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Surfaces of active materials are understood to play an important role in the performance and lifetime of

lithium-ion batteries, but they remain poorly characterized and therefore cannot yet be systematically

designed. Here, we combine inelastic neutron scattering and ab initio simulations to demonstrate that

the structure of the surface of active materials differs from the interior of the particle. We use LiFePO4

(LFP) as a model system, and we find that carbon coating influences the Li–O bonding on the (010) LFP

surface relative to the bulk. Our results highlight how coatings can be used to systematically engineer

the vibrations of atoms at the surface of battery active materials, and thereby impact lithium ion

transport, charge transfer, and surface reactivity.
Introduction

Interface reactions of lithium ion battery active materials in
their electrode environment are key to further improvements in
performance, safety, and lifetime. Such active material interface
reactions include ion exchange to or from the electrolyte, elec-
tron charge transfer1–3 to or from the conducting additives (e.g.,
carbon-black and binder composite), or electrolyte reactions
which can create solid electrolyte interfaces4,5 and enable cata-
lytic phase changes.5,6 Local distortions of the crystal lattice of
the active material and their vibrational energy can inuence
the rates at which these physical and chemical processes
occur.1,7,8 Here, we experimentally and computationally inves-
tigate how surface vibrational modes at the surface of active
materials can differ from those in the interior of an active
material particle and how surface coatings can be used to
control the vibrational structure of the surface.

In this study, we select LiFePO4 (LFP) as a model material
(Fig. 1a–c). First, due to its olivine structure, LFP features one-
dimensional bulk transport of lithium ions in the [010] direc-
tion9 and therefore exhibits one surface (the (010) surface) that
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is particularly important to consider when studying interface
effects. Second, because the lithium channels along the [010]
direction can be easily blocked by antisite defects,10–14

commercial LFP is found as nanoparticles with short channel
lengths (i.e. short L[010]) and large surface to volume ratios. Both
these aspects make LFP a useful system to systematically study
how vibrational modes at the surface of a battery active material
differ from those in the interior of the particle.

To experimentally observe differences between surface and
interior vibrational modes, we produce platelet-shaped, carbon
coated (Fig. 1d) LFP particles of four different sizes, “Bulk”,
“Meso”, “Medium”, and “Nano”, and measure their phonon
density of states using inelastic neutron scattering (INS). The ratio
of atoms at the (010) surface to atoms in the particle interior
ranges over from 0.4% for large particles to 11% for small parti-
cles. Hence, we can link changes in measured the phonon density
of states of the differently (?) sized particles to differences between
vibration modes at the (010) surface and those in the bulk.

We prepare platelet-shaped LFP particles with four different
sizes (and thus different ratios of (010) surface atoms to bulk
atoms) via hydrothermal synthesis.16 To reduce 6Li neutron
absorption,15 we prepare enriched 7LFP samples. Platelet size
can be systematically decreased by increasing the reaction
temperature and the percentage of ethylene glycol (EG) as a co-
solvent, which increases supersaturation and decreases nucle-
ation rate.17–22 We make “Bulk” platelets in 0.4 v% EG at
a reaction temperature of 115 �C,16 “Meso” platelets in 0.4 v%
EG at 180 �C, “Medium” platelets in 50 v% EG at 180 �C, and
“Nano” platelets in 100 v% EG at 180 �C. All particles are coated
with 3 wt% carbon and annealed at 600 �C in Ar/H2. This
annealing temperature was chosen such that the carbon layer
has a high percentage of sp2 type graphitic bonds (see Raman
spectrum in Fig. S4†) without reducing the LFP surface.35 A
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Schematic drawing of the LiFePO4 (LFP) platelet particles. (b) Schematic view of the Li ion transport channels along the [010] direction
and the carbon coating at the particle surface. (c) Crystal structure of LFP. (d) Transmission electron microscopy (TEM) image of the “Bulk” LFP
sample with the carbon coating. TEM images of the “Medium” and “Nano” sample are shown in Fig. S8.† (e–h) Scanning electron microscopy
(SEM) images of the “Bulk”, “Meso”, “Medium”, and “Nano” LFP samples used for the INS experiment.
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transmission electron microscopy (TEM) image of the “Bulk”
LFP sample with the carbon coating is shown in Fig. 1d, TEM
images of the “Medium” and “Nano” samples and a selected
area electron diffraction (SAED) pattern of the “Bulk” sample
are shown in Fig. S5.†
Results and discussion

Fig. 1e–h shows scanning electron microscopy (SEM) images of
the platelet samples, and Table 1 summarizes the size and
shape parameters of the particles. We measure platelet thick-
ness, which is equivalent to the [010] channel length L[010] and
the diameter d(010) of the platelet (010) surface (Fig. 1a).
Assuming a circular platelet shape, we then estimate (details in
the ESI) characteristic parameters such as a length to thickness
aspect ratio and the percentage of atoms located at the (010)
surface. Due to the platelet-morphology, for all samples, the
majority of the surface is a (010) facet. In the case of the “Nano”
sample, almost 11% of the atoms thus populate the (010)
surface, while in the “Bulk” sample only 0.4% of atoms occupy
this surface. This means that the vibrational density of states of
the “Nano” LFP sample will exhibit a signicant contribution
from the (010) surface, while the contribution from the (010)
surface will be negligible for the “Bulk” LFP.

In order to identify the contribution of lithium atoms in the
vibrational states observed, we electrochemically delithiated
Table 1 Size characteristics of the LiFePO4 platelet particles

Article Length L[010] (nm) Diameter d(010) (nm) Aspec

Nano 11(2) 55(13) 5.0(24
Medium 48(13) 117(29) 2.4(13
Meso 66(23) 270(120) 4.1(32
Bulk 300(90) 1600(500) 5.3(33

This journal is © The Royal Society of Chemistry 2019
these LFP particles to FePO4 (ESI). Due to the limited charge
capacity of the “Bulk” FePO4 sample, we delithiated the “Nano”
and “Meso” LFP particles (see electrochemical data of samples
in Fig. S8 and S9†). We therefore study three LFP particle sizes
(“Nano”, “Medium”, and “Bulk”) and two delithiated LFP sizes
(“Nano” and “Meso”).

Using the samples above, we perform inelastic neutron
scattering (INS) measurements to measure the phonon density
of states (PDOS). The data from the low- (below 15 meV) and
high- energy (above 100 meV) range of the INS spectra partly
lack accuracy due to paramagnetic scattering of Fe3+ and
neutron time-of-ight acquisition frame overlap, respectively.
To minimize the inuence of the paramagnetic scattering, we
discard the scattering vectors with values less than 3 Å�1.23,24

More details are found in the Experimental methods in the
ESI.†

The measured PDOS of the “Nano”, “Medium”, and “Bulk”
LFP platelets are shown in Fig. 2a and that of “Nano” and
“Meso” delithiated LFP (i.e. FePO4) are shown in Fig. 2b. The
PDOS of the “Bulk” LFP are consistent with previous INS
measurements.24 PDOS calculations based on density func-
tional theory (DFT) methods25–29 show good agreement with the
experimental “Bulk” LFP and “Meso” FePO4 measurements.

In the energy range between 50 and 80meV (Fig. 2a inset), we
observe a difference in the phonon density of states as a func-
tion of particle size. With decreasing particle size, the two
t ratio
Atoms on (010)
surface

(010) to entire
surface ratio

Atoms on other
surfaces

) 10.9(20)% 71(8)% 5.7(13)%
) 2.5(7)% 55(12)% 2.7(7)%
) 1.8(6)% 67(17)% 1.2(5)%
) 0.40(12)% 73(12)% 0.20(6)%

Sustainable Energy Fuels, 2019, 3, 508–513 | 509
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Fig. 2 The experimentally-measured phonon density of states for (a) LiFePO4 (LFP) and (b) delithiated LFP (i.e., FePO4) samples of different sizes.
The shading around the points indicates the error of the measurement. The dashed lines show the calculated phonon density of states. (c)
Calculated total and elemental partial phonon density of states of LFP (black) and FePO4 (gray) from bulk density functional theory simulations.
Full spectra are shown in the ESI.†
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distinct peaks seen in the “Bulk” LFP sample merge into
a plateau feature in the “Nano” sample. The phonon density of
states spectra of the delithiated FePO4 (Fig. 2b), however, show
no difference between the “Meso” and “Nano” sample, indi-
cating that the change in the phonon density of states in LFP as
a function of particle size is potentially related to different
vibrations involving Li ions. Indeed, the element specic par-
tialphonon density of states (Fig. 2c) indicate that in the
vibration modes around 50–80 meV primarily P–O and Li–O
bonds are involved. We perform Fourier transform infrared
spectroscopy (FTIR) and XRD in order to conrm that the
changes in the phonon density of states as a function of size
stem from the percentage of (010) surface atoms relative to
atoms in the interior of the LFP bulk and not from impurities or
structural defects. The most common structural defects in
LiFePO4 are Li/Fe antisite defects,10,14 which have been shown to
inuence the stretching P–O vibration mode at �120 meV
(980 cm�1).16,17 However, FTIR analyses of the “Bulk”,
“Medium”, and “Nano” particles show no substantial changes
of that mode (Fig. S15†). From XRD, we nd traceable amounts
(<10 wt%) of Li3PO4 in the XRD spectra of the “Nano”-sized
sample (Fig. S16†). However, the P–O phononmode in the range
of 50 to 80 meV in Li3PO4 is broad,30 which suggests that the
inuence of Li3PO4 is unlikely to be the sole cause of the
merging of the peaks into a plateau (Fig. S17†).

Having conrmed that the changes in the phonon density of
states as a function of particle size most likely come from the
differences between vibrational modes at the (010) surface and
those in the bulk of LFP, we look into the possible atomistic
origins of these surface modes. Fig. 2a shows that as the sample
size decreases (i.e., the percentage of (010) surface atoms
increases), a feature appears between the P–O and Li–O modes
suggesting a redshi (reduction of phonon energy) of the P–O or
a blue-shi (increase of phonon energy) of the Li–O vibrations
with additional broadening.

Shis in vibrational energies can occur under tensile or
compressive stress31 or due to surface reconstruction.32 Since
510 | Sustainable Energy Fuels, 2019, 3, 508–513
Rietveld renements (performed with the Maud soware33) on
our samples do not show any tendency of a change in the lattice
parameter when moving from bulk to nano-sized particles
(Fig. S18†), we therefore conclude that the shi in the vibra-
tional energies comes from how the LFP (010) surface interacts
with the carbon coating or from Li deciencies and surface
defects at the particle surface.34

The exact nature of the coated carbon is not known35 and
different surface reconstructions are possible: loosely bound
carbon coating atoms could leave the LFP surface unaffected as
if it were surrounded by vacuum. Alternatively, the affinity of
carbon and oxygen could lead to a weak C–O bond between
coated carbon atoms and the phosphate groups in LFP.
Residual oxygen atoms in the coating are not likely due to the
reductive Ar/H2 environment used during the coating process.
Finally, Li vacancies could result in a lithium-decient LFP
surface with local Fe3+ centers.

To determine whether any of these scenarios explain the
observed change in the phonon density of states, we perform
DFT calculations on slabs with dimensions of 1 unit cell length
in [100], 3.5 unit cell lengths in [010], and 2 unit cell lengths in
[001] (Fig. 3a).30,36–40 The (010) surface has one of three different
terminations: vacuum (Fig. 3b), a carbon atom in the vicinity of
a surface oxygen (Fig. 3c), or missing Li ion (Fig. 3d). Each
structure is relaxed, and we extract the distributions of Li–O, P–
O, and Fe–O bond lengths for the surface and the interior of the
slab (Fig. S20 and S21†). The mean Li–O, P–O, and Fe–O bond
lengths from the interior of the slab and the slab surface are
plotted in Fig. 3e–g and compared to the experimental bond
lengths. Despite the average Fe–O bond lengths being under-
estimated by about 0.08 Å, the average bond lengths in the slab
interior match well with the values found experimentally,
indicating that our simulations are representative of observed
trends.

While the calculated Li–O, P–O, and Fe–O bond lengths in
the interior of the slab are independent of surface termination,
the Li–O and Fe–O bond lengths change as a function of the slab
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Rendering of the particle slab on which the DFT calculations
are performed, showing the atoms included as an inner slab and the
surface contributions. Inset: depiction of metal–oxygen bond lengths
in bulk LiFePO4 obtained from Rietveld refinement. Three different LFP
surfaces are simulated: (b) a vacuum terminated surface, (c) a carbon
terminated surface, and (d) a Li-deficient surface. Themean calculated
bond lengths in the inner part of the slab (line) and for the different
surfaces (points) and the experimental bond lengths obtained from
Rietveld refinement (left) are shown for (e) Li–O, (f) P–O, and (g) Fe–O.
The width of the line and the error bars for the calculated values
indicate deviations in the mean value for the given dataset.
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surface; these results indicate that surface reconstruction and
the vibrations at the (010) surface of LFP will be different than in
the interior of the particle. Only the P–O bond (Fig. 3f) is
unaffected by the three different surface terminations. The
This journal is © The Royal Society of Chemistry 2019
mean Fe–O bond length decreases at the particle surface for all
three surface terminations (Fig. 3g), particularly in the case of
a Li decient surface (Fig. 3d). This can be explained by the fact
that the absence of one lithium atom (Li vacancy) changes the
oxidation state of an Fe from Fe2+ to Fe3+, thereby increasing the
strength of the ionic bond. The weakest effect on the Fe–O bond
length is found in the case of a carbon environment, where
a C–O bond in the vicinity of the Fe atom may counteract the
bond length reduction of an undercoordinated Fe atom at the
surface. The mean Li–O bond length is also shorter at the
vacuum terminated surface and the carbon terminated surface,
compared to the particle interior (Fig. 3e). Both a vacuum
termination and a carbon termination result in an under-
coordinated Li ion. This ion will try to compensate its electronic
charge by moving towards the oxygen atoms thus reducing the
Li–O bond length. This is reduced in the Li decient case due to
the smaller number of surface Li atoms.

The reduction of the Li–O bond length with a vacuum or
a carbon termination at the (010) surface of LFP helps to
rationalize the dependence of the phonon density of states on
the particle size. A shorter Li–O bond suggests a larger bond
strength and higher energy vibrations, in agreement with the
observed blue-shi in the phonon density of states in the region
of Li–O vibrations (Fig. 2). This effect is strongest when the
surface is terminated by vacuum or carbon atoms. Li deciency
at the surface, however, only weakly reduces the Li–O bond
lengths, but changes the Fe–O bonds in a strong manner that
should manifest itself in the Fe–O vibrations. A small blue shi
in the Fe–O vibrational energy predicted from the DFT calcu-
lations should also be present when comparing vacuum and
carbon terminated (010) surfaces. However, these small shis
may not be observed because these vibrations are in an energy
range dominated by paramagnetic scattering (Fig. 2c).
Conclusions

In conclusion, using an effective combination of INS and ab
initio simulation techniques we found that the Li–O bonding
character at the (010) surface and the interior of the LFP particle
are different. This surface reconstruction is related to the
carbon surface termination of the LFP.

These ndings have implications for lithium ion transport in
battery active materials. Lattice vibrations assist the quasi one-
dimensional lithium ion transport and the (de)intercalation of
the lithium into and out of the material.1,7 Indeed, the impor-
tant role of phonons in enabling lithium ion conduction7,41 is
seen by the fact that lithium ion vacancy hopping is reported at
a temperature of 250 K (corresponding to a thermal energy of
�20 meV);42,43 while Li ion diffusion along the [010] channels
occurs with an estimated migration barrier energy of 200–400
meV.44–47 Changing the vibrational densities and energies at the
surface will inuence, for example, the relative activation
energies of lithium ion transport on the surface and in the bulk
of the particle and therefore the rate-dependent lithiation
behavior.48 Furthermore, the predicted shi in the Fe–O
bonding in the case of a lithium decient region (i.e., during
Sustainable Energy Fuels, 2019, 3, 508–513 | 511
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delithiation) suggests that the activation energy associated with
lithium transport may vary as a function of state-of-charge.

This work highlights the fundamental importance of active
particle coatings of battery electrodes. We showed that
changing the coordination and bonding of surface atoms can be
used to selectively tune the vibrational energies at the surface.
These insights are of signicant importance for further
improvements in the electrochemical performance of lithium
ion battery materials and devices, particularly in relation to
reducing surface reactivity and degradation.
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