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Abstract: Coating conducting polymers onto active cathode materials has been proven to mitigate
issues at high current densities stemming from the limited conducting abilities of the metal-oxides.
In the present study, a carbon coating was applied onto nickel-rich NMC622 via polymerisation of
furfuryl alcohol, followed by calcination, for the first time. The formation of a uniform amorphous
carbon layer was observed with scanning- and transmission-electron microscopy (SEM and TEM)
and X-ray photoelectron spectroscopy (XPS). The stability of the coated active material was confirmed
and the electrochemical behaviour as well as the cycling stability was evaluated. The impact of the
heat treatment on the electrochemical performance was studied systematically and was shown to
improve cycling and high current performance alike. In-depth investigations of polymer coated
samples show that the improved performance can be correlated with the calcination temperatures. In
particular, a heat treatment at 400 ◦C leads to enhanced reversibility and capacity retention even after
400 cycles. At 10C, the discharge capacity for carbon coated NMC increases by nearly 50% compared
to uncoated samples. This study clearly shows for the first time the synergetic effects of a furfuryl
polymer coating and subsequent calcination leading to improved electrochemical performance of
nickel-rich NMC622.

Keywords: carbon coating; capacity retention; high-performance cathode; Ni-rich layered cathode;
organic based coating; polymer coating

1. Introduction

Ni-rich NMC, LiNixMnyCozO2 (where x ≥ 0.5, x + y + z = 1) has attracted great
attention in the battery community due to a combination of high reversible capacity
(180–250 mAh g−1) and high operating voltage (~3.8 V vs. Li+/Li) that stems from two-
dimensional lithium-ion diffusion and good lithium-ion conductivity [1]. However, in
spite of these advantages, the material is known to possess problems such as surface side
reactions and chemical instability at the highly de-lithiated stages (>4.3 V vs. Li+/Li) [2–5].
To overcome these issues and to achieve the long-term performance of Ni-rich NMC mate-
rials, surface stabilisation of Ni-rich materials is considered an efficient strategy [3–9]. Such
surface coating of materials/layers should offer decreased surface impedance, unchanged
Li+ diffusivity, and chemical stability vs. the electrolyte throughout the applied voltage
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window. Metal oxides, including Al2O3 [10–12], ZrO2 [13,14], MgO [15], Li2O–2B2O3 [16],
TiO2 [17], SiOx [18], ZnO [19], SnO2 [20], Y2O3 [21], LiNbO3 [22], and LiAlPO3.93F1.07 [23]
have been employed as coatings which improved the electrochemical performance and
stabilised Ni-rich NMC materials during prolonged cycling. The delay in structural degra-
dation stems from an effective protective layer that prevents the material from HF-based
surface side reactions and lowers the charge transfer resistance of Li+ and transition metals
dissolution. However, their inherently low electronic conductivity results in a poor electro-
chemical performance at high current rates, which challenges their ability in high power
applications [24–27]. To solve this problem, a carbon coating on the surface of metal-oxide
particles is one of the strategies demonstrated in the literature. Many studies demonstrated
that a nanometre layer of carbon increased electronic conductivity of the cathode mate-
rial and reduced side reactions with the electrolytes. The layer creates a physical barrier
between the electrolyte and the metal-oxide-based cathodes [24]. This has been widely
applied for low conducting materials such as LiFePO4 [28,29] and Li2FeSiO4 [30,31]. Hence,
thin layers of carbons are a proven strategy to increase the electrochemical performance
at high current rates. However, achieving homogeneous coatings on micrometre-sized
commercial NMC cathode materials remains challenging. In this regard, amorphous
carbon-based materials from polymerisation offer homogeneous coverage and high elec-
tronic conductivity. Their good chemical and electrochemical stability have been reported
as promising alternatives to metal-oxide-based coatings [32]. Moreover, low material cost
and processes makes them potentially competitive with metal-oxide coatings. Compared
to nanosized materials, large particles of a mean diameter of ~10 µm were found difficult
to coat and only a thin layer on the material can be obtained through a general solution-
based coating approach. Furthermore, it is well known that in inert atmosphere carbon
acts as a reducing agent and can remove oxygen from the NMC structure, leading to the
formation of unwanted surface species and material degradation [33]. Therefore, in this
work we present a method that reduces the risk of oxidizing the carbon layer by a process
that involves polymer curing on NMC particles, and the formation of carbon at elevated
temperatures is carried out in air atmosphere. Here, we have performed an amorphous
polymer coating of poly-furfuryl on NMC622 through the polycondensation of furfuryl
alcohol (Equation (1)). In detail, the process contains the steps of monomerpolymerisation
at 80 ◦C, followed by curing of the polymerised products at 120 ◦C to form a cross-linked
polymer structure. A final calcination step creates a uniform amorphous carbon layer.

Although there are approaches to obtain carbon coated Ni-rich NMC through solid
state methods, these examples restrict control over thickness [24,34]. On the other hand,
polymerisation of organic monomers on top of metal-oxide particles followed by calcination
allows for the formation of amorphous carbon with a defined thickness. Hence, in the
present study we performed carbon coatings on NMC622 micro-sized particles through
the polymerisation of furfuryl alcohol (FA) followed by a calcination step. A systematic
study of carbon coating thickness and heat treatment on NMC622, comparing coated with
uncoated micro particles that improve the electrochemical performance, is presented in
this work. Furfuryl alcohol is used as fire retardant and for its thermosetting properties
after polymerisation [35] as well as its ability to form carbon layers with good mechanical
properties. It is also known to be chemical inert towards corrosive species, such as HF [36].
Here, we show that a uniform coating was achieved by polycondensation of furfuryl
alcohol followed by calcination of the cross-linked polymer structure in air. Further, a
detailed study on the effect of variation of calcination temperature of the poly-furfuryl
coated NMC622 on the thickness of carbon coating was performed and revealed optimum
conditions at 400 ◦C. A nearly 15 nm thick layer of amorphous carbon on NMC622 particles
can be derived from the calcination of poly-furfuryl, which results in increased capacity
retention and higher discharge capacity of up to 10 C during discharge.
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2. Results
2.1. Polymer Formation

The formation and curing of the polymer were confirmed by the Fourier-transform
infrared spectroscopy (FTIR) analysis shown in Figure 1. The broad OH peak in the region
3600–3000 cm−1 is strongly reduced, indicating that polycondensation of the monomer took
place. Moreover, increased vibration bands in the spectral range of 1710 and 1520 cm−1

indicate the presence of C=O and C=C stretching, respectively, which implies the successful
formation of cross-linkage via the Diels–Alder reaction followed by ring opening. These
functionalities, on the other hand, cannot be detected in the furfuryl alcohol monomer [37].
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2.2. Thermal Decomposition of the FA Polymer

The thermal decomposition of the cured polymer coating on top of NMC622 was inves-
tigated by thermogravimetric analysis/ differential thermal analysis (TGA/DTA) and mass
spectrometry. NMC coated with cured FA-polymer was loaded in a corundum crucible and
subjected to thermal analysis. The sample was heated from room temperature up to 500 ◦C
with a heating rate of 5 ◦C/min. Weight loss and differential temperature was recorded,
and the evolved gases were analysed. A weight loss of ~3% between room temperature and
410 ◦C can be divided into four regions (30–100 ◦C, 100–310 ◦C, 310–410 ◦C, 410–480 ◦C)
as shown in Figure 2a. In region 1a, weight loss of ∼0.42 wt.% in the temperature range of
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30–100 ◦C is observed and can be attributed to the desorption of residual water stemming
from the polycondensation reaction and humidity. Such low quantities are below the
detection limit of the mass spectrometer and are therefore not visible. In region 2 and 3,
the weight loss of ~2.6 wt.% between ~100 and 410 ◦C can mainly be assigned to the
decomposition of the polymer coating and formation of a carbon species as the function
of the temperature; above 410 ◦C, weight loss becomes insignificant. Therefore, 400 ◦C
was chosen as the optimum temperature with the objective to obtain a thin-layer carbon
coating on top of NMC622 particles. The DTA curve shows two exothermic peaks during
the heating process; to understand the mechanism behind the decomposition, TGA/DTA
coupled mass spectrometry was carried out with the mass to charge ratios m/z of 18 and
44 datapoints corresponding to H2O and CO2, respectively (Figure 2). Between 30 and
100 ◦C, region 1 shows an endothermic peak which is characteristic for the evaporation of
water. In contrast to region 1, region 2 (100–310 ◦C) is characterised by an exothermic peak
together with the evolution of water and CO2. In the literature it is well described that the
rupture of furan rings leads to the formation of amorphous carbon species and subsequent
evolution of CO2 [38], which indicates the decomposition of the organic polymer structure.
The appearance of H2O at an onset temperature of 250 ◦C can be explained as the remain-
ing monomer undergoing a polycondensation reaction. In region 3, a second exothermic
process starts at 330 ◦C which finds its maximum at 390 ◦C. The appearance of only CO2
correlates to further decomposition of the carbon-based structure.
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2.3. Structural Stability of Coated NMC622

It is well known that carbon is a reducing agent and thus can reduce the transitional
metal in the NMC structure, leading to oxygen release in the structure and the formation of
CO/CO2 gases [8,33]. Hence, layered NMC has the tendency to transform to spinels and
rock-salt structures upon heating in the presence of carbon [33]. Therefore, considerable
efforts have been devoted during the calcination process to obtain carbon from polymeric
organic materials in an air atmosphere while maintaining the layered NMC structure. In
order to verify the structural stability of the NMC622 upon systematic heating, a study on
the calcination of the poly-furfuryl coated particles was carried out at 235 ◦C, 300 ◦C, 350 ◦C,
and 400 ◦C as shown in Figure 3. To investigate changes in the polymer structure where
initiation of decomposition was expected, 235 ◦C was chosen as the lowest temperature
and the upper limit was set at 400 ◦C since the mass loss at higher temperatures appeared
insignificant. Powder X-ray diffraction at elevated temperatures revealed that all materials
remained single phase NMC622 in the R-3m space group [1]. Clear peak splitting at
~38◦ and ~65◦ 2θ corresponds to (006)/(102) and (108)/(110) hkl planes and proves the
high crystallinity of the materials after coating and heating. Lattice parameters obtained
from Rietveld refinement are given in Table 1. It has been reported that the intensity
ratio of (003)/(104) indicates cation mixing in the lattice of NMC622 material, and that
values of (003)/(104) > 1.2 indicate no obvious cation mixing in the structure [1,39,40],
as was found for the coated materials described here (Table 1). Also, the c/a ratio of
>4.91 strongly indicates hexagonal ordering of the coated materials and the exclusion of
cation-mixing [39]; this further proves the thermal stability and remaining crystal integrity
of NMC622 throughout the polymerisation process and subsequent heat treatments.
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2.4. Structure of the Polymer Coating

FTIR-ATR analysis of the uncoated pristine NMC showed weak bands between 400
and 520 cm−1 corresponding to the O–M–O asymmetric bending modes, and above
520 cm−1 asymmetric stretching modes of the MO6 (where, M=Ni, Co, Mn) octahe-
dra (Figure 1) [41,42]. The main characteristic bands for the cured polymer coated on
NMC622 were seen at 3110 cm−1 (–CH in aromatic rings), 2910 cm−1 (aliphatic –CH stretch),
1710 cm−1 (C=O stretch), 1650 cm−1 (C=C stretch), 1510 cm−1 (ring vibrations), 1420 cm−1
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(asymmetric –CH2 bending), 1355 cm−1 (–CH ring stretch), 1210 cm−1, 1150 cm−1 (C–C
furan stretch), 1012 cm−1 (=C–O–C= furan ring stretch), 880 cm−1 (=C–H= furan ring
stretch), 785 cm−1 (twisting of –CH ring structure), and 732 cm−1 (–CH ring out of plane
stretch) [43]. However, all vibrations in the range of 1675–1015 cm−1 disappear after the cal-
cination process and the band corresponding to the carbonyl species at 1715 cm−1 decreases
in intensity. At the same time, two main broader bands increase at ~1600 and ~1300 cm−1

(Figure 4), which are described in the literature as the formation of amorphous carbon and
carbon nanotubes [44,45]. Only weak intensity bands can be observed in Figure 4, which
were caused by the low quantity of the amorphous carbon due to the thin nature of the
coating remaining on the samples after the heat treatment. These absorption bands show
proof of the conversion from the poly-furfuryl alcohol polymer into an amorphous carbon-
like structure with an aromatic character [46]. Based on these findings, the successful
transformation of the poly-furfuryl into the carbon structure can be confirmed.

Table 1. The lattice parameters of the coated/calcined and uncoated NMC622 samples.

Sample/Calcination
Temperature a c c/a I(003)/I(104) Rwp Goodness of

Fit (χ2)

(◦C) (Å) (Å)

Uncoated pristine 2.8681(2) 14.2230(4) 4.95 1.62 0.99 2.04
235 2.8689(4) 14.2317(8) 4.96 1.65 1.03 2.07
300 2.8692(3) 14.2377(3) 4.96 1.66 1.01 2.08
350 2.8684(5) 14.2329(4) 4.96 1.64 1.05 2.10
400 2.8680(2) 14.2294(5) 4.96 1.65 0.96 1.98
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X-ray photoelectron spectroscopy (XPS) analysis was performed on all calcined sam-
ples to confirm the presence of carbon species and to determine the variation in elemental
composition of the surface layer throughout the calcination process. Figure 5 shows the
full XPS survey spectra of all the coated and calcined powder samples, which contain the
expected elements C and O on all samples, as well as Ni. However, the sample heated
to 235 ◦C does not show a significant peak for nickel (see also Figure S2b), which can be
explained by changes in coating thickness with increasing calcination temperature together
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with the limited depth sensitivity of the instrument of about 7–10 nm. When increasing the
calcination temperature, the carbon content decreases, while O and Ni increase as shown in
Figure S2b and Table 2, which points towards the removal of the carbon layer. An anomaly
is observed at 350 ◦C due to the partial surface charging during the measurements, even
though it was minimised, but not fully suppressed by using a low energy electron flood
gun for charge compensation. The C1s spectrum shown in Figure S2a consists of two
peaks. The high intensity peak at 285.0 eV is attributed to the amorphous carbon [36]
present in the sample, whereas a low intensity peak at 289.2 eV originates from carboxylic
groups [47]. The resulting amorphous carbon derived from poly-furfuryl alcohol is known
for its excellent combination of mechanical and optical properties, i.e., extreme hardness
and inertness against acid environment (HF included) [36,48]. Results from FTIR analysis
and XPS measurement confirms a thin layer of carbon and the amorphous nature of the
structure obtained from the calcination process of poly-furfuryl.
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Figure 5. XPS survey spectra for the coated powder samples that are calcined at different temperatures.

Table 2. Elemental quantification from XPS (estimated error =10% for values >10 at% and 15–20% for
<10 at%).

Calcination Temperature C Ni O

(◦C) (at%) (at%) (at%)

235 52.3 <1 47.7
300 43.2 1.1 55.7
350 45.2 1.6 53.2
400 36.6 2.8 60.7

2.5. Morphology of the Polymer Coating

The morphology and microstructure of uncoated pristine, coated, and calcined pow-
ders were investigated by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) analysis. SEM of the uncoated pristine sample (Figure 6a) shows
200–500 nm primary NMC622 particles with rough surfaces, and secondary spherical
particles of 5–15 µm size. Figure 6b shows a complete coverage of the NMC particles
with the polymer. Furthermore, calcination of the polymer structure (Figure 6c–f) led to
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a homogeneous carbon coated NMC622 material, as can also be observed via elemental
mapping with energy dispersive X-ray spectroscopy (EDX). The results of the detailed EDX
analysis (see Figure S3) show the loss of carbon for the coated sample as the calcination
temperature increases. CHN analysis was carried out to determine the amount of carbon
derived from poly-furfuryl calcination (Table 3); it shows that an increase in temperature
results in the decrease of carbon content. The findings are in line with TGA data, which
show a mass loss with increasing temperature.
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Table 3. Carbon quantification after calcination derived from CHN.

Calcination Temperature Carbon Quantity

(◦C) (wt.%)

235 0.93 ± 0.03
300 0.83 ± 0.03
350 0.80 ± 0.02
400 0.76 ± 0.02

TEM was carried out to examine the thickness of the coating after each temperature
calcination and confirms a uniform layer of carbon around the surface of the NMC sec-
ondary particles (Figure 7). It clearly shows the effect of temperature on the polymer layer
thickness. We observed a~100 nm thickness for samples calcined at 235 ◦C, ~50 nm at
300 ◦C, ~30 nm at 350 ◦C, and ~15–20 nm at 400 ◦C. Furthermore, a uniform carbon layer
was observed by surface mapping; the results are presented in Figure 7f–h. The images
provide a clear picture of a homogeneous carbon coating on top of the NMC particles.
However, the diffused ring in the coated area indicates the amorphous nature of the carbon
(Figure 7e) [49]. These findings are in line with the XPS, EDX, and CHN analyses, which
depict a strong dependency of coating thickness to the calcination temperature resulting in
uniform carbon layers.
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2.6. Electrochemical Performance
2.6.1. Cyclic Voltammetry

To investigate the influence of the coating on electrochemical performance, cyclic
voltammetry (CV), charge–discharge, rate-capability tests, and impedance studies were
carried out. Figure 8a shows the first cycle of CV comparing uncoated pristine and
coated/calcined samples. For the uncoated pristine material, an oxidation peak at ~3.85 V
vs. Li/Li+ and a reduction peak at ~3.70 V vs. Li/Li+ during the first cycle can be
observed, corresponding to oxidation and reduction of the Ni2+/4+ redox couple [1]. Cyclic
voltammetry revealed that coating thickness and temperature had no impact on either
the uncoated or the coated materials upon cathodic scan, showing a stable reduction
peak (Figure 8a). However, in the first cycle the voltage difference between the anodic
and cathodic peaks was higher for the coated samples compared to the uncoated ones
(~0.126 V), and as the temperature of calcination increased to 235 ◦C, 300 ◦C, 350 ◦C, and
400 ◦C, the voltage difference decreased to 0.273 V, 0.235 V, 0.194 V, and 0.156 V, respectively.
The increase in the voltage difference can be mainly attributed to a shift to higher potential
for the first anodic peak. This can be explained by a hindered Li+ diffusion in the first
anodic scan, which was exacerbated with the increase in thickness of the coated layer
on top of the particles. However, from the second scan onwards the offset of the anodic
peak shifted to lower potentials, since all the coated calcined samples were forming stable
cathode electrolyte interfaces (CEIs) [2]. During subsequent cycles, Ni2+/4+ redox couples
remained unchanged for the carbon coated samples.
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2.6.2. CCCV Charge and CC Discharge

In CCCV experiments, typical charge–discharge profiles for NMC type materials were
observed for pristine and calcined NMC622 cathode materials in the 1st, 200th, and 400th
cycle, which are shown in Figure 8b, Figure 8c, and Figure 8d, respectively; testing was
conducted at 2 C (where 1 C = 160 mAh g−1) in the potential window of 3.0–4.3 V vs. Li/Li+.
All cells were subjected to formation cycles at 0.1 C for the first five cycles, to form a stable
CEI layer at the interface to adjust for high discharge loads in the successive cycles. All tests
for NMC show typical progressive and retrogressive charge–discharge curves (Figure 8b).
When comparing the formation cycles of freshly prepared cells, a similar behaviour in
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relation to CV measurements can be observed. The overpotential increased (higher charge
plateaus) during charging for calcined in comparison to uncoated materials and most likely
can be related to a reduced Li+ ion diffusion. This phenomenon can be clearly related to the
thickness of the coating (see Figure S4). Also, CCCV experiments gave similar discharge
curves compared to CV for all samples. During the first cycle, the charge plateau for
uncoated samples started at ~3.70 V, at ~3.74 V for the coated ones, and it continued to
increase to ~3.77 V as the thickness of the coating increased. A potential increase at the
very beginning of the charge curve can be observed, which is attributed to the change
of the current rate (0.1 C to 0.5 C) after formation, the thickness of the coating layer, and
surface impurities [8]. However, the discharging profiles of pristine and calcined materials
are similar without noticeable difference in the ohmic drop (IR drop). After 200 cycles, an
increase in the IR drop can be seen with a similar charge–discharge behaviour, which is
mainly due to the rise of internal resistance, as shown in Figure 8c. This was caused by
the accumulated products from side reactions over 200 cycles and resulted in the drop
of potential at the beginning of discharge. However, the IR drop or ohmic polarisation
was less in the case of calcined compared to uncoated materials and showed its lowest
values for the thinnest coatings. Similarly, the concentration polarisation was lower for
calcined compared to the uncoated samples, which is attributed to the mass transfer within
the cell during charge–discharge. This further confirms an improved charge–discharge
performance for carbon coated samples. It can also be assigned to the better percolation
network, which improves the electronic conductivity of the particle and leads to fewer
side reactions stemming from the metal-oxide surface. Likewise, after the 400th cycle,
much higher polarisation losses can be observed in the uncoated sample compared to the
calcined material (seen in Figure 8d). The increase in polarisation was mainly caused by
the increase in internal resistance, which may have originated from surface side reactions.
Figure 8e shows the cycling performance of the uncoated and cells with calcined NMC
materials over 400 cycles, performed at a 2 C discharge rate. The discharge capacity at
the first cycle after formation for NMC powders calcined at 235 ◦C, 300 ◦C, 350 ◦C, and
400 ◦C delivered values ranging from 153.59 mAh g−1 to 156.98 mAh g−1. The same order
of capacity decrease can be observed after completing 400 cycles with discharge capacities
ranging from 125.80 mAh g−1 to 140.36 mAh g−1 as shown in Table 4. As a result, higher
capacity retention can be observed in the coated materials, which increased with thinner
coatings (85.29%, 85.56%, 86.93%, and 89.42%). In contrast, the uncoated NMC622 shows
only 81.38% from the first cycle as shown in Figure 8f. Hence, coated calcined samples give
better performance and higher capacity retention upon long-term cycling and it is believed
this performance improvement is directly related to the amorphous carbon surface coating.
A comparison of previously reported studies related to the long-term cycling stability of
coated materials can be found in Table S2, highlighting the improved capacity retention
that can be achieved with the materials reported in this work.

Table 4. Specific discharge capacities (in mAh g−1) at 2 C of uncoated pristine compared to calcined
samples after the 1st and 400th discharge cycle (standard deviation = ±2 mAh g−1).

Calcination Temperature Initial Capacity Final Capacity Capacity Retention

(◦C) (mAh g−1) (mAh g−1) (%)

Uncoated pristine 153.59 125.80 81.38
235 154.51 131.73 85.29
300 154.60 132.67 85.56
350 154.41 134.23 86.93
400 156.98 140.36 89.42

2.6.3. Cycling Experiments of Heat Treated Uncoated Pristine NMC622

To confirm the effect of the calcination on the performance improvement of the
NMC material, samples treated at elevated temperatures, but without carbon coating,
were tested under the same conditions and compared with the coated samples. Rietveld
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refinement analysis was carried out and is presented in Figure S5 and Table S1. The clear
peak splitting at ~38◦ and ~65◦ 2θ corresponds to (006)/(102) and (108)/(110) hkl planes,
which indicates the high crystallinity of the materials after heating. Lattice parameter
values of (003)/(104) >1.2 indicate no obvious cation mixing in the structure [1,39,40].
Their cycling performance was tested under the same conditions as the coated samples,
depicted in Figure S6. Specimens calcined at different temperatures, namely, 235 ◦C,
300 ◦C, 350 ◦C, and 400 ◦C, delivered discharge capacities after the first cycle ranging from
155.18 mAh g−1 to 156.46 mAh g−1. For cells cycled 400 times, discharge capacities in the
range of 128.89 mAh g−1 to 134.27 mAh g−1 were observed, which gives capacity retentions
of 83.06%, 84.28%, 84.37%, and 85.81%, respectively as shown in Table 5. These findings are
in agreement with published data where the improvement in capacity retention originates
from the removal of the surface impurities (LiOH, Li2CO3) during the heat treatment,
and from the enhancement of crystallinity due to the heating step [3,7,8]. Hence, the heat
treatment of NMC particles results in improved performance. However, the amorphous
carbon coating presented in this paper further improves performance during the long-term
cycling and has a high C-rate testing.

Table 5. Specific discharge capacities (in mAh g−1) at 2 C of uncoated pristine samples after the 1st
and the 400th discharge cycle (standard deviation = ± 2 mAh g−1).

Calcination Temperature Initial Capacity Final Capacity Capacity Retention

(◦C) (mAh g−1) (mAh g−1) (%)

Uncoated pristine 153.59 125.80 81.38
235 155.18 128.89 83.06
300 155.05 130.68 84.28
350 155.80 131.45 84.37
400 156.46 134.27 85.81

2.6.4. Rate Capacity and Electrochemical Impedance Spectroscopy Test

To evaluate the robustness of the carbon coatings at different loads of current, rate
capability testing was carried out as shown in Figure 9a. At lower current rates such as
0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C, both the uncoated and coated materials delivered similar
discharge capacities, without significant differences in discharge performance. However,
when higher loads of current such as 5 C and 10 C were applied, all the coated calcined
samples delivered significantly increased discharge capacities compared to the uncoated
pristine material; see Table 6. The improvement in the performance of the coated calcined
material is directly proportional to the thickness of the coating layer; e.g., by reducing the
thickness of the coating from ~100 nm (coated calcined at 235 ◦C) to ~15 nm (coated calcined
at 400 ◦C), the discharge capacity at 10 C increased from 87.23 mAh g−1 to 94.97 mAh g−1,
which relates to a nearly 9% capacity improvement. Also, when compared with the
uncoated sample, which delivered only 63.41 mAh g−1 at 10 C, the calcined material at
400 ◦C showed a nearly 50% improvement in the discharge capacity. Comparing high
current tests of NMC622 coated with ~15 nm amorphous carbon from this work with
state-of-the-art coated materials shows excellent performance for high currents of 10 C at
discharge (see Table S3).

To determine the reason for the presented performance enhancement, electrochemical
impedance spectroscopy studies for uncoated and all calcined samples were performed
after the formation cycle. Therefore, cells were charged to a nominal voltage (3.8 V) before
acquiring impedance data. The results are shown in Figure 9b. From the perspective of the
qualitative analysis, the coated calcined samples showed lower charge transfer resistance
(Rct) compared to the uncoated samples. That is, the charge transfer resistance of the coated
materials decreased with the thickness of the coating, indicating the formation of a thinner
and more stable CEI layer on top of the material. Furthermore, the charge transfer resistance
for Li+ was reduced by providing optimum encapsulation with amorphous carbon as a
layer on top of the particles and as a result improved ionic conductivity. The lower charge
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transfer resistance of samples calcined at 400 ◦C may be one of the reasons for the higher
rate performance at 10C due to the improved percolation pathways for Li+ movement
and enhanced electric conductivity. However, to quantify the improvement, the detailed
analysis of the obtained spectra was carried out using the electrical equivalent circuit
shown in Figure S7, where Rsol represents the electrolyte and cell resistance The parallel
CPEsei and Rsei represent the capacitive nature and resistance of the passivation layer
on the electrode–electrolyte interface, respectively (i.e., the small arc at high frequencies
region). The next parallel constant phase element (CPEdl) and Rct represent the charge-
transfer process (i.e., the dominating arc in the Nyquist plots). The generalised finite space
Warburg (GFW) is used to fit the diffusion component of the plot [50]. Since the lithium ion
intercalates into the cathode during the discharge process through the SEI layer followed
by diffusion in the bulk, the GFW element is added in parallel CPEdl and series to Rct [51].
The constant phase element (CPE) is used instead of the capacitor, due to its non-ideal
capacitor nature attributed to the electrode surface inhomogeneity or dispersed charge-
transfer reactions [51]. The exponential parameter “P” is used to describe its deviation
from the ideal capacitor.
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Table 6. Specific discharge capacities (in mAh g−1) of uncoated and calcined samples (standard
deviation = ±2 mAh g−1).

Untreated
Pristine 235 ◦C 300 ◦C 350 ◦C 400 ◦C

Current Rate (mAh g−1) (mAh g−1) (mAh g−1) (mAh g−1) (mAh g−1)

0.1 C 169.68 170.61 171.93 174.35 176.40
0.2 C 164.28 165.60 167.66 170.41 173.20
0.5 C 156.48 157.21 158.60 161.38 163.37
1 C 146.46 147.77 149.51 152.61 155.01
2 C 136.02 138.33 140.65 143.11 144.69
5 C 100.60 118.27 120.96 123.48 124.99
10 C 63.41 87.23 91.66 92.65 94.97

Table 7 shows the obtained best fit values of the uncoated and coated samples, where
the low error in the determination of each component shows a good quality of fit and
high reliability of the performed fit. The Rsol values do not deviate much during each
measurement, indicating high reproducibility in cell assembly and measurements. The
lower value of Rsei was found in different samples due to the thin electrodes (low active
material loading per area). The variation of Rct in different coating thicknesses was found
to be more dominating. The deviation of Rct was found to be from 20.11 Ω to 15.01 Ω with
the thickness of the carbon coating ranging from ~100 nm to ~15 nm, respectively. However,
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the value in the uncoated sample, found to be 54.11 Ω, is much higher, which underlines
the positive impact of the amorphous carbon coating on cell performance. The smaller Rct
values for the coated samples compared to the uncoated materials relates to the surface
deintercalation–intercalation of lithium ions in the cathode during the charge–discharge
process. Accordingly, upon comparing the coated and uncoated electrodes, owing to
the lower value of charge-transfer resistance in the amorphous carbon coated samples, a
better Li+ intercalation–deintercalation was observed. Further, a strong dependency on the
thickness of the coating layer to charge-transfer resistance can be seen, where Rct values
decrease as the thickness of the coating reduces.

Table 7. Best fit values of uncoated and calcined samples.

Calcination
Temperature Uncoated Pristine 235 ◦C 300 ◦C 350 ◦C 400 ◦C

Element Units Value Error
(%) Value Error

(%) Value Error
(%) Value Error

(%) Value Error
(%)

Rsol (Ω) 2.443 0.002 2.312 0.002 2.291 0.002 2.157 0.002 2.265 0.001
CPEsei-T (Fsα−1) 4.47 × 10−4 0.006 4.10 × 10−4 0.006 4.04 × 10−4 0.006 0.000 0.007 4.04 × 10−4 0.006
CPEsei-P (/) 0.698 0.001 0.705 0.001 0.710 0.001 0.704 0.001 0.725 0.001

Rsei (Ω) 8.502 0.001 8.402 0.001 8.413 0.001 8.090 0.002 8.020 0.001
CPEdl-T (Fsα−1) 3.35 × 10−3 0.003 4.35 × 10−3 0.004 4.22 × 10−3 0.005 0.004 0.005 3.99 × 10−3 0.005
CPEdli-P (/) 0.923 0.001 0.871 0.001 0.863 0.001 0.860 0.001 0.879 0.001

Rct (Ω) 54.110 0.007 20.110 0.005 17.910 0.005 16.340 0.005 15.010 0.004
W-R (Ω) 70.550 0.001 19.560 0.025 18.120 0.021 16.770 0.019 14.870 0.014
W-T (s) 5.899 0.002 10.900 0.056 9.801 0.048 8.180 0.041 6.862 0.030
W-P (/) 0.419 0.007 0.419 0.010 0.420 0.009 0.421 0.009 0.429 0.007

2.7. Post-Mortem Analysis

Post-mortem analysis was conducted after 400 charge–discharge cycles to reveal the
underlying processes that cause improved performance for coated materials compared to
untreated NMC. Figure 10 shows the XRD and SEM analyses carried out on the uncoated
and NMC calcined at 400 ◦C. The cells were disassembled inside a glove box and washed
gently with dimethyl carbonate (DMC) to remove any residual LiPF6 salt. The XRD of
the cycled electrodes shows clear peak splitting of (006)/(102) and (108)/(110) hkl planes
for the coated materials, while uncoated pristine NMC622 shows low intense peaks as
highlighted in Figure 10; the arrival of new shoulder peaks and the broadening of the (110)
peak indicate the partial loss of hexagonal order in the crystal lattice. When comparing
electrodes after 400 cycles, specimens calcined at 400 ◦C show higher crystallinity in
comparison with untreated pristine NMC622 (Figure 10a). SEM analysis reveals that heat
treatment and galvanostatic cycling has no impact on primary and secondary particle
morphology (Figure 10b,c).

Batteries 2021, 7, x FOR PEER REVIEW 15 of 20 
 

2.7. Post-Mortem Analysis 
Post-mortem analysis was conducted after 400 charge–discharge cycles to reveal the 

underlying processes that cause improved performance for coated materials compared to 
untreated NMC. Figure 10 shows the XRD and SEM analyses carried out on the uncoated 
and NMC calcined at 400 °C. The cells were disassembled inside a glove box and washed 
gently with dimethyl carbonate (DMC) to remove any residual LiPF6 salt. The XRD of the 
cycled electrodes shows clear peak splitting of (006)/(102) and (108)/(110) hkl planes for 
the coated materials, while uncoated pristine NMC622 shows low intense peaks as high-
lighted in Figure 10; the arrival of new shoulder peaks and the broadening of the (110) 
peak indicate the partial loss of hexagonal order in the crystal lattice. When comparing 
electrodes after 400 cycles, specimens calcined at 400 °C show higher crystallinity in com-
parison with untreated pristine NMC622 (Figure 10a). SEM analysis reveals that heat 
treatment and galvanostatic cycling has no impact on primary and secondary particle 
morphology (Figure 10b,c). 

 
Figure 10. (a) XRD of electrodes of uncoated pristine (top) and calcined samples, heat treated at 400 
°C. (b) SEM of uncoated samples and (c) SEM of the calcined samples. Electrodes were collected 
after the completion of 400 cycles. 

3. Materials and Methods 
3.1. Material Preparation 

Commercially available NMC622 (BASF, HED™) with ~10 µm size, was used as the 
parent material. The carbon coating on NMC622 was achieved via polymerisation of fur-
furyl alcohol (FA) (≥98% (a/a), Merck KGaA, Gernsheim, Germany). Oxalic acid dihydrate 
(Merck KGaA, Germany) was used as the catalyst for the polycondensation reaction of 
furfuryl alcohol. The weight ratio of NMC622 to FA was adjusted to 6:1. The FA to oxalic 
acid ratio was maintained at 1 wt.% of FA, and then the NMC622 powders were dispersed 
in the solution of FA, followed by heating to 80 °C. Once the reactants became a gel, it was 
cured at 120 °C for 1 h. To obtain the carbon coating on NMC622, the cured powders were 
calcined at 235 °C, 300 °C, 350 °C, and 400 °C, respectively, for 2 h in air as shown in Figure 
S1. 

3.2. Physico-Chemical Characterisation 
The phase identification was carried out by powder X-ray diffraction (PXRD) using 

an X’Pert Pro diffractometer (Malvern/Panalytical) equipped with Cu Kα radiation (λ = 
1.54060 Å). The PXRD patterns were collected between 10 and 120° (2θ) and a scan speed 
of 0.01061°/s. The specimen displacement, peak deconvolution, and unit cell parameters 
were refined by Rietveld analysis within the Highscore Plus software package. For the 

Figure 10. (a) XRD of electrodes of uncoated pristine (top) and calcined samples, heat treated at
400 ◦C. (b) SEM of uncoated samples and (c) SEM of the calcined samples. Electrodes were collected
after the completion of 400 cycles.



Batteries 2021, 7, 69 15 of 19

3. Materials and Methods
3.1. Material Preparation

Commercially available NMC622 (BASF, HED™) with ~10 µm size, was used as
the parent material. The carbon coating on NMC622 was achieved via polymerisation
of furfuryl alcohol (FA) (≥98% (a/a), Merck KGaA, Gernsheim, Germany). Oxalic acid
dihydrate (Merck KGaA, Germany) was used as the catalyst for the polycondensation
reaction of furfuryl alcohol. The weight ratio of NMC622 to FA was adjusted to 6:1. The FA
to oxalic acid ratio was maintained at 1 wt.% of FA, and then the NMC622 powders were
dispersed in the solution of FA, followed by heating to 80 ◦C. Once the reactants became
a gel, it was cured at 120 ◦C for 1 h. To obtain the carbon coating on NMC622, the cured
powders were calcined at 235 ◦C, 300 ◦C, 350 ◦C, and 400 ◦C, respectively, for 2 h in air as
shown in Figure S1.

3.2. Physico-Chemical Characterisation

The phase identification was carried out by powder X-ray diffraction (PXRD) us-
ing an X’Pert Pro diffractometer (Malvern/Panalytical) equipped with Cu Kα radiation
(λ = 1.54060 Å). The PXRD patterns were collected between 10 and 120◦ (2θ) and a scan
speed of 0.01061◦/s. The specimen displacement, peak deconvolution, and unit cell pa-
rameters were refined by Rietveld analysis within the Highscore Plus software package.
For the standard reference pattern LiNi0.65Mn0.1Co0.25O2 (98-015-9318), the correct atomic
occupancy for NMC622 (Li1Ni0.60Mn0.2Co0.2O2) was considered. A scanning electron
microscope SEM (Supra 40, Carl Zeiss AG, Oberkochen, Germany) was used to investigate
the morphology of carbon coated and uncoated NMC622 powders. A detailed examination
of the thickness and homogeneity of the coating was investigated by transmission electron
microscopy TEM (TECNAI F20, FEI Company, Hillsboro, OR, USA). The elemental distri-
bution was analysed by energy dispersive X-ray spectroscopy (EDX, EDAX Inc., Mahwah,
NJ, USA). Attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR,
PerkinElmer, Inc., Waltham, MA, United States) was used to determine organic functional
groups. The thermal decomposition of the polymer coated NMC622 was observed using
a NETZSCH STA 449 F1 thermobalance, and thermogravimetric analysis (TGA) with a
differential thermal analysis sensor (DTA) coupled with a 403 Aëolos Quadro quadrupole
mass spectrometer (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany) was used
to determine the gas evolved during the decomposition reaction. The XPS-spectrometer
(SPECS, Berlin, Germany) consists of a monochromatic (Al-Kα = 1486.6 eV) radiation source
(µFocus 350) and a hemispherical energy analyzer with a wide-angle lens (PHOIBOS-150,
acceptance angle: 60◦, mean angle: 51◦ to sample surface normal). Pass energies of 100 eV
and 30 eV and step widths of 0.5 eV and 50 meV were used to obtain the survey and
high-resolution spectra, respectively. Measurements were conducted at 3 × 10−9 mbar,
where the base pressure of the system was 1 × 10−9 mbar. To confirm the linearity of the
binding energy (BE), scale methods described in ISO15472 were used. The instrument
resolution was determined by measuring the Ag 3d5/2 signal of sputter cleaned silver.
The data analysis was carried out by using CASA XPS software (Casa Software Ltd, UK),
applying Scofield sensitivity factors [52] and transmission correction Shirley/Tougaard
backgrounds [53,54]. Charge correction was carried out by shifting the adventitious carbon
peak (C–C peak) to 285.0 eV binding energy. Elemental analysis (CHN) was carried out
with a Perkin Elmer 2400CHN elemental analyser (PerkinElmer, Inc., Waltham, MA, USA).

3.3. Cell Preparation and Electrochemical Measurement

Pristine NMC622, carbon coated NMC622 powders as active material, in this pub-
lication called AM, and carbon black (CB) from Imerys S.A. (super-C65) were dried at
100 ◦C for 2 h. Manual mixing was carried out in an agate mortar. Small portions of 7 wt.%
polyvinylidene fluoride (PVDF, SOLEF 5130) in N-methyl pyrrolidone (NMP) solution
were added dropwise and mixed thoroughly until it formed a homogenous mixture. The
dough-like mixture was transferred to a glass beaker, where the rest of the PVDF–NMP
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solution was added. The weight ratio of AM, CB, and PVDF was adjusted to 90:5:5 with
a solid content of the slurry of 40 wt.% and stirred for 12 h. A 120 µm thick film was
coated on a 16 µm aluminium foil using a doctor blade. The coating was dried at 60 ◦C
in air for 30 min followed by 120 ◦C for 2 h in a vacuum oven. After this procedure, the
electrode was calendared at 120 ◦C, where 35–40% of the porosity was retained. Electrodes
were punched as 15 mm discs and subjected to another heating step at 120 ◦C under high
vacuum for 12 h before being transferred into a glove box.

Considering a specific AM capacity of 160 mAh g−1, the average areal loading
(8.5 ± 0.5 mg cm−2) of AM gave an average areal capacity of 1.4 ± 0.1 mAh cm−2. The
CR2016 coin type half-cells with the NMC622 electrode active material, Celgard separator,
and Li foil were assembled in an argon-filled glove box (M. BRAUN INERTGAS-SYSTEME
GMBH, Garching, Germany), where H2O and O2 contents were <0.1 ppm. A volume of
100 µL of a 1M LiPF6 in ethylene carbonate (EC)):ethyl methyl carbonate (EMC) = 3:7 (w/w),
and 2 wt.% vinylene carbonate (VC) (SoulBrain) solution was used as an electrolyte and
added to wet the micropores of the polypropylene membrane (Celgard 2500) separators.
For charge–discharge and rate capability tests, constant current constant voltage (CCCV)
measurements were conducted on a Maccor Series 4000 battery tester in the voltage range of
3.0–4.3 V at 0.1 C (where 1 C = 160 mAh g−1) for the first five cycles’ formation, followed by
0.5 C for CCCV charging (CV until the current reaches 0.05 C) and 2.0 C for CC-discharging.
The cyclic voltammetry (CV) was performed with a scan rate of 50 µV s−1 in the potential
range of 3–4.3 V vs. Li/Li+. Electrochemical impedance spectroscopy (EIS) was carried out
with an amplitude voltage of 10 mV and a frequency range of 100 mHz to 3 KHz, using a
BioLogic VSP electrochemical workstation. All the electrochemical measurements were
then performed at a constant temperature of 25 ◦C.

4. Conclusions

An amorphous carbon coating was successfully applied onto NMC622 materials by
acid catalyst polymerisation of furfuryl alcohol followed by a calcination step for the first
time. The XRD analysis showed the phase stability of NMC622 at various temperatures,
SEM images showed complete coverage of NMC samples with carbon, and TEM images
further confirmed the carbon coating and showed variations in the thickness of the coat-
ing as a function of the calcination temperature as well as uniformity. Additionally, XPS
analysis showed the temperature dependency of the carbon coating, which was confirmed
by the TEM analysis of the coated NMC samples. Furthermore, a detailed electrochemical
analysis was performed to investigate the effect of the surface coating on the performance
of the NMC622, and the long-term cycling of the coated samples showed improved electro-
chemical performance; in particular, the 15–20 nm carbon coatings showed better capacity
retention and an improvement of 8% after 400 cycles. The improvement in the long-term cy-
cling performance of the coated calcined samples shows their low electrode–electrolyte side
reactions over 400 cycles. Apart from long-term performance, the coated calcined sample
showed nearly 50% capacity improvement compared with the uncoated one when cycled
at 10 C provided by a better percolation network. The high-rate performance improvement
was further analysed by electrochemical impedance analysis, where the coated calcined
samples showed lower charge-transfer resistance than the uncoated samples, which creates
optimum conditions for the Li+ ions to transfer from the bulk to the surface of the electrode.
Additionally, for the role of heat treatment on the NMC particles, the systematic heating
on the uncoated particles was carried out, showing the remaining structural stability of
the NMC622 and resulting in improved capacity after 400 cycles. PXRD in post-mortem
analysis showed less crystallinity for the uncoated materials compared to 400 ◦C calcined
NMC. However, the SEM analysis showed no major difference in particle size in both
materials. Hence, the optimum carbon coating without inert atmosphere improved the
long-term cycling as well as the high-rate performances. Furthermore, comparing the
results with the state-of-the-art reported coating materials for nickel-rich cathodes, the
present coating strategy to obtain a thin coating of ~15 nm at 400 ◦C showed excellent
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capacity retention after the run of 400 complete cycles at 2 C discharge rate and a good
upgrade in the C-rate performances, especially at a 10 C discharge rate, where nearly 50%
enhancement was observed. In future, the study at higher potentials, in combination with
state-of-the-art anodes to fabricate full cells, will help to enable high-power applications.

Supplementary Materials: The following graphs and tables are available online at https://www.
mdpi.com/article/10.3390/batteries7040069/s1, Figure S1: Schematic of synthesis process; Figure S2:
XPS detail spectra for (a) C 1s and (b) Ni 2p regions; Figure S3: EDAX analysis of (a) uncoated
pristine NMC622, (b) Coated calcined at 235 ◦C, (c) coated calcined at 300 ◦C, (d) coated calcined at
350 ◦C, and (e) coated calcined at 400 ◦C for 120 min duration; Figure S4: Formation cycle profile of
uncoated and coated calcined NMC622 sample carried at 0.1C current rate; Figure S5: XRD patterns
of (a) uncoated pristine NMC622, (b) uncoated calcined at 235 ◦C, (c) uncoated calcined at 300 ◦C,
(d) uncoated calcined at 350 ◦C, and (e) uncoated calcined at 400 ◦C for 120 min duration; Figure S6:
Cycling performance of the uncoated NMC622 and uncoated calcined at 235 ◦C, 300 ◦C, 350 ◦C,
and 400 ◦C; Figure S7: Equivalent electrical circuit for the impedance analysis of the uncoated and
coated samples; Table S1: The lattice parameters of the uncoated and the coated heated NMC622
samples; Table S2: Comparison of previously reported different surface coating materials to improve
their long-term electrochemical cycling performance; Table S3: Comparison of previously reported
different surface coating materials to improve their high current electrochemical performances.
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