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A B S T R A C T

Phase purity plays a vital role in achieving high capacity and long cycle life for lithium iron phosphate. Given
that LiFePO4 has lower electronic and ionic conductivity, carbon coating on fine particle surface is often used in
order to improve the electrochemical performance of LiFePO4. Unfortunately, the carbon coating process is an
inherently reducing process that is difficult to control and often results in the over-reduction of LiFePO4, turning
it into iron phosphide. Our research here demonstrates the formation of a non-conductive Fe2P2O7 phase during
the carbon coating process on LiFePO4. This phase formation is found to be dependent on particle size, tem-
perature, and annealing atmosphere. Furthermore, these changes are found to directly associate with the change
of the reducing potential. The finding in this work aims to guide and control the phase purity of carbon coated
LiFePO4 by identifying important parameters that need to be taken under consideration during the carbon
coating process in an effort to realize excellent electrochemical performance.

1. Introduction

Carbon surface coating has been widely applied to lithium iron
phosphate (LFP) for lithium ion batteries in order to improve electronic
conductivity as well as provide favourable surface chemistry [1]. LFP,
possessing an intrinsically lower electronic conductivity of
10−9 S cm−1, has been effectively improved by carbon coating [2,3].
Since pioneering work conducted by Ravet et al. demonstrates excellent
electrochemical performance after carbon coating on the LFP, [4,5]
research in this field has attracted great attentions. Most reports are
focused on the understanding the influence of carbon coating on bulk
LFP rather than surface effects [5–8]. However, changes to stoichio-
metry and/or the formation of secondary phases on the surface/inter-
face of LFP have been unclear due to the complex nature of the carbon
coating procedure [9–12]. This process comprises of several reactions
occurring simultaneously and is reliant on many factors such as vola-
tility of lithium, [13,14] deposition/diffusion of carbon, [15,16] and
redox of iron and/or phosphors [17]. Given the electrochemical im-
portance of secondary phases, researchers have attempted to synthesize
the LFP with alternative phase composition. Further, the influences of
secondary phase on the electrochemical performance have been

reported by many groups [16,17]. Previously, a Fe2P2O7 secondary
phase was detected on the surface of hydrothermal synthesized LFP.
The origin of such impurity phase formation was that more FeLi aniti-
site was formed at lower temperature than high temperature solid state
reactions [18-20]. However, there is a lack of in-depth understanding
on the complex relationship between phase distribution and particle
size [12,15,21]. Furthermore, the precise control over the formation of
secondary/impurity phases still remains elusive and difficult. As a re-
sult, a holistic understanding of surface phase homogeneity on LFP will
greatly improve product uniformity for mass-production [22,23].

Recently, our work demonstrated the formation of a secondary
surface impurity phase of Fe2P2O7 when carbon coating on LFP. This
process was hypothesized to occur due to loss of lithium oxide at high
temperature [24]. With advanced in-depth characterization techniques,
surface chemistry change was clearly visualized and recorded on the
flat surface of ingot samples. The phase distribution on the surface of
LFP was found to become inhomogeneous following the coating process
as a result of C/LFP interface reactions. This Fe2P2O7 phase is expected
to be electrochemically inert, with no contribution to the capacity of
LFP. The emerging question of importance that arises out of this study is
what surface properties allow for the facile formation of secondary
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phases and how can this formation be reduced or eliminated during LFP
manufacturing. In an effort to address these questions, we system-
atically investigate the formation and stability of Fe2P2O7 phase on
commercial powder samples by developing a procedure that includes a
wide range of reaction conditions aimed at controlling or eliminating
Fe2P2O7 phase by tuning carbon coating parameters. In addition, LFP
ingot sample prepared by melt casting method, with a large flat surface,
is also used to obtain detailed surface chemistry changes that occur
during the carbon coating process, thus providing crucial information
toward important parameters that lead to changes at the surface/in-
terface [25–28].

With fine tuning of carbon coating condition, a full diagram of
Fe2P2O7 phase existing region is outlined with respect to different
coating parameters. Highly pure LFP particles with different size could
be achieved by controlling the carbon coating process. From a ther-
modynamic point of view, we give a single unified mechanism that
could be used to describe the formation of Fe2P2O7 phase under dif-
ferent circumstance. Furthermore, we use LFP ingot sample to de-
monstrate the direct visualization of phase changes during the carbon
coating process. The methodology utilized in this work on multi-ele-
ment phase equilibrium systems under reducing atmosphere and/or
high temperature can be useful for material systems that require control
over phase purity and stability during carbon coating.

The origin of such impurity phase formation was that more FeLi
anitisite was formed at lower temperature than high temperature solid
state reactions [18-20].

2. Results

Detailed physical investigation of the Fe2P2O7 phase change in
different size LiFePO4 (LFP) is presented in Fig. 1. LFP particles with
different size were achieved by ball milling LFP ingot sample, with a
range from micron (19 µm) to nano (60 nm) (Size distribution in Fig.
S1). The relationship between particle size and Fe2P2O7 formation were
investigated by XRD, patterns of carbon-coated LFP powders were
collected in Fig. 1a. Small peaks in the XRD within the range of 28–33°
(grey area) increase in intensity with increasing LFP particle size. This
range of peaks can be assigned to Fe2P2O7 (JCPDS no 76-1762), sug-
gesting that increased LFP size results in high amount of Fe2P2O7. As
LFP particle sizes decrease, Fe2P2O7 peaks diminish and are virtually
non-existent at sizes below 150 nm (See the circle inset in Fig. 1a). To
obtain further evidence for the size-dependent relationship on the for-
mation of Fe2P2O7 phase, three samples of size 560 nm, 150 nm, and
60 nm were characterized using high resolution transmission electron
microscope (HRTEM, Fig. 1b). For 560 nm LFP, two sets of diffraction
patterns are observed. One can be assigned to bulk phase LiFePO4 while
the other is attributed to Fe2P2O7 impurity phase (inset of 560 nm LFP
in Fig. 1b), indicating the co-existence of these two phases. Interest-
ingly, HRTEM reveals the presence of a thin carbon layer approximately
~2 nm in thickness. This layer is closely followed by a thin strip of
Fe2P2O7. In contrast, the smaller particles (60 nm) or the critical size
(150 nm) particles show no evidence of Fe2P2O7 impurity (150 nm LFP
and 60 nm LFP in Fig. 1b), remaining as pure LiFePO4 phase. The
carbon layer covered on the two different LFP particles is ~ 5 nm
(150 nm LFP) and ~ 8 nm (60 nm LFP), respectively, suggesting thicker
carbon layer for a smaller LFP. It is evident that the impurity phase
Fe2P2O7 formation during carbon coating process is size dependent and
the critical size is 150 nm. With such a value in mind, we can instruct
the manufacturer to produce the right size for impurity free LFP with
suitable tap density.

Fe2P2O7 is an electrochemically inert phase and therefore influences
electron and lithium transportation, leading to decreased capacity and
cycling stability. To investigate this effect, electrochemical performance
of LFP particles with different sizes were evaluated at a current density
of 0.1 C (1 C = 170 mA g−1), as shown in Fig. 1c. Clearly, smaller
particle sizes deliver increased capacity compared to their larger-sized

counter parts. For example, 19 µm LFP particles only deliver a dis-
charge capacity of 100 mAh g−1 in the first cycle with capacity fading
to 61 mAh g−1 after 100 cycles (capacity retention of 61%). On the
contrary, the 60 nm LFP sample exhibits a very stable discharge capa-
city of 160 mAh g−1, with 100% capacity retention after 100 cycles.
The other different-sized LFP (from 150 nm to 560 nm) follow the same
trend in between the 19 μm-size and 60 nm LFP. However, the perfor-
mance here includes the influence of impurity phase and particle size.
In the next section, we will exclude the influence of particle size, as the
smaller size LFP is impurity free while the bigger size LFP has different
level of impurity, which makes the evaluation of impurity phase diffi-
cult.

Additionally, temperature plays an important role in the formation
of Fe2P2O7 impurity phase during the carbon coating process. The
19 µm LFP particles were initially studied to determine the influence of
temperature on the formation of Fe2P2O7, Fig. 2a illustrated the phase
change of LFP during carbon coating. XRD patterns are taken within a
temperature range of 400–850 °C with a 50 °C interval. From the peaks
shape between 28° and 33° in Fig. 2a, it can be clearly seen that the
Fe2P2O7 impurity phase changes with temperature. Diffraction peaks
for Fe2P2O7 impurities begin to appear at 450 °C and their intensities
become stronger as annealing temperatures reach 750 °C. Interestingly,
the diffraction peaks for Fe2P2O7 impurity disappears at temperatures
above 800 °C (inset in Fig. 2a in the range of 28–33°). Sensitivity of
detecting Fe2P2O7 impurity as a function of temperatures provides
important insight on surface chemistry of LFP during the carbon coating
process, therefore, we further investigate the phase evolutions as a
function of temperature using an in-situ XRD heating stage (Fig. S2).
From these experiments we observe the same phase change trend as ex-
situ XRD samples, suggesting instability of Fe2P2O7 phase at high tem-
perature. Furthermore, we also extended the same experiment to
smaller LFP particles. The similar trend of appearance and dis-
appearance of Fe2P2O7 impurity with temperatures is observed in LFP
particles with smaller size (560 nm and 50 nm LFP) at 400–800 °C. The
difference among these three size LFP samples is that the critical tem-
perature for disappearance of Fe2P2O7 impurity decreases with smaller
LFP particle sizes. (See Fig. S3a and b).

To obtain further evidence of surface changes, sub-micron particles
(560 nm LFP) were chosen as a suitable model for morphology and
crystal structure investigation. From SEM images of 560 nm LFP (Fig.
S3c), no obvious surface chemistry changes were observed for two
different temperature (700 °C and 800 °C) coated LFP samples. Slight
particle growth for samples annealed at 800 °C is observed by esti-
mating the size-distribution, it is a phenomenon commonly found for
nano LFP. Therefore, detailed structural information through HRTEM
and SAED characterizations were performed to verify surface chemistry
changes. A clear difference in both the SAED patterns and HRTEM
images of two coated samples can be seen in Fig. 2b. Compared with
700 °C LFP samples, the SAED pattern for 800 °C LFP samples shows
only one set of diffraction peaks, which can be identified and indexed as
LFP. Furthermore, HRTEM images reveal LFP pure surface with no trace
of Fe2P2O7, covered with a thick ~ 6.6 nm carbon layer, which is
consistent with XRD analysis in Fig. 2a.

As demonstrated earlier, LFP performance is influenced by the
amount of Fe2P2O7 impurity as well as LFP particle size. To exclude the
influence of particle size, we examined the electrochemical perfor-
mance of 19 µm LFP treated under different temperatures (Fig. 2c). It
seems that electrochemical performance can be correlated to amount of
Fe2P2O7 impurity phase. Our results demonstrate that an increased
amount of impurity leads to quick capacity decay and loss of reversible
capacity. Furthermore, rate performance testing on the 700 °C, 800 °C
samples and 750 °C sample with more Fe2P2O7 indicates that a dimin-
ished performance is observed for 750 °C sample with the increase of
impurity content, especially at higher rate. This phenomenon may be
ascribed to the inert nature of Fe2P2O7. During electrochemical cycling,
Fe2P2O7 impurity phase impedes lithium-ion mobility and inhibits its
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Fig. 1. Size dependent effect of Fe2P2O7 impurity phase formation during carbon coating (700 °C). (a) XRD pattern of different size, from 60 nm to 19 µm. Right side shows the impurity
phase region. (b)HRTEM characterization of 560 nm, 150 nm and 60 nm LiFePO4 particles. Scale bar, 5 nm in HRTEM and 500, 200, 100 nm respectively in tree insert panel. (c)Cycle
performance of LiFePO4 particles at 0.1 C (1 C = 170 mA g−1).
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ability to access active LFP. As lithiation and delithiation continues,
lithium ions accumulate at the interface between the impurity layer and
the active layer leading to rapid loss of capacity. However, we cannot
completely rule out that the difference in electrochemical performance

treated at different temperature is caused by different carbon coating
quality. One possible reason for good performance for carbon coated
LFP sample annealed at 800 °C is the high conductivity of the carbon
layer, which can benefit for the rate capability. Further investigation is

Fig. 2. Temperature dependent effect of
Fe2P2O7 impurity phase during carbon
coating. (a)XRD pattern of micro (19 µm)
LFP particles after carbon coating at dif-
ferent temperature. (b) HRTEM images of
560 nm C/LiFePO4 particles at 700 °C and
800 °C. Scale bar, 5 nm in HRTEM,
500 nm in the insert TEM images. (c)
Electrochemical performance of micro
(19 µm) LFP samples annealed at three
different temperatures at different rate
current density (0.1 C, 0.2 C, 0.5 C, 1 C,
5 C, 10 C) (1 C = 170 mA g−1) and long
term cycle performance of 0.1 C in the
inset.
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needed to confirm the blocking effect of Fe2P2O7 phase.
Apart from effect of temperature, annealing atmosphere plays an

important role in LFP carbon coating process. In an effort to reduce the
amount of Fe2P2O7 impurity phase at elevated temperature, we

introduced reductive gas (H2 and NH3 gas) to amplify the reducing
atmosphere effect on LFP. Fig. 3 illuminates the atmospheric dependent
nature of Fe2P2O7 impurity phase in LFP particles during the carbon
coating process. Carbon coating were performed for 19 µm LFP in the

Fig. 3. Atmosphere dependent effect of
Fe2P2O7 impurity phase during carbon
coating in 19 µm LFP. (a) Ar/H2 (b) Ar/NH3

(c) HRTEM images of 560 nm C/LiFePO4

particles in Ar and Ar/H2. Scale bar, 5 nm in
HRTEM, 100 nm in the insert TEM images.

Y. Liu et al. Nano Energy 45 (2018) 52–60

56



temperature range of 400–700 °C for Ar/H2 (95:5) and 300–600 °C for
Ar/NH3 (95:5). XRD patterns of 19 µm LFP taken after using a Ar/H2

reducing atmosphere (Fig. 3a) demonstrates that the critical tempera-
ture for removal of Fe2P2O7 phase decrease from 800 °C in pure Ar to
700 °C, indicating a narrower phase stable region. For an Ar/NH3 an-
nealing atmosphere (Fig. 3b), critical temperature of 600 °C is observed
for the removal of Fe2P2O7 phase in 19 µm LFP. Compared to pure Ar,
the appearance of Fe2P2O7 temperature region for 19 µm LFP also de-
creases from a range of 500–700 °C to 400–500 °C in Ar/NH3. For
560 nm LFP, Fe2P2O7 impurity phase's region narrows down in Ar/H2

and then totally diminishes in Ar/NH3. (See Fig. S4, S5). More inter-
estingly, with the reducing atmosphere of H2 and NH3, 60 nm LFP is
completely free of Fe2P2O7 impurity phase in the temperature range of
400–700 °C (See Fig. S4, S5).

Detailed morphology and crystal structure information of samples
annealed at different atmosphere were investigated, using 560 nm-size
LFP as an example. From the SEM images in Fig. S4c, no obvious surface
changes and particle size changes could be observed for neither Ar nor
Ar/H2 atmosphere annealed 560 nm LFP samples. However, structural
information from HRTEM and SAED characterizations confirm surface
chemistry change following different annealing atmosphere. From
SAED patterns in Fig. 3c, two sets of diffraction patterns of Fe2P2O7 and
LFP are presented in 560 nm LFP sample coated in Ar atmosphere
whilst there is only one sets of diffraction pattern of LFP in 560 nm LFP
sample coated in Ar/H2 atmosphere. Furthermore, 560 nm LFP treated
in an Ar atmosphere display characteristics lattice of Fe2P2O7 impurity
in the HRTEM of Fig. 3c, while clean surface is presented for 560 nm
LFP coated in Ar/H2 atmosphere.

An outline demonstrating the influence of size, temperature and
atmosphere on formation of Fe2P2O7 impurity phase during LFP carbon
coating is presented in Fig. S6. From XRD patterns obtained herein, we
demonstrate the ability to control the formation of Fe2P2O7 phase and
provide an avenue toward obtaining pure LFP through fine tuning im-
portant synthesis parameters. This map will instruct manufacturers as
well as researchers a method toward producing impurity-free LFP.

3. Discussion

Fig. 4 displays the phase transition diagram for Fe2P2O7 phase with
respect to LFP particle size, annealing temperature, and annealing at-
mosphere. Formation temperature for Fe2P2O7 phase, in an Ar atmo-
sphere, remains constant from 320 nm to 19 µm until LFP particles size

increases into the millimeter range. On the other hand, there is an
obvious difference in the temperature necessary for the removal of
Fe2P2O7 phase in smaller LFP particles. Specifically, for 150 nm and
60 nm LFP particles, the temperature necessary for removal of Fe2P2O7

phase is suppressed down to 700 °C. More importantly, we find that the
stability region of Fe2P2O7 is further reduced with the addition of a
reducing atmosphere (H2 and NH3). Highly pure LFP particles are easily
obtained as the Fe2P2O7 stable region in the phase diagram becomes
smaller. Such a unique phase transition phenomenon should be related
to interface reactions between carbon and the underlying LFP.

In our previous work, we hypothesized that smaller particles un-
derwent a high rate of carbon deposition, resulting in rapid formation
of carbon layer on the surface of LFP. This process then in-turn limited
lithium depletion at surface, thereby preventing the surface change
from LFP to Fe2P2O7. On the contrary, bigger particles underwent a
slow carbon deposition rate, resulting in fast lithium depletion at the
surface as well as lithium evaporation during the carbon coating [24].
In light of the evidence presented herein, we offer an alternative ther-
modynamic interpretation for the underlying mechanism on the for-
mation of Fe2P2O7 phase during carbon coating (Fig. 5).

Carbon coating inherently invokes a reducing environment due to
the high temperature and reducing agents involved. At relatively lower
temperatures (< 300 °C), the formation of Fe2P2O7 is unfavorable be-
cause a limited amount of hydrocarbon decomposition occurs, resulting
in a small amount of reducing gas being produced. As temperature in-
creases, the amount of reducing gas produced also increases, and for-
mation of Fe2P2O7 occurs more readily. More intriguing phenomenon is
the stability region of Fe2P2O7 phase under reducing environment. First
principle calculation conducted by Ceder et al. [11], revealed that
Fe2P2O7 phase appears when the oxygen chemical potential reaches
µo2= − 12.38 eV, and disappears at − 16.08 eV(see Supplementary
information about oxygen chemical potential). Thus, Fe2P2O7 phase has
a thermodynamic stability region between oxygen chemical potential
µo2 of− 12.38 to− 16.08. µo2 is determined by temperature and partial
pressure of oxygen, simultaneously. With higher temperatures, lower
oxygen partial pressures and/or the presence of reducing agent, lower
value µo2 is deemed. Herein, we find that the formation of Fe2P2O7

phase during carbon coating is dependent not only on the oxygen
chemical potential, but also on the particle size of LFP samples.

In a typical carbon coating process under Ar gas, a high value of
oxygen chemical potential µo2 at low coating temperature, which is
unfavorable for formation of the Fe2P2O7 phase. When µo2 approaches
− 12.38 eV at 450 °C in micro-size LFP (19 µm), the formation of
Fe2P2O7 phase begins. Therefore, the formation of Fe2P2O7 phase be-
comes thermodynamically favourable as temperature increases, re-
sulting in more crystalline Fe2P2O7 phase in LFP. Further increasing the
coating temperature (above 800 °C), Fe2P2O7 becomes thermo-
dynamically unstable as µo2 decreases below − 16.08 eV. This explains
the temperature-dependent phenomenon of Fe2P2O7 phase formation
during LFP carbon coating process. On the other side, µo2 is also de-
termined by oxygen partial pressure, which could be influenced by the
presence of reducing gas. For smaller sized LFP particles (560 nm and
60 nm), more reducing gas (H2) is formed due to rapid decomposition
of the supplied carbon, originating from high catalytic of surface Fe
atoms. [24] This phenomenon is supported by the observation of a
relatively thick carbon layers deposited on the surface of smaller LFP
particles (HRTEM images in Fig. 1b). The Brunauer–Emmett–Teller
(BET) surface area of LFP particle was measured through N2 adsorp-
tion/desorption isotherms tests (Fig. S7 and Table S1). The results
suggested that Fe2P2O7 formation was closely related to the surface
area of LFP particles.

Thus, lower µo2 value will be obtained for small-LFP particles at the
same temperature of big LFP particles because presence of more redu-
cing agent leads to lower oxygen partial pressure PO2. Therefore, the
amount of Fe2P2O7 formed on LFP surface decreases with particle size
decreasing. Especially, 60 nm and 150 nm LFP particles are free of

Fig. 4. Phase transition diagram of Fe2P2O7 with respect to size, temperature and at-
mosphere. Red circles label the Fe2P2O7 formation temperature, Tc, with change in
particles size. Blue circles label the Fe2P2O7 removal temperature, Tc, with change in
particles size. Solid red and blue lines define the edge of phase transition in Ar atmo-
sphere, dash lines define the edge of phase transition in Ar/H2 and dot line define the
edge of phase transition in Ar/NH3.
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Fe2P2O7 phase because they have reached the critical µo2 value at
700 °C. When a reducing gas (H2) is intentionally introduced during the
LFP carbon coating process, oxygen partial pressure PO2 inherently
decreases and the critical temperature for removal of Fe2P2O7 for 19 µm
LFP in Ar/H2 declines below 700 °C. This is a result of decreasing
oxygen chemical potential, which has been shown to influence the
presence of Fe2P2O7. Furthermore, Fe2P2O7 phase is removed at even
lower temperatures for smaller LFP particles (560 nm and 60 nm LFP)
because in-situ production of more reducing H2 via decomposition of
the carbon source alters the oxygen partial pressure. When the reducing
gas employed is ammonia (NH3), both the formation and removal
temperatures of Fe2P2O7 phase are greatly reduced for all LFP particles
due to a large decrease in PO2, resulting in decreased µo2, regardless of
temperature. Therefore, atmospheric conditions during the carbon
coating process is important in the formation of Fe2P2O7 phase. Based
on Cedar paper, such a Fe2P2O7 phase change phenomenon was easily
observed in Li-deficient LFP [11]. Our inductively coupled plasma
atomic emission spectroscopy (ICP-AES) testing (Table S2) on LFP
particles also confirms that lithium is deficient in large-sized LFP
samples. Moreover, the Fe2P2O7 phase formation is independent of
carbon precursor choice as Fe2P2O7 phase formation occurs in 19 µm
-LFP with gas carbon (C2H4) as precursor (Fig. S8).

To provide further evidence for our thermodynamic mechanism, we
employed LFP ingot as a model sample to study the Fe2P2O7 phase
change under different carbon coating conditions. The morphologies of
LFP ingot under different carbon coating temperature are shown in Fig.
S9, ranging from 600 °C to 900 °C. SEM images of samples treated at
600 °C reveal a relatively flat surface with only thin layer of carbon
while samples treated at a higher temperature (700 °C) appear to have
island-shaped phases distributed on the surface. The island shape phase
is associated with lattice mismatch stress between surface and bulk
phases. [24] Increasing the temperature to 800 °C results in the growth
of these island phases. However, further increasing the temperature
beyond 800 °C leads to the disappearance of island shaped phases. A
detailed study on with narrower temperature step shows that the sur-
face phase formation region begins as low as 650 °C, and end at 875 °C
(Fig. S11, S12). The XRD patterns of the ingot sample also confirm
phase changes occurring following the carbon coating at different
temperature (Fig. S9e), where the peaks of Fe2P2O7 phase changes in
accordance with the island-phase formed on the surface of LFP ingot. In
addition, Raman characterization was performed on LFP ingot after
carbon coating to determine specifics information about LFP crystal
structure. Raman spectra, presented in Fig. S10, reveals the presence of
two different crystal structures for LFP coated at 800 °C. One is attrib-
uted to Fe2P2O7 phase while the other is crystalline LFP. Furthermore,

using Raman mapping, phase distribution of LFP and Fe2P2O7 can be
determined. The change of surface phase was also confirmed by Fe-K
edge X-ray Absorption Near Edge Structure (XANES) spectra shown in
Fig. S9f. The Fe2P2O7 phase evolution process on the top of LFP ingot is
illustrated in Fig. S9g. When the LFP ingot is coated at a low tem-
perature (µo2 value bigger than − 12.38 eV), the formation of Fe2P2O7

phase is thermodynamically unfavorable. Once the temperature in-
crease and lower µo2 value less than − 12.38 eV is obtained, the
Fe2P2O7 phase formation begins and becomes more obvious with the
decrease of µo2 value. But, if the µo2 value is lower than − 16.08 eV, the
Fe2P2O7 phase is thermodynamic unstable. Therefore, no Fe2P2O7

phase could be observed at even higher temperature. If we extend the
experimental in a reducing environment with the presence of H2, as
expected by the thermodynamic discussion above, the Fe2P2O7 phase
stable region is shifted to lower temperature (see Fig. S13).

In conclusion, we have shown that the formation of an impurity
phase on the surface of LFP is dependent on particle size, temperature
and atmosphere during the carbon coating process and is governed on
the basis of thermodynamic principles. In a mild reducing atmosphere
of argon gas, Fe2P2O7 phase is formed at low temperatures and becomes
unstable and disappears as temperature increases, regardless of particle
size. In a more reducing atmosphere, Fe2P2O7 is stable within a narrow
temperature range for micro-size LFP particles and is easily limited for
smaller-sized LFP particles. Our detailed investigation demonstrates
that the phase purity of LFP can be controlled through either changing
particle size, annealing temperature and/or reaction atmosphere. This
investigation provides a path toward producing high-quality LFP for
practical manufacturing purposes. Furthermore, such a size, tempera-
ture and atmospheric dependent surface phase change behavior may be
extended to other olivine phosphate or insulated electrodes that also
undergo carbon-coating.

4. Experimental details

4.1. Carbon coating on LFP

LiFePO4 ingot samples were provided by Phostech Lithium Inc.
(Now, Johnson Matthey, Montreal, Canada). The carbon coating pro-
cedure used can be found in our previous report [24].

LFP ingot was used as a base material that was cut into smaller sizes.
Ingot samples were used for two reasons: the first is its commercial
availability, and the second is that an ingot offers a flat, smooth and
polished surface that is ideal for observing and investigating surface
phase changes following carbon coating. Experimental details regarding
the melt-casting process employed for obtaining LFP ingot can be found
in previous work [27,28]. In order to obtain a flat surface, ingot

Fig. 5. A schematic diagram illustration of the relationship of Fe2P2O7 transformation during carbon coating with respect to oxygen chemical potential ( µO2).
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samples were polished using coarse (Grit 120) to fine grade (Grit 1500)
sandpaper (London, 3M Canada). The polished samples were then
cleaned in an ultra-sonicator using an ethanol solution.

LFP ingots were then ball-milled in isopropyl alcohol for various
times using ZrO2 balls to obtain LFP powder with different sizes.
Following ball-milling, the obtained samples were dried in a vacuum
oven prior to carbon coating.

Carbon-coating of ingot samples was performed using a spray-pyr-
olysis system, which was previously developed for the synthesis of
various nanomaterials. Alcohol was used as a carbon precursor with Ar
as a carrier gas. Briefly, ingot samples were placed in an Al2O3 crucible
and loaded into a quartz tube. The ends of the tube were capped using
vacuums gear and Ar (with H2, NH3) was introduced for 20 min to
eliminate the air. Next, the furnace was heated at a heating rate of 5 °C/
min, and the carbon-coating process was performed at temperatures
ranging from 300 °C to 900 °C for 20 min. After the carbon coating
process, the coated samples were cooled to room temperature in the
same Ar atmosphere and then removed from the quartz tube.

Carbon coating of LFP powders was performed in a similar manner
to ingot samples but lactose was employed as a carbon source rather
than alcohol. LFP powders were homogenously mixed with lactose
using water or isopropyl alcohol. The suspension was then mixed ul-
trasonically, and was then allowed to evaporate to dryness. The samples
were annealed in Ar (with H2, NH3) atmosphere at a ramp rate of 5 °C/
min at 300 °C to 900 °C for 1 h.

4.2. Physical characterization

Crystal structure and phase composition of carbon coated LFP were
collected using X-ray diffraction (D8 Advance, Bruker) in the range of
10–90° with a step of 0.01° per seconds. Slow scans in the range of
28–33° were also performed to provide detail on the formation of im-
purity phases. The carbon coated LFP powders were also investigated
using Hitachi 4800 SEM equipped with an energy dispersive spectro-
scopy (EDS) detector. The working voltage employed for EDS mapping
was 20 kV. Raman spectra was obtained using a HORIBA Scientific
LabRAM equipped with a 532.3 nm laser excitation source. Raman
spectroscopy maps were collected in autofocus mode with a spatial
resolution of ca. 2 µm. The detailed structure of carbon coated LFP
particles were investigated using HRTEM (JEOL 2010 FEG) operating at
an accelerating voltage of 20 kV while diffraction patterns were re-
corded using SAED mode. The X-ray absorption spectroscopy (XAS)
measurements were carried out at the Canadian Light Source (CLS)
using the Soft X-ray Microcharacterization Beamline (SXRMB) at the
University of Saskatoon, Saskatoon, Canada. Measurements were car-
ried out under vacuum conditions (10−7 Torr) in either total fluores-
cence yield (FLY, bulk sensitive) mode and total electron yield (TEY,
surface sensitive – 5 nm) mode. N2 adsorption/desorption isotherms of
LFP particles were performed using a Folio Micromeritics TriStar II
Surface Area and Pore Size Analyzer.

4.3. Electrochemical tests

The electrochemical performance of carbon coated LFP were tested
in 2032 coin cells, using a Li metal foil as a counter electrode. The
electrode is composed of 80 wt% carbon coated LFP as active material,
10 wt% PvDF as binder, and 10 wt% carbon black as conductive agent,
with an active material loading of 1.5–2 mg cm−2. 1 M LiPF6 in EC,
DEC, and EMC with a volume ratio of 1:1:1 was employed as an elec-
trolyte along with Celgard 2400 as a separator. Cells were assembled in
an Ar-filled glove box with oxygen and water levels below 1 ppm.
Charge-discharge cycling using a constant current mode was performed
on an Arbin BT-2000 Battery Test System. All the electrochemical
measurements were carried out in a voltage range of 2.2–4.2 V at RT.
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