688 eV, originating from the C–F bonds in the PVDF
binder within the LFP, remains in the same position pre- and post-cycling, but with reduced
intensity, while a distinct shoulder emerges around 686 eV. Drawing from several published
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results [9,48–50], this shoulder band may be associated with Li-F bonds in LixPOy-1Fz+1
(F-rich fluorophosphates) or possibly LixPFy compounds deposited on the LFP, due to
electrolyte/salt decomposition during charging. The origin and presence of such species
are also confirmed in the P2p spectrum (Figure 9c). In the P2p spectrum acquired from
the pristine LFP, the excellent signal-to-noise ratio facilitated the fitting of the peak with
two components at 133.3 eV and 134.2 eV. The binding energy (BE) separation of 0.9 eV
aligns with the spin orbit separation of P 2p3/2 and P 2p1/2 components of phosphorus
P5+ in LiFePO4. Conversely, in the cycled samples, this peak is diminished in intensity,
while a second peak, at a higher BE, emerges. The latter, falling around 137 eV, characterizes
Li-F-P bonds in LixPOy-1Fz+1 and/or LixPFy compounds deposited on the cathode, once
again indicating a side reaction in the electrolyte phase during cycling [9,48,50].
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FE-SEM images of the electrodes in the fresh state and after 100 cycles at 1C.
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All the observed changes described above reasonably correlate with the formation
of a CEI on the LFP surface. The presence of an Al2O3 coating can mitigate side reactions
involving the electrolyte phase. In fact, analogous results were obtained by XPS analyses
on samples coated with 5 nm Al2O3 after cycling. On the other hand, the electrochemical
results obtained show that Al2O3 ALD-coated samples demonstrated better performance
under cycling, indicating that alumina coatings may play a role in protecting LFP material
from degradation processes induced by charging cycles. To investigate this point, we
focused on the Fe 2p and Fe3p core lines, considering that Fe is the only element detectable
on the LFP surface that could provide insights into the LFP structure, while all the others (Li,
F, P, O, C) could originate from either the LFP or the electrolyte. It is important to note that
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the Fe signal suffers from overlapping with the bremsstrahlung loss tail of the F1s peak for
the Fe2p core line and with the Li1s for the Fe3p core line. Nevertheless, a comparative study
of the two XPS regions together can provide us with some important indications regarding
the degradation or preservation of LFP in the absence or presence of a protective Al2O3
layer, respectively. The Fe2p core line of the pristine LFP (Figure 10a, black curve) exhibits
two peaks at 710.2 eV and 723.9 eV corresponding to Fe2p3/2 and Fe2p1/2, respectively,
indicating the Fe2+ oxidation state of Fe, as expected in LiFePO4 [9,49,50]. Additionally,
two smaller peaks at higher binding energies (BEs) are present (near 715 eV and 726 eV),
corresponding to satellite peaks typically arising in transition metal ions with partially filled
d-orbitals. In contrast, the Fe2p spectrum of cycled LFP (Figure 10a, red and green curves)
reveals an additional signal around 713 eV, attributed to a different oxidation state of iron,
Fe3+ in particular. This finding suggests degradation of the pristine LFP cathode’s chemical
structure, leading, with cycling, to the formation of inactive Fe3+-containing species (e.g.,
FeOOH, Fe2O3, or FeF3). Conversely, the presence of an alumina coating on the LFP
cathode surface appears to preserve the electrode from degrading reactions. This can be
inferred from the fact that only the signal from the 2+ oxidation state of iron is present
in the corresponding Fe2p lines (blue and purple lines) acquired for the cycled alumina-
coated LFP samples. A similar conclusion can be drawn by analyzing the Li1s/Fe3p region
(Figure 10b). The broadband deconvolution in the spectrum acquired for the pristine LFP
samples (black curve) reveals two main peaks around 54.5 eV, attributed to the Li1s signal,
and around 55.7 eV, attributed to the Fe3p (Fe2+) signal from LiFePO4. A weak shoulder
at higher BEs is also present, typically attributed to Fe3p (Fe3+) from the FePO4 species.
Examining the charged LFP sample (red curve), a strong peak emerges after cycling at
BEs higher than 58 eV, attributable to highly oxidized iron, such as Fe3p (Fe3+) in FeF3
compounds. Concurrently, the Li1s signal diminishes, while a peak centered around 55.7eV
persists. In this case, its origin is not solely from the Fe3p (Fe2+) signal from LiFePO4, but is
also from Li-F bonds, which, as discussed earlier, develop during cycling as side reactions
involving the electrolyte. Similar components are observed in the spectrum acquired for
the LFP sample cycled at high temperatures (green curve). Conversely, cycled LFP samples
previously coated with 5 nm of Al2O3 (blue and purple curves) exhibit an Fe3p/Li1s band,
where the signal from highly oxidized iron (Fe3+) is either absent or negligible. This finding
aligns with our previous considerations regarding the mitigating effect of the alumina
coating on the degradation of the chemical structure of LFP and the improved cycling
performance demonstrated by the coated samples.
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4. Conclusions

In this study, we investigated the effectiveness of protective coatings for the surface
treatment of high-mass loading LiFePO4 electrodes to mitigate battery performance degra-
dation. Coatings with thicknesses of 5 nm and 10 nm were explored using the atomic layer
deposition technique, with a focus on the physical and chemical characterization of the
electrode surface after cycling tests. Our findings, consistent with the existing literature,
demonstrate that thin Al2O3 coatings are highly effective in reducing degradation and tend
to improve specific capacity performance. Optimal thickness was observed at 5 nm, while
a 10 nm protective coating exhibited moderate improvements against degradation, but
with minimal enhancement in terms of the performance. Specifically, the 5 nm coating
facilitated both good battery performance and a significant reduction in degradation. The
characterization results indicate that the 5 nm Al2O3 coating does not adversely affect
electrical conductivity and prevents the degradation of the pristine LFP cathode’s chem-
ical structure. This degradation, if unchecked, could lead to the formation of inactive
Fe3+-containing species (e.g., FeOOH, Fe2O3, or FeF3) during cycling. It is worth noting
that further studies are warranted to identify the optimal thickness of the protective layers
to prevent side reactions between the electrode and the electrolyte. This consideration is not
limited to liquid-based electrolytes, but also holds promise for high-energy lithium-based
solid-state technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries10090304/s1, Figure S1: FESEM-EDS analysis on 5 nm Al2O3
LFP electrode to find out the uniform distribution of the elements (Al-O); Figure S2: Galvanostatic
charge and discharge in the voltage range of 2.5–4.2 V at 1C (1C = 170 mA gLFP−1) for Li/LFP cells
without (a) and with 5 nm Al2O3 deposition (b), and (c) Differential capacity vs. voltage profile of
the cells measured for the 100th cycle at 1; Figure S3: Galvanostatic discharge curve of the Li/LFP
half-cell, employing a different discharge cut-off voltage after fully charging the cell; Figure S4: Bode
plot of the cells with pristine and 5 nm Al2O3-coated LFP electrodes at DOD of 50%; Figure S5:
An equivalent circuit model used to fit and analyze the EIS data; Figure S6: Lithium ions diffusion
coefficient obtained from EIS spectra as function of the DoD for both pristine and coated LFP. Table S1:
Numerical value of Resistance and capacitances obtained from the fitting of the EIS spectra at different
states of lithiation for Pristine LFP electrode and 5 nm Al2O3-coated LFP electrode; Table S2: Lithium
ions diffusion coefficient obtained from EIS spectra as function of the DoD for both pristine and
coated LFP.
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28. Sahoo, P.P.; Güneren, A.; Hudec, B.; Mičušík, M.; Lenčéš, Z.; Siffalovic, P.; Frohlich, K. Improved Properties of Li-Ion Battery
Electrodes Protected By Al2O3 and ZnO Ultrathin Layers Prepared By Atomic Layer Deposition. ECS Meet. Abstr. 2022,
MA2022-02, 1136. [CrossRef]

29. Li, X.; Liu, J.; Banis, M.N.; Lushington, A.; Li, R.; Cai, M.; Sun, X. Atomic Layer Deposition of Solid-State Electrolyte Coated
Cathode Materials with Superior High-Voltage Cycling Behavior for Lithium Ion Battery Application. Energy Environ. Sci. 2014, 7,
768–778. [CrossRef]

30. Jung, Y.S.; Cavanagh, A.S.; Riley, L.A.; Kang, S.H.; Dillon, A.C.; Groner, M.D.; George, S.M.; Lee, S.H. Ultrathin Direct Atomic
Layer Deposition on Composite Electrodes for Highly Durable and Safe Li-Ion Batteries. Adv. Mater. 2010, 22, 2172–2176.
[CrossRef] [PubMed]

31. Khotimah, C.; Cheng, H.M.; Wang, F.M. Enhanced Cyclability of Lithium-Ion Batteries Resulting from Atomic Layer Deposition
of Al2O3 on LiFePO4 Electrodes. J. Solid State Electrochem. 2024. [CrossRef]

32. Hu, C.; Geng, M.; Yang, H.; Fan, M.; Sun, Z.; Yu, R.; Wei, B. A Review of Capacity Fade Mechanism and Promotion Strategies for
Lithium Iron Phosphate Batteries. Coatings 2024, 14, 832. [CrossRef]

33. Speranza, G.; Canteri, R. RxpsG a New Open Project for Photoelectron and Electron Spectroscopy Data Processing. SoftwareX
2019, 10, 100282. [CrossRef]

34. Moulder, J.; Stickle, W.; Sobol, W.; Bomben, K.D. Handbook of X-Ray Photoelectron Spectroscopy. Perkin-Elmer Corp. 1992, 40, 221.
35. Beamson, G.; Briggs, D. High Resolution Monochromated X-Ray Photoelectron Spectroscopy of Organic Polymers: A Comparison

between Solid State Data for Organic Polymers and Gas Phase Data for Small Molecules. Mol. Phys. 1992, 76, 919–936. [CrossRef]
36. Evshchik, E.Y.; Sanginov, E.A.; Kayumov, R.R.; Zhuravlev, V.D.; Bushkova, O.V.; Dobrovolsky, Y.A. Li4Ti5O12/LiFePO4 Solid-State

Lithium-Ion Full Cell with LithiatedNafion Membrane. Int. J. Electrochem. Sci. 2020, 15, 2216–2225. [CrossRef]
37. Buqa, H.; Goers, D.; Holzapfel, M.; Spahr, M.E.; Novák, P. High Rate Capability of Graphite Negative Electrodes for Lithium-Ion

Batteries. J. Electrochem. Soc. 2005, 152, A474. [CrossRef]
38. Dokko, K.; Nakata, N.; Kanamura, K. High Rate Discharge Capability of Single Particle Electrode of LiCoO2. J. Power Sources

2009, 189, 783–785. [CrossRef]
39. Yuan, L.X.; Wang, Z.H.; Zhang, W.X.; Hu, X.L.; Chen, J.T.; Huang, Y.H.; Goodenough, J.B. Development and Challenges of

LiFePO4 Cathode Material for Lithium-Ion Batteries. Energy Environ. Sci. 2011, 4, 269–284. [CrossRef]
40. Peled, E.; Menkin, S. Review—SEI: Past, Present and Future. J. Electrochem. Soc. 2017, 164, A1703–A1719. [CrossRef]
41. Barsoukov, E.; Macdonald, J.R. (Eds.) Impedance Spectroscopy; John Wiley & Sons: Hoboken, NJ, USA, 2018. [CrossRef]
42. Brug, G.J.; van den Eeden, A.L.G.; Sluyters-Rehbach, M.; Sluyters, J.H. The Analysis of Electrode Impedances Complicated by the

Presence of a Constant Phase Element. J. Electroanal. Chem. Interfacial Electrochem. 1984, 176, 275–295. [CrossRef]
43. Bal, B.; Ozdogru, B.; Nguyen, D.T.; Li, Z.; Murugesan, V.; Çapraz, Ö.Ö. Probing the Formation of Cathode-Electrolyte Interphase

on Lithium Iron Phosphate Cathodes via Operando Mechanical Measurements. ACS Appl. Mater. Interfaces 2023, 15, 42449–42459.
[CrossRef] [PubMed]

44. Gao, C.; Zhou, J.; Liu, G.; Wang, L. Lithium-Ions Diffusion Kinetic in LiFePO4/Carbon Nanoparticles Synthesized by Microwave
Plasma Chemical Vapor Deposition for Lithium-Ion Batteries. Appl. Surf. Sci. 2018, 433, 35–44. [CrossRef]

45. Wang, J.; Koenig, G.M. Comparison of Lithium Diffusion Coefficient Measurements in Tellurium Electrodes via Different
Electrochemical Techniques. J. Electrochem. Soc. 2023, 170, 050534. [CrossRef]

46. Ho, C.; Raistrick, I.D.; Huggins, R.A. Application of A-C Techniques to the Study of Lithium Diffusion in Tungsten Trioxide Thin
Films. J. Electrochem. Soc. 1980, 127, 343–350. [CrossRef]

47. Ahsan, Z.; Ding, B.; Cai, Z.; Wen, C.; Yang, W.; Ma, Y.; Zhang, S. Recent Progress in Capacity Enhancement of LiFePO4/cathode
for Li-Ion Batteries. J. Electrochem. Energy Convers. Storage 2021, 18, 010801. [CrossRef]

48. Baboo, J.P.; Yatoo, M.A.; Dent, M.; Hojaji Najafabadi, E.; Lekakou, C.; Slade, R.; Hinder, S.J.; Watts, J.F. Exploring Different Binders
for a LiFePO4 Battery, Battery Testing, Modeling and Simulations. Energies 2022, 15, 2332. [CrossRef]

49. Kroff, M.; Hevia, S.A.; O’Shea, J.N.; de Muro, I.G.; Palomares, V.; Rojo, T.; del Río, R. Lithium Iron Phosphate/Carbon (LFP/C)
Composite Using Nanocellulose as a Reducing Agent and Carbon Source. Polymers 2023, 15, 2628. [CrossRef]

50. Lee, H.; Lim, H.S.; Ren, X.; Yu, L.; Engelhard, M.H.; Han, K.S.; Lee, J.; Kim, H.T.; Xiao, J.; Liu, J.; et al. Detrimental Effects of
Chemical Crossover from the Lithium Anode to Cathode in Rechargeable Lithium Metal Batteries. ACS Energy Lett. 2018, 3,
2921–2930. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


