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1 Abstract

2 LiFePO, (LFP) is one of the important commercial battery materials, as such, many efforts have been
3 made to understand its electrical and ionic conductivities and electrochemical properties. In this study,
4  we have investigated electrochemical, electrical and magnetic properties of carbon coated LFP down to
5 cryogenic temperatures. The fact that the practical material really consists of a core-shell structure with
6  a shell of delithiated material and carbon coating determines the measured properties, which are often
7  mistakenly attributed to pure LFP core behaviour. An electronic resistivity drop (11+0.5% based on the
8  resistivity at room temperature), preceded by a gradual increase feature between 100-30 K, was observed
9  when the temperature was below the Néel temperature at low applied currents, indicating a likely
10  interaction between the magnetic configuration of the core LFP and electronic transport mechanisms.
11 Metallic Fe;P was precipitated on the samples surfaces after annealing at high temperature in Argon.
12 The existence of Fe;P was found to significantly improve the electronic conductivity but it took a toll

13 on the electrochemical performance.

14 Keywords: Lithium iron phosphate, electronic conductivity, surface characterization, magnetic

15  property
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1. Introduction

LiFePO, (LFP) has been considered as one of the promising cathode materials for Lithium-ion
batteries (LIB) since the original work of Goodenough et al. [1], due to its good chemical stability,
competitive electrochemical properties, environmental friendliness and relative low cost. However, its
high-rate application is limited by its low electrical (~10 - S/cm) and ionic conductivities (10-13 to 10-1¢
cm ?/s) [2, 3]. Therefore, modifications, such as particle size reduction [4], conductive surface coatings
[5, 6], aliovalent doping [7-9] and composite electrode preparation [10, 11], have been extensively
investigated to improve the conductivity of the modified LFP. Conductive carbon coating, as an efficient
and low-cost modification method, has been widely used in the commercial production of LFP. Studies
show that the electrical conductivity can be increased in the order of ~10 ¢ times with small amount of

carbon coating (~ 2 w.t. %), also improving substantially the overall electrochemical utilization of the

LFP battery material [12-14].

Crystalline LFP has an orthorhombic lattice structure with space group Pnma [15]. The oxygen ions
in the ordered olivine structure form strong covalent bonds with phosphorous ions. The PO’ polyanions
form a stable three-dimensional framework, which provides safety under abusive conditions [16] and
excellent cyclic performance. However, the strong covalent oxygen bonds also lead to low ionic
diffusivity and poor electronic conductivity[17]. Thus, many efforts have been made to understand the
transport properties of LFP and its derivatives. From the potential contributions to electronic transport
in LFP and its derivatives, it is worth mentioning intrinsic carriers, which are describable in terms of
wave packets and the electronic band structure with added time dependencies [18], and polaron hopping
mechanisms, where the electron-phonon interaction has become too strong that the phonons (and

electrons) cannot be considered independent quasiparticles anymore [19].

While the estimations within the framework of density functional theory (DFT) of the band gap vary
widely, the low electronic conductivity of LFP was originally attributed to a large band gap and large
effective mass of the Fe-3d electrons [16, 20, 21]. Although the exact value of band gap is still under
debate [22-25], it is generally accepted that LFP is a wide band-gap material, which leads to a very small
number of intrinsic charge carriers. Completely filled and completely empty bands, as appears to be the
case for stoichiometric LFP, do not contribute to transport. All electric and thermal conductivity is to
be attributed to partly filled bands [26]. In contrast, the small polaron conduction mechanism is

considered to be the conduction mechanism in LFP, which is a thermally activated process and not
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directly related to the band gap [22]. A series of experimental studies have been carried out to measure
the activation energy of the electronic conductivity of LFP. A wide range of results were reported from
0.156 to 0.65 eV [20, 27-31], while the values obtained by first principle calculations are in the range
of 0.185-0.22 eV for unconstrained polarons [32]. On the other hand, FePO, (FP) is believed to be a
Mott insulator [33, 34].

Earlier studies on LFP found the presence of Li vacancies on the surface of LFP particles, while the
core was well crystallized [35-37]. A more recent study on the solid-solution Li o sFePO, has shown that
the Li migrates along the solid/liquid interface, without leaving the particle surfaces [38]. This
mechanism takes place during both lithiation and de-lithiation, and it controls the phase transformation
rate in Li ,FePO, As the surfaces of the electrode materials provide the interface to the electrolyte and

the gateway for Li-ion transfer, they play an important role in the performance of LIBs[36] and their
detailed characterization is receiving more focused research attention. As a matter of interest, the
interfacial composition and structure between solid electrolytes and electrode materials often presents

major deviations from those of the bulk materials too[38].

We have recently experimentally determined [25] that surface delithiation is characteristic in optimal
quality LFP powders. The surface delithiation was equally observed in samples prepared by solution or
hydrothermal methods. Although it is tempting to blame the delithiation on poor control of the lithium
stoichiometry or due to loss of lithium during synthesis, this is very unlikely or impossible in the
hydrothermal synthesis approach, which requires several molar excess of lithium and takes place at
relatively low temperatures (< 200 °C). Therefore, the surface delithiation is more of an equilibrium

characteristic of the synthesized nanoscale particles of LFP. This observation led to a re-evaluation of
experimental measurements for the validation of electronic band structure calculations for LFP and FP,
confirming the large band gap of stoichiometric LFP is about twice that of FP, and that thin nanometer

scale surface layers of carbon and delithiation can effectively produce band gap edge shifts of several

electron volts (eVs) having a significant influence in determined electronic properties.

From the above introduction, practical LFP materials consist of a relatively complex nanoscale
architecture, not always considered in the analyses of their physical properties. Figure 1 shows a
schematic of various nanoscale contributions that need to be considered for a more complete
understanding of the electrical properties of practical LFP materials. Although the electrical

conductivity of LFP at room or higher temperatures has been extensively investigated, the electrical



1 conduction at low cryogenic temperatures is also more poorly understood. In this work, we investigate
2 the electrochemical, electrical and magnetic properties of LFP particularly at cryogenic temperatures,
keeping in mind the potential roles and contributions of multiple nanoscale layers, which are part of the

3

4 material, either by deliberate design or intrinsic equilibrium conditions.
5 2. Materials and Methods

2.1. Sample preparation

The LFP samples were prepared using a solution-based synthesis method. Oxalic acid dihydrate

(299%, Sigma-Aldrich) and Ferrous oxalate dihydrate (99%, Sigma-Aldrich) were mixed in deionized

O o0 93

water first. 30 wt. % H ,0, was slowly added into the mixture under magnetic stirring to dissolve Ferrous
10 oxalate and form soluble Ferric oxalate. The temperature was controlled below 65 °C during this process

11  to avoid the formation of iron oxide impurities.

(a) /1(b)
QO /! & Carbon coating

Li-depletion
layer

LiFePO, core

12 N

Figure 1. (a) Schematic of an agglomerated particle of carbon coated nanoscale particles of LFP material; (b) magnified

view of an individual carbon coated LFP particle, where surface delithiation is also highlighted.

13 Stoichiometric amounts of Li ,CO3 (> 99%, Sigma-Aldrich) and H3PO, (85 wt. %) were added into
14  the solution. 1 wt. % polyethylene glycol (PEG) was added to obtain nanoscale particles, as the
15 amorphous carbon layer generated by organic carbon source could be coated on the LFP nano
16  crystallites during pyrolysis, which prevented the grain size growth[39]. The resultant clear green
17  solution was drawn into a vessel and reacted under vacuum. The resultant precursors were ring milled
18  and calcined at 550 °C for 1 hour under argon atmosphere to form the LFP phase. The powder was bead
19  milled, mixed with 8 wt. % sucrose, spray dried, and calcined in an argon atmosphere for conducting

20  carbon coating at 710 °C for 1 hour (labelled as U710). The sample calcined at 710°C was subdivided
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and portions were reheated at various higher temperatures in an argon atmosphere to investigate further
temperature effects. The additional samples were labelled as U725 and U750 according to their

calcination temperature (725 and 750 °C for 1 hour), respectively.
2.2. Structural Characterization

The structure and morphology of the samples were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). XRD was collected
on a PANalytical X Pert pro diffractometer with Co-K , radiation, over a 20 range between 15° and 90°
with a 20 step size 0of 0.017. The lattice parameters of the samples were refined with Rietveld refinement
using Highscore Plus v4.8. The morphology and microstructure of the samples were investigated with
a JEOL 7001 SEM and a JEOL 2100 TEM. Carbon analyses were conducted using a LECO TruMac

CNS analyser. The furnace temperature for the carbon analyses was 1300 °C. The valence states on the
surface of the samples were investigated with X-ray photoelectron spectroscopy (XPS, Kratos AXIS
Supra photoelectron spectrometer) using a focused monochromated Al K ,, radiation (hv = 1486.6 eV).
The spectra were calibrated using the C 1s peak at 285.0 eV. Particle surface characteristics were also
examined with Raman spectroscopy with a Renishaw inVia microscope equipped with a long working
distance 50 objective lens and a 534 nm Ar * laser light source. As the decomposition of LiFePO, has
been reported at a laser power of 1 mWJ[40], the laser power was controlled at 0.75 mW to avoid

damaging the sample during measurement.
2.3. Conductivity and magnetic properties measurements

In order to gain more information on the electronic transport mechanism for carbon coated, surface
delithiated LFP, the temperature dependence of the resistivity was investigated. One of the key questions
was whether the behavior was more ohmic or temperature activated. The electrical conductivity and

magnetic properties of the sample were measured with a mini cryogen-free magnet system (Cryogenic
Limited). The powder samples were pressed into pellets with a diameter of 6 mm and thickness of ~1
mm. The applied pressure was determined by putting the sample powders into a press with a stainless-
steel plunger and non-conductive hard plastic walls, as shown in the schematic in Figure S1(a). The
change of the resistivity was monitored during pressing. As shown in Figure S1(b), a pressure of 2100
psi was determined when the resistivity stopped decreasing. The DC electrical resistivity of the samples
was measured in the cryogenic equipment using a two-point configuration, because a four-point

configuration resulted in resistance values that exceeded the maximum voltage compliance values of
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the system. The two-point configuration also makes the measurement more dependent on the resistance
of the connecting wires or cables. Data was collected in the temperature range of 5-295 K with the
cryogenic system. External magnetic field (up to 0.5T) was also applied to study its effect on the
electrical conductivity. The temperature dependences of the magnetic moment and magnetic
susceptibility of the samples were measured by vibrating sample magnetometer (VSM) with an external

magnetic field of 0 T and 0.5 T.
2.4. Electrochemical measurements

The electrochemical performance of the carbon coated LFP was evaluated by constructing a 2032
coin cell. The cathode slurry was prepared by mixing 90% LFP powder, 5% Super P, 5% PVDF and
NMP solvent (99.5%, Sigma-Aldrich). The slurry was cast on carbon coated Al foil with the loading of

3 mg/cm?. The 2032 coin cells were constructed with lithium foil as anode and 1 M LiPF4 EC:DEC (1:1
by vol., Novolyte, BASF) electrolyte. Galvanostatic and cyclic voltammetry testing were carried out
with a charge/discharge window between 2.5 V and 4.2 V utilizing a battery test system (BioLogic,
VMP-300) at room temperature.

The electrochemical impedance of the as-prepared sample was determined by electrochemical
impedance spectroscopy (EIS). The typical samples for EIS were pellets with a diameter of 6 mm and
a thickness of ~3 mm. About 100 nm thick gold was deposited on both sides of the samples to serve as
blocking electrodes avoiding the ionic exchange during the measurement. A sine wave signal in the
frequency range from SMHz to 1 mHz and amplitude of 5 mV was applied using the Biologic

potentiostat.
3. Results and Discussion
3.1. Characterizations of sample U710

The XRD pattern of the U710 sample, together with the reference peak positions and Rietveld
refinement fitting results, is shown in Figure 2(a). The pattern is entirely indexed as phase pure LFP
with the space group Pnma. The average crystallite size calculated with Scherrer equation is 3642 nm.
Although the existence of antisite defect Fe ; (Fe ions occupy Li site) has been confirmed previously[37,
41], the quality of the spectra is not sufficient to determine the presence of those defects. Therefore,
only the lattice parameters have been refined by Rietveld refinement (shown in Table S1), which are in

good agreement with previous literature [17].



1
2

O o0 oxm_hw

10

12
13
14
15
16
17
18
19
20
21
22
23
24

SEM micrographs of the sample are shown in Figure 2(b). The primary particles are 10050 nm and

spherical secondary particles are formed with the application of spray-drying. The size distribution of
the secondary particles is from several to more than ten micrometres, which is beneficial for tap density.
The detailed microstructure of the sample is displayed on the TEM micrographs in Figure 3. The
nanoscale primary particles are well crystallized and join an aggregate structure with an approximately

uniformly distributed coating layer of carbon with a thickness of ~3 nm (see Figure 3(b)).

The Fe-2p high-resolution XPS has been carried out to get knowledge on the oxidation states of the
particle surface. As shown in Figure 4(a), although no peaks of FePO, are detected in the XRD patterns,
peaks of Fe 3" 2p are found, indicating the existence of Fe3* ions on the surface of the sample. The ratio
of Fe 2"and Fe3* calculated from the peak area are shown in Figure 4(a). Surprisingly, around 50% of Fe

ions on the surface are Fe**, even though carbon is supposed to be a protection layer to avoid oxidation.
The presence of the large amount (~50 %) of Fe** suggests the presence of a Li-depletion layer around
the particle in order to keep electrical neutrality. Similar Li-depletion layer has also been observed in
carefully-prepared low carbon and hydrothermal LFP [25]. The Li might be expelled from the surface
by reaction with carbon coating and/or oxidizing impurities, such as oxygen or water vapor, in the Ar
atmosphere during synthesis. Moreover, the exposure to humid air has been reported resulting in the
escape of Li from the surface due to the hydrophilic nature of Li [42]. These reactions would likely
form hydroxide or carbonate like species, which largely maintain an amorphous nature, making them
difficult to detect. The high quantity of C=C and C-C illustrated in C-1s XPS spectra ( Figure 4(b)) and
high ratio of G band and D band in Raman spectra ( Figure 4(c)) indicates the high graphitization of the
conducting carbon coating. The temperature dependence of the magnetic susceptibility of the sample
with zero-field cooling (ZFC) and field cooling (FC) has been shown in Figure S2. A paramagnetic-
antiferromagnetic transition has been found at 51 K (Néel temperature, T ) with a Curie-Weiss

behaviour above Ty, which is consistent with previous investigations [43, 44].
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Figure 2. (a) XRD and Rietveld refinement (Rpage=1.78%, Rypy=3.37%, Rex;=2.47%) and (b) SEM micrographs for U710

sample.

Figure 3. TEM micrographs for U710 sample. The detail TEM micrograph inside the yellow square in (a) is shown in (b).
The insects on the right illustrate the high resolution TEM (HRTEM) images of the regions highlighted in (b) with

corresponding colours.
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Figure 4 (a) Fe-2p and (b) C-1s high-resolution XPS spectra and (c) Raman spectrum for the synthesized LiFePO,.

The electrochemical impedance of the U710 sample has been measured by EIS with the Au/LFP/Au
cell. The Nyquist plot is displayed Figure 5. As the gold electrodes configuration blocks the lithium ions
but is reversible for electronic exchange, the measured conduction is predominantly owing to the
electronic carriers[30, 31]. The spectrum contains one large depressed semi-circle, however, a smaller
one can also be seen in the magnified inset. According to the paper of Bauerle [45], the semi-circle at
high frequency range and that at low frequency range can be assigned to the grain interior and the grain
boundary, respectively. The resistivity caused by the grain boundary is two orders of magnitude higher
than that caused by the grain interior, suggesting the grain boundary as the main obstruction for electron

transport, even though the particles are carbon coated.

The Galvanostatic charge and discharge curves of the as-prepared LFP are illustrated in Figure 6.
The voltage plateau close to 3.45 V at C/10 (1C=170mA/g) is a sign of the phase transition of LiFePO,
and FePO 4 during charge and discharge[46]. The U710 sample shows a specific capacity of 150 mAh/g
at C/10, which is close to the theoretical capacity (170mAh/g) and 123 mAh/g at 1C. The sample also
shows a good rate performance with a capacity of 80 mAh/g at 15C charging and discharging. The

electrochemical performance at high C- rate may be affected by the high internal resistance of coin cells.
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Figure 5. EIS spectra of U710 sample. The lines are added as a guide for eyes. The insect is the magnified EIS spectrum at
high frequency range.

15C 10C 5C 2C 1C C/10

Voltage (V)

2-4 N I N I N I " 1 N 1 N I N I N
0 20 40 60 80 100 120 140 160

Specific capacity (mAh/g)

Figure 6. Galvanostatic Charge and discharge curves of as-prepared carbon coated LiFePO,.
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3.2 Temperature dependence of electrical resistivity

The electronic conductivity of LFP has been studied extensively in the range of -20~200 °C[28, 30,
47-51], which is or exceeds the working temperature range expected for batteries. The conductivity drop
with the decrease of the temperature has been confirmed. In this study, the LFP sample has been cooled
from room temperature to cryogenic temperatures with different applied currents. The changing trends
of DC resistivity versus temperature from 295 to 20 K for the as-prepared carbon-coated LFP are
illustrated in Figure 7. Interestingly, different behaviours have been found with different applied
currents while the effect of the external magnetic field in the investigated range is negligible. The
resistivity experiences abrupt changes from the smooth trend after the sample is cooled down from 295
to 110 K with applied current of 1x10 - A. A minimum resistivity is achieved at 110 K. An increase of
resistivity in the range of 110 to 30 K with a slope change at 50 K is observed followed by a sudden
drop (11£0.5% based on the resistivity at room temperature) when the temperature is below 30 K. The
sudden resistivity drop is also found in the low-carbon LFP sample carefully prepared in a previous
study [25], as shown in the Figure S3. The resistivity increases back when the sample is heated back to
295 K with some fluctuation within 30-70 K and a local jump in resistivity above ~ 51K. Interestingly,
the as-prepared sample shows a much simpler temperature dependence when the applied current
increases to 1x10 -+ A, as shown in Figure 7(b). The resistivity slightly increases within 295-250 K and
decreases almost linearly within 250-30 K during cooling down, while the resistivity slightly drops

within 25-50 K and increases linearly within 50-295 K during heating up.
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Figure 7. Temperature dependency of DC resistivity for as-prepared carbon-coated LiFePO, in the temperature range of

5~295 K with different applied currents of (a) 1x10-6 A and (b) 1x104 A.
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As mentioned above, electron transport in LFP is usually considered to take place by small polaron
migration. Electron delocalization was found in the solid-solution phase LitFePO, (0<x<1) and
attributed to rapid small polaron hopping [52], which can be taken as evidence for a polaron conduction
mechanism. The small polaron in LFP is also a magnetic polaron, as the moving t,, electrons of Fe?*
carry with them a spin polarization cloud. Because of the strong localization of the charge carriers, the
spin-polarization process was considered to not significantly affect the transport properties of LFP [23].
But in our investigation, as shown Figure 7a, several turning points from the smooth trend (110 and 30
K during cooling down, 30 K and 51K resistance jump during heating up) in the temperature dependency
curves are close to T  of LFP and even that of FP (125 K in reference[44], 100 K in this study as shown
in Figure S4), indicating the conductivity of the composite LFP may be experiencing proximity effect
to the magnetic configuration of the material. Due to the bandgap located between Fe-3d states, LFP
and FP are classified as Mott insulators [53], which can host a surprisingly diverse set of quantum
phenomena when their localized electrons are perturbed by various stimuli [54-56]. The small current,
which is expected predominantly flowing across the carbon layer, appears to have a varied available
cross section for transport, or modified resistance if the cross section remains constant, as the
temperature is cooled below or heated above 51K. This suggests that the delithiated layer or other
interfaces may have a temperature activated contribution to transport. When the applied current is
higher, the effects on the conductivity of the magnetic configuration become negligible and no longer

easily detectable by the measurements.
3.3 Effect of annealing temperature

The XRD patterns of the annealed samples, along with that of the original U710 sample, are
compared in Figure 8. No impurity peaks, except those of pure olivine LFP, are detected after annealing
at 725 °C for 1 h, while a small peak indicating the generation of schreibersite iron phosphide Fe;P
(JCPDS 00-064-0239) is observed in the spectrum for U750 (further supported by several peaks
observed in the Raman spectra (see Figure 9)). As only one peak with low intensity for Fe ;P is identified
in the spectrum, it is not sufficient for reliable quantitative analysis. Based on peak heights, it is
estimated that the concentration of Fe ;P should be lower than 3%. The crystallite sizes calculated with
the Scherrer equation are 42+3nm nm and 39+3 nm for U725 and U750 samples, respectively. The
crystallite grew upon calcination. The smaller crystallite size of U750 may be caused by the

decomposition at high temperature. Rietveld refinement has also been conducted to refine the lattice

12
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parameters of the two calcined samples (as shown in Figure S5 and Table S1). There are no significant
changes in the spherical morphology of the annealed samples according to the SEM micrograph, as
illustrated in Figure S6. As expected, the carbon content decreases with the increase of calcination
temperature. 2.67+0.05%, 2.09+0.05% and 1.96+0.05% of carbon have been measured for U710, U725
and U750, respectively. In a previous investigation, sample synthesis with Fe oxalate precursor, without
adding additional carbon source, resulted in less than 1% carbon residue[25]. The sucrose is added after
phase formation and bead milling, prior to spray drying and agglomeration, thus promoting a uniform
distribution of the additional carbon coating around the particles. The XPS spectra for C-1s and Fe-2p
of the three samples are illustrated in Figure S7. According to the peak area calculations, all the samples
have high quality carbon coating with ~60 % of C=C and C-C, and the presence of Fe ;P does not have

much effect on the redox states of Fe on the particle surfaces.

Raman spectroscopy has been carried out to get further knowledge on the phase purity of the annealed
samples. As demonstrated in Figure 9, besides the bands corresponding to carbon (D band at ~1340 cm!
and G band at ~1600 cm!) and PO>; (at ~950 cm'!), extra bands below 700 cm! are detected in both
U725 and U750, indicating the existence of impurities, although no impurity peaks were detected using
XRD for U725. The inability of XRD to detect Fe 5P peaks in U725 suggests the Fe;P was below the
detection limit (2% for in-lab XRD) or may alternatively be formed as an amorphous material on the

surface.
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Figure 8. XRD spectra for the LiFePO,4 samples after annealing at different temperature for 1 hour.
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Figure 9. Raman spectra for the LiFePO, samples after annealing at different temperature for 1 hour.

All the extra bands marked in Figure 9 can be assigned to Fe;P[57, 58], which is consistent with
XRD results for U750. Therefore, LFP is slightly decomposed and Fe ;P is generated by reaction with
the carbon in the system when the calcination temperature is higher than 710 °C. As sketched in Figure
1, the Li-depletion layer is in direct contact with the carbon coating, which makes it easier for these
layers to react. The reaction between carbon and the Li-depletion layer could lead to oxidation of carbon

to CO or CO ,, and reduction of PO, to form Fe;P with the neighboring Fe [59].

As Fe 3P is a metallic conductor [60] and the poor rate performance of LFP is usually attributed to the
low electronic conductivity of the material, the effect of this conductive impurity on the electrochemical
performance of LFP electrode is worthy of investigation. However, an ambiguous influence was

reported in previous literature[60-62]. The presence of FeP and Fe,P along with Li;PO4 was assumed
to lead to a significant rise in electronic conductivity of an LFP electrode by Rho et al[60]. That
conclusion was then partially confirmed by a following study, where the sample that had more Fe ;P
impurities showed better discharge capacity at all current densities tested [61]. In contrast, adverse effect
was reported by Uchida et al [62], in which the sample with Fe ;P impurities exhibited less discharge
capacity and poorer rate performance. Therefore, the electronic conductivity and electrochemical

performance of the annealed samples are compared with those of the original U710 sample in this study.

The Nyquist plots of the samples are shown in Figure 10. Both of the annealed samples exhibit two

semicircles nature, which is qualitatively (but not quantitatively) similar to the original U710 sample.
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The existence of Fe;P leads to a significant shrinking of the semicircle at the low frequency range,

suggesting a drop of the bulk impedance by two orders of magnitude. The semicircle at the low

frequency is almost halved after annealing, suggesting a half drop in boundary impedance. It appears

that the existence of Fe;P can improve the electronic conductivity of the material both in the interior of

the grains and at the grain boundaries. However, a different story, one where the overall battery

performance is deteriorated, is told by Galvanostatic charge-discharge measurements (see Figure 11).
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Figure 10. (a) EIS spectra for the LFP samples after annealing at different temperature for 1 hour. (b) and (c) are the partial

magnification of the EIS spectra. The lines are the guide of eyes.

As shown in Figure 11, the annealed samples show lower charge and discharge capacity than that of

U710 at C/10 and worse rate capability at 2C compared with U710. 4.5 mAh/g loss in capacity is

expected with 3 wt.% loss of active materials (0.03x150 mAh/g). Therefore, the additional loss in

capacity, especially for the U750 sample, cannot be simply explained by the loss of the active LiFePO 4.

The detailed Galvanostatic charge and discharge curves of U725 and U750 samples at various C-rates

are illustrated in Figure S8. The U725 sample shows similar charge and discharge capacity to U750, but

relatively larger voltage differences between the charge and discharge plateaus at high C-rates. The

relatively larger voltage plateau differences indicate more polarization. It is surprising that the

significant enhancement in electronic conductivity has no positive effect on the electrochemical

properties for LFP.
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Figure 11. Galvanostatic Charge and discharge curves of LiFePO,4 samples after annealing.

To get further knowledge of the effect of the FesP on the electrochemical behavior of LFP, cyclic
voltammetry (CV) has been conducted at various scan rates of 0.1-3.2 mV/s between 2.5-4.5 V (vs.
Li/Li"). The CV curves at 0.1 mV/s are displayed in Figure 12(a). Relatively larger voltage differences
between anodic and cathodic peaks are observed in U725 and U750 samples, which is consistent with
the Galvanostatic test ( Figure 11). The kinetic properties of lithium ions can be investigated using the
peak currents at different scan rates. The chemical diffusion coefficient of Li-ion can be calculated using
the relationship between the peak currents and the square root of the scan rates, which is based on the

Randles-Sevcik equation[63]:
F Y2 12 ,m1)2
I,=0.4463F(7) CLv'/2ADY/Z,

where I, is the peak current in amperes, F is Faraday constant (96485 C/mol), Cy; is the initial
concentration of Li-ion (0.0228 mol/cm?), R is the universal gas constant, v is the scan rate in V/s, A is
the effective area of electrode in cm 2 (the area of the electrode is used in this study), and Dy; is the
diffusion coefficient of Li-ion in cm?/s. Accordingly, Dy; can be estimated by the slope of the peak
currents as a function of square root of the scan rate. Although the equation originally describes the
diffusion activity in solution, it is widely used to compare the Li diffusion in solid electrodes as the Li
de/intercalation processes are considered as typical diffusion processes and can be modelled by a semi-
infinite diffusion[64, 65]. The peak currents for both anodic and cathodic reaction of samples at each

square root of the scan rate are presented in Figure 12(b). The linear fitting results and estimated Dy ; are
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1  shownin Table 1. The U710 sample has the highest Dy ; for both anodic and cathodic reaction suggesting
2 the presence of Fe;P is detrimental, and may act as a surface barrier, for Li diffusion. It is worth noticing

that U725 exhibits better electrochemical performance than U750 (as shown in Figure 11) even though

3

4 both its electronic conductivity and Li diffusivity is lower than that of U750. The loss of the
5  electrochemical performance may be caused by the side reactions due to the relatively larger amount of
6

Fe 3P impurities, which is indicated by the shoulders before Fe?*/Fe3* redox couple in CV (Figure S9(c)).
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Figure 12. (a) Cyclic voltammetry and (b) peak currents as a function of square root of the scan rate for the LFP samples.
The filled and hollow symbols represent the anodic and cathodic currents (I, and L), respectively. The dash lines are the

linear fitting results of the experimental results.

8 Table 1. The linear fitting results of the peak currents as a function of square root of the scan rate for the LFP samples and
9 the calculated Li diffusion coefficient (D ;).
Slope R? Dy; (cm?/s)

U710 I, 0.41003 +0.02543 0.98485 1.10x107

I. -0.33622+0.02169 0.98363 7.43x10°10

U725 1, 0.1651+£0.00492  0.99646 1.79x10-1°

I. -0.15043 +£0.00284 0.99858 1.51x10°10

U750 I, 0.30674 +0.00304 0.99961 6.25x10°1°

I. -0.23399 +0.00422 0.9987 3.56x10°10
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4. Conclusions

In summary, the electrochemical, electronic and magnetic properties of carbon coated LiFePO4
samples have been investigated in significant detail and down to the cryogenic temperature range. The
samples have been carefully prepared and show good electrochemical performance. The surfaces of the
particles display complex nanostructures that influence the electrical, magnetic and electrochemical
properties of the materials. Since the surfaces of the particles are the gateway that control the interaction
of the cathode interface with the electrolyte, characterization of their nature is essential for adequate
understanding of the overall battery material properties and design of next generation battery materials.
An interesting temperature dependence and a sudden drop in the electrical resistance have been observed
around the Néel temperature T x of LFP and at low measuring currents, indicating proximity effect

between the electronic and magnetic properties across the different layers of the nano-engineered LFP.

Furthermore, Fe;P has been confirmed to precipitate on the particle surfaces when the carbon coated
LFP is annealed beyond 710 °C. This metallic compound improves the electronic conductivity, but has
adverse effect on the Li diffusivity, leading to worse electrochemical performance. This demonstrates
that particle surface effects have a major role on overall battery performance and brings back the
question as to what kind of surface we really need for a proper electrode material, which is worthy of

further investigation for practical battery applications.
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In this study, we have investigated electrical and magnetic properties of LFP down to
cryogenic temperatures. An electronic resistivity drop was observed when the temperature
was below the Néel temperature at low applied currents, indicating a likely interaction
between the magnetic configuration of the core LFP and electronic transport mechanisms.
Metallic Fe;P was precipitated on the samples surfaces after annealing at high temperature in
Argon. The existence of Fe;P was found to significantly improve the electronic conductivity

but it took a toll on the electrochemical performance.
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investigation[2] in the temperature range of 5~295 K with applied
current of 1x106 A.
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Figure S4 (a) XRD pattern of the delithiated sample and the reference
FePO, peaks, indicating pure FePO4, was obtained. (b) Temperature
dependency of molar magnetic susceptibility of FePO, with ZFC and FC
at 0.05 T A paramagnetic-antiferromagnetic transition has been found at
100 K, which is lower than that in previous literature (125 K[3]).The
FePO,samples were obtained by chemical delithiation of U710 samples
with the method reported in reference[2].
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Figure S 5 XRD and Rietveld refinement for (a) U725 and (b) U750
samples.
Table S1 Rietveld refinement results for the LFP samples.
U710 U725 U750
a/A 10.3206(1) 10.3221(1) 10.3187(1)
b/A 6.00239(8) 6.00323(7) 6.00164(8)
/A 4.69241(7) 4.69197(6) 4.69228(6)
a/° 90 90 90
B/° 90 90 90
v/° 90 90 90
Cell volume/ A3 290.6883 290.7426 290.5901
Ryp/% 3.37 3.39 4.55
Rexp/% 2.47 3.01 3.38

Riraee/% 1.78 1.73 1.71
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Figure S6 SEM micrographs for (a) U710, (b) U725 and (c) U750. The
insects are the magnifications of the parts marked with the yellow
square.
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Figure S7 C-1s and Fe-2p high resolution XPS spectra for (a, d) U710, (b,
e) U725, and (c, f) U750.
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Figure S8 Galvanostatic Charge and discharge curves of (a) U725 and (b)
U750 sample.
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Figure S9 Cyclic voltammetry of (a) U710, (b) U725 and (c) U750 at
various scan rates of 0.1-3.2 mV/s between 2.5-4.5 V (vs. Li/Li"*).
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