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ABSTRACT: Despite the great achievement in understanding
the materials properties and powder engineering of LiFePO4,
the chemical bonding at the surface has been almost ignored.
Herein, we demonstrate that the undercoordinated Fe2+/Fe3+
redox couple at the surface gives a high barrier for charge
transfer, but it can be stabilized by nitrogen or sulfur
adsorption. The surface modiﬁcation improves greatly the
charge transfer kinetics and the charge/discharge performance
of a LiFePO4 cathode. Density functional theory (DFT)
calculation estimates the origin of the improvement in terms of
an electronic and ionic contribution based on a surface model probed by time of ﬂight secondary ion mass spectrometry (TOFSIMS); the calculation agrees well with an experimental rate-constant analysis.
KEYWORDS: Li-ion battery, insertion compounds, interface chemistry
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LiFePO4 particles has largely solved this problem.5−7 Although
Li+ diﬀusion is conﬁned to one-dimensional (1-D) channels
along the b-axis,8−10 the nanosized LiFePO4 particles crystallize
in the form of platelets with the b-axis perpendicular to the
plates, which facilitates Li access to all the particle volume. With
proper quality control, high-rate LiFePO4 cathodes have been
successfully introduced into practical LIBs of very long life.
Nevertheless, there is some reversible capacity loss at high rates
owing to the resistance of Li+ transport across the electrolyte/
electrode interface. We report here a reduction of this chargetransfer resistance by the introduction of nitrogen or sulfur to
the surface of the LiFePO4 particles. We have also undertaken a
theoretical study of how the barrier to direct Li+ transport
between the electrolyte and the b-axis channels is modiﬁed by
the substitution of nitrogen or sulfur for surface oxygen on the
(010) surface plane of the LiFePO4 platelets.

INTRODUCTION
To reduce the eﬀects of fossil fuels on global warming and air
pollution, alternative energy sources at an aﬀordable price are
urgently needed. The intermittency of wind and solar energy
makes mandatory large-scale energy storage as a complement
to these alternative energy sources, and rechargeable batteries
can provide both portable and stationary storage of the
electrical energy generated from wind and radiant solar power.
Moreover, rechargeable batteries that power electric vehicles
oﬀer not only a distributed energy store, which can make the
cost of battery storage more acceptable, but also a relief from
distributed sources of air pollution. LiFePO4 oﬀers a cathode
alternative for a Li-ion battery (LIB) that contains low-cost,
environmentally benign materials, is safe, and has a competitive
energy density with a proven long cycle life at high rates of
charge/discharge. These features make it a worthy target for
further reduction of its reversible capacity loss at the highest
charge/discharge rates desired for powering an electric vehicle.
A LiFePO4 cathode has a theoretical capacity of 170 mAh g−1
and operates at a voltage of V = 3.45 V versus lithium, which is
safely above the HOMO of the organic liquid-carbonate
electrolyte. Moreover, the strong covalent bonding within the
(PO4)3− anion keeps the top of the O-2p bands well below the
active redox energy, which prevents oxygen evolution at full
charge even at high temperatures.1−4 Although a two-phase
reaction between LiFePO4 and FePO4 creates a poor electronic
conductivity, which lowers the electrochemical capacity at
higher charge/discharge rates, carbon coating of nanosized
© 2012 American Chemical Society
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RESULTS AND DISCUSSION
Experimental Results. Uncoated LiFePO4 particles were
used to provide clean surfaces for adsorption/chemisorption of
N or S. Highly uniform LiFePO4 powders synthesized
hydrothermally by microwave heating were heat-treated further
at 600 °C in a reducing atmosphere to ensure the well-ordered
surface and bulk structure needed for good electrochemical
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properties.11,12 After the heat-treatment, the bare LiFePO4
particles were single-phased with lattice parameters a =
10.321(1), b = 6.0021(5), and c = 4.6904(5) nm; and the
particle size varied from 100 to 500 nm owing to particle
sintering at 600 °C (see the Supporting Information for
materials characterization, Figures S1−S5). To introduce
nitrogen to the surface, the bare LiFePO4 particles were
postannealed under a NH3 atmosphere at various temperatures
from 300 to 500 °C. To introduce sulfur, bare LiFePO4 powder
was exposed to sulfur vapor at 400 °C and subsequently
annealed at 400 °C in a pure vacuum to remove elemental
sulfur from the surface. The surfaces of bare LiFePO4 and
FePO4 particles were modiﬁed by NH3 gas and S vapor, and
these surface-modiﬁed samples are denoted N-LiFePO4, NFePO4, and S-LiFePO4, S-FePO4, respectively.
The particle size and the morphology were little changed by
the postannealing treatments, regardless of the annealing
temperatures; changes in the lattice parameters are also less
than 0.05% compared to the reference values. Three Raman
bands observed above 400 cm−1 for both the bare and NLiFePO4 samples are due to intramolecular (PO4)3− symmetric
(951 cm−1) and asymmetric (996 and 1068 cm−1) stretching
vibrations (Figure S5, Supporting Information). Raman bands
located in the 100−400 cm−1 region are typically assigned to
translatory intermolecular modes involving lattice vibrations of
(PO4)3− units and Fe2+ ions.13 These modes are often weak and
diﬃcult to assign correctly. The lack of peaks in the 1200−1700
cm−1 region related to the broad D and G modes of graphite
indicate that there was no carbon coating of the particle surface
or heterogeneously mixed with the LiFePO4 crystallites.
Previous studies have observed a broadening of the intramolecular symmetric stretching mode of (PO4)3− in LiFePO4
that can be attributed to a lower degree of order in the lattice
owing to doping of other transition metals.13 While aliovalent
doping was not used in this study, signiﬁcant diﬀusion of
nitrogen or sulfur into the bulk of LiFePO4 may similarly be
expected to distort the crystal structure. No broadening was
observed in the intramolecular (PO4)3− mode at 951 cm−1 for
the N-LiFePO4 compared to the reference material. This result,
along with X-ray diﬀraction (XRD), shows that the bulk of the
N-LiFePO4 remains unchanged. The Raman spectrum of SLiFePO4 also shows bands normally associated with LiFePO4,
which suggests that the LiFePO4 structure is preserved upon
sulfur exposure. Several bands not associated with LiFePO4 are
also present. The bands at 320, 339, and 374 cm−1 are likely
associated with surface-bound Fe−S species.14
Time of ﬂight secondary ion mass spectrometry (TOFSIMS) was used to interrogate the surface layer of N- and SLiFePO4 to conﬁrm the presence of N and S elements and to
determine the relative depth of their distribution. Figure 1a
shows depth proﬁles for various temperature treatments of NLiFePO4 along with the reference material. A major ionic
species had P−N bonds; surface adsorbed NH3+ and NH4+ ions
gave a signiﬁcantly smaller signal intensity. Theoretical
calculation also supports the N-replacement of O in the
(PO4)3− unit; therefore, ion fragments containing subspecies of
that polyatomic ion should be an accurate marker for detection
of surface nitrogen. Finally, the sum of PN+ and PNH2+ were
selected as the surface nitridation ions to construct the depth
proﬁles. The two-dimensional (2-D) proﬁle for the bare
LiFePO4 shows that there is a small amount of N-species, but
the concentration is signiﬁcantly lower near the surface
compared to NH3-treated LiFePO4 samples. For the N-

Figure 1. TOF-SIMS depth proﬁles, with Bi32+ sputtering, of (a) the
sum of PN+ and PNH2+ ion species for N-LiFePO4 and (b) the sum of
FeS+ and FeSH+ ion fragments for S-LiFePO4. Inset images in a and b
show areal distributions of the PN+/PNH2+ ions for N-LiFePO4
prepared at 400 °C and the FeS+/FeSH+ ions for S-LiFePO4,
respectively.

LiFePO4 prepared at 300 °C, the initial concentration is
lower than both the 400 and 500 °C samples but above that of
the bare LiFePO4, indicating surface nitridation. The NLiFePO4 prepared at 400 °C has the highest relative
concentration of N-species at the surface while the signal
sharply drops to a baseline level at deeper depths suggesting
that the N-species are conﬁned to the surface. Finally, the NLiFePO4 prepared at 500 °C exhibits the second-highest
relative N-species concentration at the surface, but the signal
proﬁle is signiﬁcantly more diﬀuse throughout the depth
proﬁling experiment. This observation indicates that degradation of the material at the surface and near surface is occurring
owing to the higher reaction temperature, which leads to
further diﬀusion of nitrogen into the particle,15 as is also clearly
shown in the high-resolution TEM images (Figure S4,
Supporting Information).
Figure 1b shows similar depth proﬁles comparing the bare
LiFePO4 to the S-LiFePO4. In this case, the major ion species
have Fe−S bonds, and theoretical calculation also conﬁrms that
sulfur atoms prefer to bond at dangling surface Fe sites. The
presence of elemental sulfur can be excluded because it brings a
high-voltage decomposition. After annealing under sulfur vapor,
the material shows an electrochemical decomposition at around
4.45 V vs Li+/Li, but this feature disappears after a following
anneal under pure vacuum. Therefore, we investigated FeS+ and
FeSH+ ion fragments as indicators of surface sulfur interactions.
In contrast to the N-LiFePO4, the concentration proﬁle of SLiFePO4 in the surface layer is more diﬀuse and of higher
relative concentration compared to the bare LiFePO4. This
3213
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transfer kinetics. After 500 °C annealing, however, the capacity
is lowered to 147 mAh g−1 at C/10, but it still has a better rate
performance than that of the bare LiFePO4. The initial capacity
decrease is consistent with the high-resolution TEM and TOFSIMS data that showed a surface decomposition at 500 °C
owing to a highly reducing condition, but the presence of
nitrogen still has a positive eﬀect on the discharge kinetics. For
the sulfur-introduced LiFePO4, the capacity at C/10 is 152.6
mAh g−1, and at higher current densities, it shows better rate
capability than that of N-LiFePO4. At the 10C rate, the capacity
of S-LiFePO4 is 86.4 mAh g−1. Sulfur on the surface has
brought a strong positive eﬀect on the rate performance that is
comparable to that of the N-LiFePO4 prepared at 400 °C.
Asymmetric charge/discharge cycling also gives an interesting result (Figure 2b). 1C charge followed by a 5C discharge
conﬁrms the great diﬀerence in the high-rate capacities between
bare and N-/S-LiFePO4 half-cells. The capacity trend in the
ﬁrst cycling condition is similar to that of the rate performance
result: S-LiFePO4 and N-LiFePO4 prepared at 400 °C show
average capacities of 99.1 and 97.9 mAh g−1, respectively; the
bare LiFePO4 has 61.4 mAh g−1. After changing the charge/
discharge current densities in the reverse condition (5C charge
and the following 1C discharge), the discharge capacity
generally drops in every case, which should be due to less
charging capacity at the higher current, 5C. From the result, it is
clear that N-/S-LiFePO4 cells have less capacity drop;
strikingly, the drop almost disappeared in the case of SLiFePO4 and N-LiFePO4 prepared at 400 °C. The surface
modiﬁcation by N and S atoms enhances signiﬁcantly not only
the discharge rate-performance but also the charging kinetics.
Theoretical Results. Since calculation has indicated a high
activation energy for Li+ surface diﬀusion,16 we have studied
how the barrier to direct Li+ transport between the electrolyte
and the b-axis channels can be modiﬁed by nitrogen or sulfur
surface species. In such a study, it is important to identify the
characteristics of the surface (010) plane. The strong covalent
bonding of the (PO4)3− anion makes it reasonable to assume
that it is the Li and/or Fe sites that become undercoordinated
at the surface as recently calculated for a relaxed surface (010)
plane.17 However, an exposure to NH3, P−N bonds may form
as a result of loss of oxygen from the (PO4)3− groups.
Undercoordination of the Fe changes the Fe3+/Fe2+ redox
energy both at and a little below the (010) surface, and these
changes can be modiﬁed by chemisorption of diﬀerent anion
species on the surface. Among the anions that can replace
surface oxygen or (PO4)3− anions, nitrogen and sulfur
(respective electronic conﬁguration: [He]2s22p3 and [Ne]3s23p4) are particularly interesting because each atom has a
diﬀerent ionic size, formal charge, and electronegativity.
To correlate the presence of N and S atoms on the speciﬁc
surface sites and the improved electrochemical properties,
density functional theory (DFT) calculations of the surfacemodiﬁed FePO4 have been performed. TOF-SIMS results show
that N and S appear only on the surface of LiFePO4; nitrogen is
found mainly with phosphorus as P−N, while sulfur is found
with iron as Fe−S. Using these results as guidance, we replaced
an O atom closest to a b-channel with a nitrogen atom in a PO4
group in the N-LiFePO4 case; in the S-LiFePO4 case, we put a
sulfur atom on top of a surface Fe site, forming a Fe−S bond.
These binding sites were found to be energetically favorable.
Figure 3 shows the calculated binding energy of a single Li+
ion as it diﬀuses from the (010) surface of FePO4 along the bchannel. In the bare FePO4, Li+ binds weakly on the surface and

observation suggests that sulfur reacts diﬀerently at the
LiFePO4 surface than nitrogen and is consistent with the
theoretical lowest-energy surface calculations showing Fe−S
bonding as opposed to P−N bonding. Knock-in eﬀects by the
bombardment of the surface with Bi32+ clusters may also explain
the more diﬀuse nature of the 2-D proﬁle for S-LiFePO4. Since
the FeS-related species are heavier, it is likely that a higher
proportion of those species relative to the lighter PN-related
species will be pushed into the surface rather than ejected into
the mass analyzer; therefore, a more broad relative concentration proﬁle would be observed. Results from the TOF-SIMS
analysis show that both nitrogen and sulfur bond at the surface
of LiFePO4, but do not diﬀuse signiﬁcantly into the bulk of the
crystal. Though we cannot quantify the sputtering depth, we are
conﬁdent that we are only interrogating the surface layers based
on the low dose of Bi32+ sputtering used in dynamic-mode
operation.
Electrochemical properties of the surface-modiﬁed LiFePO4
have been characterized by the discharge-rate capability and
high-rate cycling tests at room temperature shown in Figure 2

Figure 2. (a) Discharge rate capability of the bare and N-/S-LiFePO4
half-cells evaluated after C/10 charging to 4.5 V vs Li+/Li in each
cycle. (b) Discharge capacities at the asymmetric charge/discharge
cycling conditions. The ﬁrst 50 cycles were tested at 1C charge/5C
discharge in 2.5−4.5 V range, and after that, the current densities were
reversed.

(see also Supporting Information, Figure S6). The bare
LiFePO4 discharge speciﬁc capacity is 149.9 mAh g−1 at a C/
10 rate, it falls to 28.2 mAh g−1 at 10C. However, after
introducing N onto the surface at 400 °C, the capacity at 10C is
signiﬁcantly increased to 78.9 mAh g−1, while the 300 °C
annealing shows negligible diﬀerence in the rate capability.
Considering the higher amount of nitrogen on the particle
surface after the 400 °C annealing, the data suggests that
nitrogen can signiﬁcantly inﬂuence the interfacial charge3214
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Figure 3. Energy landscapes of Li moving from the surface into the b-channel of bare FePO4 and in the presence of N and S. Inset crystallographic
images represent the structural modiﬁcation forming N−P and Fe−S bonds after introducing N and S atoms on the surface.

measurable because at this voltage, isolated Li+ ions are stable
in the FePO4 phase. Both N- and S-modiﬁcation decrease the
total barrier by strengthening the Li+ binding on surface sites,
thus improving the rate performance. After the surface
modiﬁcation, the barrier is determined by the Li+ binding
energy in the FePO4 bulk phase.
Focusing on the lithiation (discharge) processes, we can
compare the rate of the bare and N-/S-FePO4 to see whether
experimental discharging rates match what we expect from the
calculated energy landscape (Figure 3). If the anode energy
level increases (by decreasing the applied voltage between
anode and cathode), the overall lithiation barrier height will
change. If the anode energy level is below that of the weakest
binding site, the intercalation barrier is the energy diﬀerence
between these two sites. If the anode energy level is above the
weakest binding site energy, there is no additional barrier above
the diﬀusion barrier between sites, and so, the intercalation rate
is limited by diﬀusion (or other mass transport factors in the
experimental apparatus).
We take the diﬀusion barrier in this high-energy anode
regime to be the barrier for Li+ transport from the anode to the
surface site, denoted ΔEN for the N-FePO4 and ΔE for the bare
FePO4. ΔEN and ΔE are independent of the applied voltage.
Next, we denote the binding energy of Li+ in a bulk site of NFePO4 as EN, and the surface site binding energy of the bare
FePO4 as E. EN and E are the binding energies of Li at the
highest energy (weakest binding) sites for the N-FePO4 and the

subsurface sites (a- and b-sites, respectively) owing to a low
coordination of Li and Fe on the surface and a structural
distortion of the subsurface site. Where Li+ reaches an FePO4
bulk site, the binding is stronger by 0.18 eV. Li binds most
strongly in the LiFePO4 phase. In the FePO4 phase, there is a
Coulomb attraction between Li+ and its electron, which is
located on a neighboring Fe2+ center. In the LiFePO4 phase,
several Li+ can share the same Fe2+ center making the Coulomb
energy correspondingly lower. The binding energies for the
three regions (surface, FePO4, and LiFePO4) are −3.10, −3.28,
and −3.75 eV, respectively, consistent with values reported in
the literature.16,17
Since the barriers for Li hopping between sites are relatively
small (0.2−0.3 eV) and do not vary signiﬁcantly between
phases,16,18 the binding energies along the b-channel can serve
as the minimum energy path (MEP) for Li diﬀusion into and
out of the material. As shown in Figure 3, the weak binding of
Li to the surface site determines the overall barrier for both
lithiation and delithiation. Theoretically, if the voltage is below
3.75 V during lithiation, Li should be able to intercalate into the
cathode and form the LiFePO4 phase. In practice, however, the
rate at this voltage is too low to be measured. There are two
reasons for this observation: ﬁrst, diﬀusion of Li+ into the
material has to overcome a relatively high barrier (3.75 − 3.10
= 0.65 eV), and second, those intercalating Li+ must
agglomerate to nucleate the LiFePO4 phase. Only when the
voltage approaches 3.28 V does the discharge current become
3215

dx.doi.org/10.1021/cm301569m | Chem. Mater. 2012, 24, 3212−3218

Chemistry of Materials

Article

bare FePO4, respectively. The relative rate constants for the
bare and N-FePO4 cases follow eq 1. Here, we assume the same
prefactor A for all the lithiation processes and use V′ as a
converted value of the applied voltage in eV scale (V′ = −V in
value).
k
A e−β(E − V ′)
=
= e−β(E − E N)
kN
A e−β(E N − V ′)

(I) V ′ < E N :
(II)

E N < V ′ < E:
k
A e−β(E − V ′)
=
= e−β(E −ΔE N − V ′)
β
E
−
Δ
(
)
N
kN
Ae

(III) V ′ > E :

k
A e−β(ΔE)
=
= e−β(ΔE −ΔE N)
kN
A e−β(ΔE N)

Figure 4. Ratio of the rate constants between the bare and N-/SLiFePO4. The rate equation is estimated in terms of ﬁlling up vacant
Li-sites in FePO4 during constant-voltage discharge by the equation
ln(1 − Q(t)/Q(∞)) = −kt.

(1)

As shown in eq 1, if V′ < EN and V′ > E (regions I and III),
the ratio of rate constants is constant, while in between the
ratio increases as the voltage decreases (V′ increases). In the
ﬁrst region, V′ < EN, the current is too small to be measured in
experiment, as discussed; in the third region, V′ > E, the voltage
is too high and the system is far from equilibrium, which may
complicate the discussion. So we will compare with the
experiment the rate constant trend for EN < V < E in region II.
These same arguments hold for the dependence of rate on
the applied voltage in the S-FePO4.
A potential step chronocoulometry was performed to
evaluate the calculated energy barriers according to eq 1(II)
(see Supporting Information, Figure S7). To estimate the rate
constant, k, from the experimental data, we assumed the
lithiation process to be a simple ﬁrst-order reaction. Because
lithium-ion diﬀusion into the cathode is equivalent to vacancies
moving out, the rate equation is written in terms of vacancy
concentration CV. The backward reaction can be ignored when
the discharge time, t, is small.

d C V (t )
= −kC V(t )
dt

(2)

C V(t ) = C V(0) e−kt

(3)

regardless of the voltage values, the rate constants of N-/SFePO4 are always higher than that of the bare FePO4, which
must enhance the high-rate performance of the electrochemical
cell.
In this section, we discuss changes to the Li binding due to
surface doping. The Li binding energy has two primary
contributions: the electronic part (e−) and the ionic part (Li+).
For the bare FePO4, weak binding at the surface is primarily
due to the electronic contribution. In the bulk, the Fe dz2
orbital extends over two neighboring oxygen atoms; on the
surface, Fe is undercoordinated, and its dz2 orbital extends over
only one oxygen neighbor. The surface Fe−O bond is,
therefore, stronger, and the energy of the corresponding
antibonding state (populated by the extra electron from Li) is
higher. In the b-site of Figure 3, the ionic part is responsible for
weak binding. Li+ in the site is fully coordinated, but the cage
space where Li+ can sit is bigger than in a bulk site. The
distance between Li+ and half of the surrounding O2− is
increased, raising the Coulombic energy. In the a-site of Figure
3, Li+ is missing an attractive interaction from an O2− center; it
is also missing a repulsion interaction from an Fe3+ center. As a
result of these two competing eﬀects (which are comparable in
magnitude), the ionic contribution of Li+ binding to an a-site is
comparable to a bulk FePO4 site.
N-substitution can stabilize Li+ in both a- and b-sites because
it aﬀects the binding energies in both the electronic part and
the ionic part. First, as shown in Figure S8 (Supporting
Information), nitrogen provides an empty 2p state in the band
gap, so that the extra electron coming with Li+ does not have to
go to the higher energy Fe 3d states. Nitrogen lowers the
HOMO energy after Li intercalation. Second, nitrogen is more
negatively charged than oxygen and has a stronger Coulomb
interaction with Li+. Comparison of the atomic structures of a-,
b-, and c-sites are shown in Figure S10 (Supporting
Information). As can be seen, Li+ in the b-site is displaced
toward the nitrogen, as compared to the b-site in the bare
material, showing the attractive interaction.
An analysis of the S-doped surface shows that the mechanism
for increasing Li+ binding is diﬀerent from that of nitrogen.
Sulfur binds directly to a surface Fe atom, providing full
coordination of the Fe center. The electronic environment of
Li+ is similar to that in the bulk and the binding energy is close
to that of Li in bulk FePO4. The binding of Li+ in the b- and c-

Converting CV to the capacity, Q.
Q (∞) − Q (t ) = Q (∞) e−kt

(4)

⎛
Q (t ) ⎞
ln⎜1 −
⎟ = −kt
Q (∞ ) ⎠
⎝

(5)

ln(1 − Q(t)/Q(∞)) vs time curves of the bare and N-/SFePO4 are found to be linear in the short-time domain as
shown in Figure S7 (Supporting Information).19 In this shorttime domain, the discharge reaction is interfacial charge-transfer
controlled, not diﬀusion-controlled. From the curve, the ratio of
the rate constants of the bare and N-/S-FePO4 are plotted in
Figure 4 to show the voltage-dependent variation as predicted
from eq 1. The experimental trend clearly conﬁrms the
calculation. In both N- and S-FePO4 cells, as the applied voltage
decreases, the k/kN and k/kS ratio increases. At around 3.2 and
3.1 V, it reaches a plateau, where the ratio stops increasing as
the voltage decreases (a transition between region II and III,
where the lithium binding energy E = −3.10 eV). Since sulfur
has a higher surface coverage than N, as shown in Figure 1, the
slope of k/kS may be higher than k/kN of N-FePO4. Moreover,
3216
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beam was focused with a 50× aperture, resulting in an approximately
2-μm-diameter sampling cross section. The instrument was calibrated
to the Stokes Raman signal at 521 cm−1 in a bulk single crystal of Si
with the [110] lattice oriented normal to the laser. To avoid sample
damage by the laser, three accumulations at low power (10%, 3 mW)
with 10 s exposure time were used.
Time-of-ﬂight secondary-ion mass spectroscopy (TOF-SIMS) was
performed on a TOF-SIMS 5 by ION-TOF GMBH with Bi32+ ions
accelerated at 3 kV in dynamic mode. In this mode of operation, a
single ion source is used as both the analysis (primary) gun and the
sputtering (secondary) gun in order to interrogate gently the surface
layer. A randomly rastered 150 mm2 analysis area (256 × 256 pixel
resolution) was used to acquire the 3-D ion distribution maps.
Secondary ions were detected in positive-ion mode, and an electron
ﬂood gun was introduced during analysis to avoid charging of the
surface. Pelletized samples were loaded and allowed to purge for a
minimum of 12 h before introduction to the main analysis chamber.
All analyses were performed with the main analysis chamber pressures
between 5 and 9 × 10−9 mbar. Control experiments under identical
sputtering conditions were conducted on Si wafer to determine if the
TOF-SIMS analysis of the N-/S-LFP can be considered surface
speciﬁc. Over the course of three hours of dynamic mode operation,
less than 3 nm of material was sputtered, as determined by ex-situ
atomic force microscopy measurements (data not shown). While
diﬀerences in ionization eﬃciencies between Si and LiFePO4 are
unknown, the 1000 s of dynamic mode sputtering presented in Figure
1 represents interrogation of only ﬁrst few monolayers of the material.
For the electrochemical analysis, 2032-type coin half-cells employing a Li-metal counter electrode and 1 M LiPF6 in ED/DEC (1/1 in
volume) liquid electrolyte were prepared. The composition of the
cathode composite is LiFePO4/Carbon/PTFE = 80:17:3 by weight.
Rate capability and charge/discharge cycle performance were
characterized with a LAND battery cycler (CT-2001A). For the rate
capability measurement, the coin half-cells were charged to 4.5 V at the
rate of C/10 in the constant-current mode and discharged to 2.5 V at
various current densities from C/10 to 10C. For the cycle performance
characterization, 1C charge/5C discharge for the initial 50 cycles and
5C charge/1C discharge for the next 50 cycles in the 2.5−4.5 V range
were used as a standard condition to compare asymmetric charge/
discharge cycle performance. A potential step chronocoulometry test
was done with an Arbin BT-2000 system. After the galvanostatic
charging to 4.5 V, the voltage was forced to jump down to each
diﬀerent value (3.4, 3.3, 3.2, 3.1, and 3.0 V) for an hour, and the
capacity-transient data were recorded.

subsurface sites increases with respect to the surface a-site. The
reason is not due to the electronic structure. A comparison of
the density of states (DOS) is shown in Figure S9 (Supporting
Information). These data show that S raises the HOMO energy
level after Li+ intercalation, indicating that the electron binding
energy is weaker. The stronger Li+ binding is therefore due to
ionic interactions. Sulfur induces a dramatic geometric
distortion to the surface. The PO4 surface groups are rotated,
and the subsurface Fe centers are noncoplanar (see red box in
Figure S10, Supporting Information). This change in geometry
gives rise to the strong Li+ binding found in the b-, c-, and dsites.

■

CONCLUSION
In summary, we have shown that the presence of nitrogen or
sulfur on the surface of LiFePO4 can greatly improve the
surface electrochemistry during charge/discharge. The surface
bonding state characterized with TOF-SIMS indicates that
nitrogen preferably substitutes for oxygen in the (PO4)3−
anions and sulfur dominantly bonds to the undercoordinated
Fe site. DFT calculations show that the total barrier for Li
transfer is decreased by strong Li binding on surface sites in the
presence of N or S. The theoretical result is backed by
comparison of rate constants during potential-step chronocoulometry. For N-LiFePO4, nitrogen can provide a more stable 2p
state than surface Fe 3d state for electron transfer and also has a
stronger Coulomb interaction with Li+ owing to the more
negative charge. For S-LiFePO4, sulfur mainly stabilizes the
surface Fe 3d antibonding states. Modiﬁcation of a surface can
tune the surface energy levels and change the total barrier for
the charge transfer kinetics.

■

EXPERIMENTAL SECTION

Synthesis and Post-treatment. Powder Li3PO4 (Aldrich) was
added to a 200 mL aqueous solution of FeSO4·7H2O (Aldrich) with a
molar ratio of 1:1 (0.25 mol L−1) at room temperature. The mixture
was thoroughly agitated with a paint shaker for 1 h. The obtained
homogeneous suspension was transferred into microwave hydrothermal synthesis system (MARS 230/60, CEM Corp.). The system
was operated at a frequency of 2.45 GHz and a power of 1600 W with
continuous stirring to ensure a homogeneous reaction. The sample
temperature was ramped to 230 °C and kept at 230 °C for 15 min
under the hydrothermal condition. After the reaction, the reactor was
cooled to room temperature by a built-in cooling fan in the system.
The precipitated product was ﬁltered oﬀ, washed several times with
distilled water, and ﬁnally dried. The as-synthesized powder was heattreated at 600 °C for 4 h under 5% H2 in Ar atmosphere.
For ammonia-exposed LiFePO4 preparation, the crystalline LiFePO4 powder was postannealed under an NH3 ﬂow of 100 sccm for 30
min. The annealing temperature was set to 300, 400, and 500 °C.
Ultrapure Ar atmosphere with 300 sccm was kept during purging and
ramping. For sulfur-exposed LiFePO4 preparation, the synthesized
LiFePO4 powder was placed into sulfur vapor at 400 °C for 20 min.
The sulfur atmosphere was made by thermal evaporation of sulfur
powder (99.999% pure, Alfa Aesar) in a vacuum-sealed quartz tube; to
remove elemental sulfur from the powder, static vacuum annealing at
400 °C without sulfur vapor followed.
Characterization. Powder X-ray diﬀraction data were obtained
with a Philips X’Pert Pro MPD diﬀractometer (40 kV, 40 mA; Cu Kα
radiation). The data acquisition time was set to 10 s on each 0.02°
step, and the 2θ value ranged from 15° to 90° in the θ-2θ mode. The
high-resolution XRD patterns were reﬁned with X’Pert Highscore
software. Powder morphology and the surface structure were examined
with SEM (Hitachi S4700) and TEM (TECNAI G2 F20 S-TWIN,
FEI). Raman data was taken in a Renishaw In Via microscope system
utilizing a 514.5 nm Argon laser in back scattering conﬁguration. The

■

COMPUTATIONAL METHOD

All the calculations were performed in the Vienna ab initio simulation
package (VASP) at the GGA+U level of theory.20,21 The functional for
electron exchange and correlation was chosen as PW91, and the
eﬀective U value, Ueff = U − J, was set to 4.3 eV, according to a selfconsistent calculation.18,22,23 Core electrons were described in the
projected augmented wave formalism.24 Valence electrons were
described by a plane wave basis set with an energy cutoﬀ at 400
eV.25,26 A ferromagnetic spin conﬁguration was set for the Fe ions.
The supercell was constructed of 1 × 2 unit cells on the ac plane, and 8
layers in the b-direction, with 15 Å vacuum separating the periodic
slabs.
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