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Abstract

®
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In this work, we report the morphological and electrical characterization of highly
crystalline LiCuxFe; _xPO4 nanoparticles synthesized via the high-temperature (380 °C)
thermal decomposition of organometallic precursors. The mean diameter of the studied
nanoparticles was 30-40 nm. The Cu/Fe relations of 0, 0.001 and 0.042 for the three studied
samples were obtained via particle-induced x-ray emission spectroscopy. Crystallographic
and morphological studies were performed using x-ray diffraction, transmission electron
microscopy and high-resolution transmission electron microscopy techniques. We investigated
the effects of incorporating copper on the electric transport properties of this highly
crystalline nanometric system using impedance spectroscopy and DC transport techniques.
The experimental evidence allowed us to conclude that in the frequency range f < 1kHz the
transport is dominated by the diffusion of Li and the presence of Cu atoms in the systems
hinders this transport mechanism, despite the high crystallinity of the system.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The properties of nanoparticles with a diameter of less than
50nm are related to their preparation method and thermal
history [1]. This link between the synthesis method and
the physical/chemical properties is closely related to the
crystallinity of the nanoparticles and the density of defects.
Concerning diffusion, these two points compete and lead to
a non-trivial dependence [2, 3]: an increase in the density
of the defect centers leads to different diffusion coefficient
behavior. On the one hand, diffusion through vacancies

0022-3727/16/335302+10$33.00

increases, while on the other hand, interstitial diffusion
tends to decrease.

Diffusion in nanometric materials for energy storage is a
subject of strong technological interest, especially when the
focus is on cathode materials for Li-ion batteries.

The high-temperature decomposition of organometallic
precursors is a synthesis procedure that is widely used to pro-
duce highly crystalline nanoparticles [4] with complete con-
trol of the morphology and composition of the material. It is a
very interesting method for the production of highly crystal-
line cathode materials for Li-ion batteries at the nanoscale; in
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fact, Jiang et al [5] synthesized LiFePO,4 nanoparticles as a
widely used cathode material. Studying the transport and Li
diffusion in nanoparticles prepared using the thermal decom-
position method is very interesting for understanding the
effects of nanoscale on them.

Since the first report on the capabilities of LiFePO, as
a material for cathodes in Li batteries [6], this material has
aroused enormous interest, with a huge number of published
papers in the basic and applied fields. Some of the properties
discovered regarding the performance of this compound for
applications revealed several advantages with respect to other
cathodes, such as, safety, thermal stability, high stability for a
large number of cycles, high operating voltage, and low cost,
among others [7, 8].

Despite the number of studies on this material and the fact
that LiFePOy is already being used as a cathode material in
commercial Li-ion batteries, there are still many open ques-
tions to answer in order to improve and predict their per-
formance [9]. Most of the questions that the scientific and
technological community is focused on relate to the electric
transport properties of the whole system, including the simul-
taneous electronic and ionic (Li diffusion) contributions.

It is known that the morphology of the LiFePO, at the
nanoscale (<100nm) plays an important role in its perfor-
mance as a cathode material in Li-ion batteries [10]. The
diffusion of Li ions is a fundamental parameter to take into
account to establish a strategy to tune or improve LiFePOy
performance. In this range of sizes, the increase of the sur-
face/volume ratio as the nanoparticle size is reduced is
expected to increase Lit diffusion through the olivine struc-
ture. Nevertheless, it is also expected that with decreasing size
there will more defect centers, which will hinder the diffusion
of Li* along the [0 1 0] direction. The competition between
these two mechanisms means that there is an optimal size for
diffusion [11]. The number of defect centers and the depend-
ence of diffusion on size at the nanoscale are dependent on the
crystallinity of the particles and, consequently, on the prep-
aration method. Therefore, it is very important to understand
the electrical transport mechanisms, especially for nanoscaled
particles (< 100nm) and systems with doping ions or a carbon
coating.

LiFePO,4 has an electronic conductivity of the order of
107°-1071 S cm~!, which is lower than that for other typ-
ical cathode materials [12, 13]. In this case, the origin of this
intrinsic low electronic conductivity is related to the formation
of a small magnetic polaron due to the doping of the d-hole in
the Fe3t site [14, 15]. Regarding the Li diffusion in LiFePQy,
it is a slow and unidirectional process that takes place spe-
cifically in the [0 1 O] crystallographic direction [15, 16]. The
calculated diffusion coefficient for bulk systems varies from
1071 to 107'® cm? s~!, depending on the amount of lithium
[17]. For nanoscale amorphous material, diffusion coefficients
of around 1071% cm? s~! were reported [18]. One strategy to
improve the electronic conductivity of LiFePO, cathodes is
so-called carbon coating, where the surface of the material is
coated with conductor carbon. This strategy is used commer-
cially nowadays, and it also improves the specific capacity, rate
performance and some other characteristics of the cathodes

and batteries. Nevertheless, the effects of carbon coating on
the electrochemical properties of LiFePO, depend on the uni-
formity of the structure, morphology and composition [19].
Another route for improving the electrical conductivity of
LiFePOQy is ionic substitution with isovalent or aliovalent ions
[20], which also improves the Li* diffusion and lattice sta-
bility of the system [7]. As was previously shown, the dis-
order produced by the doping modifies the crystal structure
and increases the lithium mobility [21]. Despite the use of
the strategies already pointed out, it is necessary to make a
strong effort to improve the performance of cathodes based on
LiFePQy,, and specifically to improve the transport properties.

Impedance spectroscopy (IS) has been widely used to
study the electrical properties of LiFePO, and other cathodes
materials [9, 17, 18, 22, 24]. One of the main reasons for this
is that this technique allows us to determine several important
parameters related to electric transport properties, such as dif-
ferent characteristic times, the associated energy barriers and
the diffusion coefficient of Li* ions [17, 18].

In this work, we synthesized highly crystalline
LiCuxFe| _xPO4 nanoparticles with a mean diameter size in
the range of 30—40nm and different amounts of Cu (X =0,
0.001 and 0.042). Their composition was analyzed via par-
ticle-induced x-ray emission (PIXE) and infrared spectr-
oscopy. The morphology and crystallinity of the nanoparticles
were studied by means of bright/dark field transmission elec-
tron microscopy (TEM), high-resolution TEM (HRTEM) and
x-ray diffraction (XRD). We also present a thorough study
and modeling of the AC and DC electric transport properties,
which were mainly carried out using impedance spectroscopy.
These studies allow us to attempt a deep understanding of
transport phenomena in LiFePO,4 nanoparticles with a diam-
eter of less than 40nm and the effect of Cu incorporation at
the nanoscale.

2. Experimental

LiCuxFe;| _xPO4 nanoparticles with 0, 0.5 and 6 at.% of Cu
were prepared using the high-temperature (380 °C) thermal
decomposition method, in a similar way to Jiang et al [5].
In this case, the precursors used were Li" acetylacetonate
(Li(acac)), Cu®" acetylacetonate (Cu(acac),), Fe’* acety-
lacetonate (Fe(acac);) and ammonium phosphate dibasic
((NH4),HPOQO,). The solvents used were oleic acid (C;gH340,)
and oleylamine (C;gH37N). During the synthesis, the amount
of Cu in the sample was controlled by the stoichiometric addi-
tion of the Cu?* precursor at the expense of Fe®*. After the
reaction (120 min at reflux condition—380 °C), nanoparticles
were precipitated by the addition of ethanol to the solution.
This action was carried out at room temperature with the
amount of ethanol:precursor solution set at 8 : 1 and the mix-
ture was then precipitated by centrifugation for 30min at
14 000 rpm. The precipitated powder was washed with acetone
in an ultrasound bath for 10 min. Finally, the washed solution
was centrifuged again in order to obtain the ‘as-made’ sample.
As expected from the synthesis procedure, the as-made sam-
ples were coated with a monolayer of oleic acid/oleylamine,
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Figure 1. FTIR spectra of as-made LiCusFe;_PO4 (X = 0) nanoparticles with an organic layer and ( fat-free) washed LiCuyFe; POy
(X = 0.042) nanoparticles, both in an isopropyl alcohol suspension. The dotted vertical lines are the peaks associated with the alcohol and
the solid vertical lines are the peaks associated with the oleic acid, where the C=O0 characteristic peak is emphasized.

making them easily dispersible in organic solvents because
of their strongly hydrophobic character. This organic layer
can be removed by acetone and an ultrasound bath (10 min)
at 40 °C. This procedure was repeated several times until the
nanoparticles were no longer dispersed in hexane and these
samples were labeled fat-free samples and used in the trans-
port measurements.

The Fourier transform infrared (FTIR) spectra were
obtained using PerkinElmer ‘spectrum two’ equipment with
a universal ATR optical system and the samples were dis-
persed in isopropyl alcohol with similar concentrations of
nanoparticles.

The amount of Cu incorporated into the LiCuyFe; POy
nanoparticles was characterized using PIXE spectroscopy car-
ried out with 2 MeV H" in a NEC 5SDH 1.7 MV tandem
accelerator and a NEC RC43 end station. The PIXE spectra
of three samples, conditioned as pellets, were collected with
and without a 102 ym mylar filter and analyzed using GUPIX
software [23].

The diffraction patterns were obtained in a Philips PW 1700
diffractometer using Cu Ko radiation (A = 0.154 186 nm) and
a graphite monochromator. The samples for the XRD experi-
ments were prepared by dispersing the as-made powder on
ground glass.

The TEM experiments were carried out with a FEI TECNAI
G2 that worked at 200kV and was equipped with a field emis-
sion gun. The TEM specimens were prepared by diluting a
nanoparticle in chloroform and dropping it on a copper grid.

The samples for the transport measurements were pre-
pared by washing the nanoparticles as previously discussed,
and then these fat-free samples were uniaxially pressed with
8 tons in a hydraulic press. After that, we obtained cylindrical
pellets with a diameter of 7mm and a typical thickness of
200 pm. Electrical contacts were made on each pellet face
using silver paste. DC measurements of voltage versus current

(IV curves) were performed at room temperature using
a Keithley 4200-SCS Parameter Analyzer with a two-
terminal configuration. These measurements were performed
from —20V to 20V with steps of 0.1V in a characteristic total
time of 1 min. Impedance spectroscopy was also measured at
room temperature in the same samples used for the DC char-
acterization. To make these measurements we used an Autolab
PGSTAT30 potentiostat at the frequency range (10 mHz—1 kHz)
and an Agilent 4294A Precision Impedance Analyzer for the
(40 Hz—-110 MHz) interval. Both sets of equipment were oper-
ated without bias voltage and with oscillator amplitudes of
0.3V and 1V for the potentiostat and the impedance analyzer,
respectively. The impedance, defined as Z = Z' + jZ", was
normalized by its geometrical factor, as previously discussed.

3. Results and discussion

Figure 1 shows the FTIR spectra of as-made LiFePO,
nanoparticles with an organic layer and (fat-free) washed
LiCuxFe; _xPO4 (X = 0.042) nanoparticles, both dispersed in
isopropyl alcohol, as representative of all systems. The dotted
vertical lines are the peaks associated with the alcohol and the
solid vertical lines are the peaks associated with the oleic acid.
The characteristic peak of the C=0 in the oleic acid is empha-
sized (1711 cm™"), between the two peaks associated with the
phosphate group present in all the spectra. This peak is clearly
observed for the as-made nanoparticles, and it is not present for
the washed nanoparticles. In fact, no peak referring to carbox-
ylic acid or primary amine is observed in the washed sample
spectra, indicating the efficiency of the washing procedure
with hot acetone in removing the organic layer. In addition,
as will be discussed below, the annealed washed nanoparticles
present high resistivity, as is expected for LiFePO4. On the
other hand, the annealed as-made nanoparticles present high
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Figure 2. PIXE spectrum of washed LiCuyFe; PO, (X = 0.042) nanoparticles.

conductivity, several orders of magnitude higher than that of
the fat free washed nanoparticles. This is a consequence of the
carbon layer formed by the decomposition of the organic layer
at the surface of the particles.

Figure 2 shows the PIXE spectrum with and without the
filter of sample X = 0.042. The peaks of P, O, Fe and Cu are
clearly observed, together with other elements. These ele-
ments, namely C, Na and Ca, are contaminants and are prob-
ably related to the sample conditioning for this very sensitive
measurement and they are present in all the samples. The
atomic percentage and its perceptual relative error for each
identified element are given in table 1 for all the samples.
There is a good relation between the obtained amounts of Fe
and P and the expected one for all the samples. We obtained
relations between the amounts of Cu and Fe that were equal to
0.042 and 0.001, and these were smaller than the amounts used
in the synthesis: 0.06 and 0.005, respectively. Based on these
results, we labeled the samples X = 0, 0.001 and 0.042. For
X = 0.001, we remark that the mass used in the synthesis was
very small, at the lower limit of our measurement capability,
which implies an important error here, and simultaneously the
small amount of material used makes it more probable that
the Cu content was not so well homogenized in the solution
during synthesis.

The crystallinity of the nanoparticles that constitute all the
samples was confirmed via XRD patterns with reflections that
corresponded to an olivine structure [25], as shown in figure 3.
The crystallite size was obtained from the width of the (1 1 1)
peak using Scherrer’s equation [26], obtaining 34 nm, 41 nm
and 39 nm for X =0, 0.001 and 0.042, respectively.

In figure 4(a) we show a representative TEM micrograph
with a general view of the nanoparticles of sample X = 0. The
TEM images evidence the presence of nanoparticles with dif-
ferent shapes, with 67% of them being nearly spherical, 23%
having rectangular nanostructures and 10% of them being
neither spherical nor rectangular. In figure 4(b) we present
a higher magnification micrograph of the same sample, and
here an amorphous coating layer of a thickness ranging from

Table 1. PIXE spectroscopy results for the three samples: atomic
percentage (% at), relative error (%), stoichiometry and Cu/Fe
relation.

X Elem % at Rel error % Stoic Cu/Fe
(0] 63.2 0.2 4.22 0
P 14.4 0.2 0.96 0
Fe 12.2 0.2 0.82 0
0 Cu 0.001 142 0 0
Na 0.5 2.7 — 0
Ca 0.07 3.1 — 0
C 9.4 1.1 — 0
(0] 65.4 0.2 4.12 0.001
P 16.2 0.2 1.02 0.001
Fe 13.7 0.2 0.86 0.001
0.001 Cu 0.006 24.5 0.001 0.001
Na 0.37 3.7 — 0.001
Ca 0.07 33 — 0.001
C 4.1 2.0 — 0.001
(6] 62.8 0.2 4.11 0.042
P 15.1 0.2 0.99 0.042
Fe 13.3 0.2 0.87 0.042
0.042 Cu 0.6 1.5 0.037 0.042
Na 0.5 32 — 0.042
Ca 0.03 5.7 — 0.042
C 7.7 1.3 — 0.042

3 to 5nm is clearly evidenced on the surface of the as-made
nanostructures.

The size distribution histogram for the whole sample is
presented in figure 4(c). As our sample is made up of nano-
structures of different shapes, the information is broken down
into three histograms in figures 4((d)—(f)). With the exception
of the spherical-shape case, the ‘d’ value used corresponded to
the arithmetical average of the dimensions of each nanostruc-
ture; for example, in the rectangular shape we measured both
sides and considered the mean value for the histogram. The
size distribution of the whole sample and the spherical-shape
population were fitted with lognormal distributions with mean
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Figure 3. X-rays patterns for as-made LiCuFe, PO, nanoparticles (X = 0, 0.001 and 0.042). The reflections correspond to the
olivine structure [25]. The crystallite size, denoted by dxgrp on each panel, was estimated from the (1 1 1) peak using Scherrer’s

equation [26].

diameters ({(d)) of 27 nm and 25 nm, respectively, and ¢ = 0.2
in both cases.

There is an important diversity of results in the litera-
ture regarding the shape of LiCuyFe;_xPO, nanostructures.
Following a similar synthesis method to that presented in this
work, Jiang et al only obtained rhombohedral nanoparticles
[5]. Nevertheless, different shapes of LiFePO,4 nanostructures
were synthesized by Rangappa et al [27] following a super-
critical ethanol process in the presence of oleylamine. They
observed different morphologies depending on the synthesis
temperature: hexagonal nano-plates for 320 °C and nano-rods
for 400 °C. It is interesting to note that despite the fact that
the synthesis protocol that we followed was not the same as
the one followed by Rangappa ef al, the synthesis temperature
was intermediate (380 °C) and we obtained the same mixture
of shapes that they observed. Following another protocol,

Lim et al [28] synthesized LiFePO, nanostructures using
the polyol method. They obtained a variety of nanostructure
shapes, depending on the synthesis conditions: orthorhombic,
rods, plates and a mixture of these. Interestingly, the authors
found that the best electrochemical performance came from
an electrode prepared with a mixture of nanostructures of dif-
ferent shapes, arguing that this was a consequence of better
nanostructure compaction.

Figure 5 shows representative HRTEM images of spher-
ical-shaped (figure 5(a)), rhombohedral-shaped (figure 5(b))
and rod-shaped (figure 5(c)) nanostructures for X = 0. As can
be seen in these images, all particles of all shapes present high
crystallinity in the whole particle, with well-defined crys-
talline planes up to the surface of the particle. These planes
can be indexed with the crystalline structure of LiFePOy, the
same crystalline structure used to index the XRD profiles. In
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Figure 4. (a) TEM micrograph of the sample X = 0. 63% of this sample showed a spherical shape, 27% showed a rectangular shape
and 10% showed another shape. (b) HRTEM micrograph of nanoparticles evidencing an organic layer of approximately 3 nm. ((¢)—(f))
Histograms of the size distributions of the different nanostructure shapes; see the text for details.

Figure 5. Representative HRTEM images of (a) spherical-shaped, (b)
X =0.

addition, all the particles are single crystals and no evidence
of fusion among the particles is observed, which is especially
significant for the rod-shaped particles (it is not the percola-
tion of spherical particles). Therefore, the different shapes of
the LiFePO, nanoparticles represent distinct growth direc-
tions, and not a percolation of the particles during synthesis.
HRTEM images of samples X = 0.001 and 0.042 exhibit sim-
ilar characteristics. These HRTEM results are very interesting,
since they clearly evidence that our samples are composed of
single crystals with dimensions between 20-40nm. Thus, the

rhombohedral-shaped and (c) rod-shaped nanostructures in sample

transport properties described below for these nanoscale sys-
tems are not associated with poor crystallinity of the system,
but with the properties of crystalline LiFePO,4 nanoparticles
with distinct shapes and the incorporation of the Cu** ion.
Figure 6(a) presents the IV curves for the three samples
(X =0, 0.001 and 0.042), where a linear behavior is observed
over the whole range for all the samples. In addition, there is
clear evidence of increased resistance as the amount of Cu
increases. The DC resistivities (shown in table 2) are obtained
from a linear fit of the IV curves. The obtained values are
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Figure 6. (a) IV curves for all the samples (the solid lines
correspond to different linear fits); the inset shows (also for all
samples) the absolute value of the impedance as a function of
frequency. (b) Nyquist impedance plot of the experimental results
and the corresponding fit (solid lines) using the equations of

the equivalent circuit shown in the inset; the arrows indicate the
frequency of the maximum Z” (see text for details).

pDC: 10.1, 10.7 and 13.9 GQ -cm for X =0, 0.001 and
0.042, respectively. In all cases, the results are properly nor-

malized by the geometrical factor given by %, where ¢ is the

thickness of the LiCusFe; PO, pellet and A is the average
area of the contacts.

The inset of figure 6(a) presents the amplitude Bode plot
for the impedance of all the samples on the (10 mHz-1kHz)
range. Here it is evident that all the samples present a sim-
ilar response, which can be associated with typical RC-like
behavior. In this figure we present the results for frequen-
cies below 1kHz, but the same behavior is observed over the
whole frequency range. In these cases the resistive and capaci-
tive contributions are evidenced at low and high frequencies
respectively, where the cutoff frequencies are in the 0.1 to 1
Hz range. We can remark that the higher absolute impedance
values (reached at low frequencies) are one order of magnitude
higher than those previously reported for nanometric LiFePO4
without carbon coating (~ 10° € - cm) by Park et al [29].

In figure 6(b) we present the Nyquist impedance plot,
where it is possible to highlight the following characteris-
tics. First, the absolute value of the real part of the imped-
ance at the lowest measured frequency range increases with
increasing Cu content, which is in perfect agreement with the
DC measurements. Second, the frequency of the maximum
value of the Z” decreases with increasing Cu content, as indi-
cated by the arrows. Finally, the Nyquist plot is not exactly
semicircular, it manifests an asymmetry at the high frequency

range, which indicates the presence of different relaxation
mechanisms. These kinds of processes are usually modeled
by an equivalent circuit, which is made up of a series of small
building blocks associated with different mechanisms. An
archetypal case is, for example, charge transport in the pres-
ence of a concentration gradient; in this case the asymmetry
at high frequencies indicates a transmissive boundary condi-
tion [30].

In order to go into the impedance spectroscopy results
in depth and correlate them with the electric transport in
the LiCuxFe;_xPO,4 nanoparticles, the Nyquist plots of all
the samples were modeled using the equations of the fre-
quency response of the equivalent circuit that is sketched in
figure 6(b). This equivalent circuit is composed of a capac-
itor (due to the geometric characteristic of the pellets) con-
nected in parallel with two serial blocks that take into account
different relaxation processes [18, 30]. Each one of these
building blocks is composed of a resistance R in parallel with
a constant phase element (CPE), which has an impedance
given by Zcpg = A(jw)™", where A and n are free parameters
associated with the relaxation time distribution of the system
and the frequency f= w/27. We can remark at this point that
the use of two R—CPE blocks was strictly necessary as it was
not possible to obtain a good fitting using only one of these
blocks.

With the help of EIS Spectrum Analyser software [31]
and using the Levenberg—Marquardt algorithm, we fitted
the experimental results for the impedance of all the sam-
ples. The best fit corresponded to the solid line shown in
figure 6(b), and the values of the parameters C, R;, Ay,
ni, Ry, A, and ny are given in table 2. The good agree-
ment between the experimental results and the fitting of
the equivalent circuits, and the fact that the R and A values
found for R—CPE, are consistent with those obtained for
ionic transport in nanometric amorphous LiFePO, films
[18], strongly suggests that the electric transport is domi-
nated by the ionic contribution in all the samples. We can
also remark that—taking into account the recent results
reported by Ohmer et al [32], which showed velocities for
Li* diffusion dynamics in the range of tens of nm min~!,
and the characteristic time of our experiments—our results
evidence the diffusion dynamics. Regarding addition of Cu,
we observe that the values obtained for R; and CPE; sys-
tematically manifest the same tendency: as the amount of
Cu increases, the impedance value also increases, according
to the DC measurements. Despite the fact that there are
reports of changes in the electronic structure of LiFePOy
with Cu-doping [33], and results that show improved elec-
trochemical properties for Cu-doped LiFePOy [34, 35], our
experimental results clearly indicate that the addition of Cu
worsens the electric transport.

Based on our experimental results for R and Rj, it is pos-
sible to estimate the value of the diffusion coefficient (D)
related to the Li™ ion, using the following equation [29, 36]:

(1) kT
b= (p)( c.(Z.e)? )’ M
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Table 2. Resistivity values pPC obtained from IV curves. The parameters C, Ry, A1, nj, R, Ay and n, were obtained by fitting the impedance
results with the parameters of the equivalent circuit shown in figure 6(b). The diffusion coefficients DPC and DA€ were obtained from p, R,

and equation (1)

Sample  p C R, A n R, As 1y DPC DAC

X (GQ-cm) (pF) (GQ-cm) (GQ-cm) — (GQ-cm) (GQ-cm) — 107 B(em%—) 1073 (ecm%~1)
0 10.1 1.6 10 790 070 22 760 061 7.3 7.4

0.001 10.7 1.2 11 630 0.74 47 710 037 69 6.7

0.042 13.9 1.2 17 430 0.60 5.7 510 036 53 43

where c is the volumetric charge concentration and Z.e is the
charge of the Li* . The obtained DAC and DPC values shown in
table 2 were calculated using R and p, respectively. It is inter-
esting to note that our results give an estimate for the diffu-
sion coefficient that is in-between that of the microcrystalline
bulk samples and monocrystals measured in the easy diffu-
sion direction [0 1 O]. In those cases, for LiFePO, systems,
the diffusion coefficients are about 10~ '4~1071> cm? s~! for
the microcrystalline bulk [29, 37] and (~ 1072 cm? s~ 1) for the
monocrystal samples measured in the easy diffusion direction
[0 10] [22].

It is well known from the literature that the incorpora-
tion of aliovalent ions improves the electrical properties of
LiFePOy [21], which is assigned to significant changes in the
electronic transport mechanism due to the presence of centers
with unbalanced charge. The effects of the incorporation of
divalent ions on the transport properties of LiFePOy, is a more
complicated issue. From the point of view of electronic trans-
port, no change is expected, since the dominant polaron mech-
anism remains [38]. Regarding the diffusion of Li*, which
is the dominant mechanism for the characteristic time of our
transport measurements, the role of the incorporation of diva-
lent ions has not been studied sufficiently, and it is far from
being fully understood, especially at the nanometric scale of
our particles.

Our results clearly show that the incorporation of Cu into
the structure of very crystalline LiFePO4 nanoparticles harms
the Li* diffusion and consequently the charge transport. This
can be assigned to two factors. First, the addition of Cu may
lead to a distortion of the crystalline structure that harms the
unidirectional diffusion of Li through the (0 1 0) direction.
Second, this may be related to some inversion degree in the
incorporation of the Cu ions in the crystalline structure, with a
partial occupation of Li™ sites. In this case, it is known that the
presence of an ion of higher valency in the Li + site blocks the
diffusion and hinders the charge transport by this mechanism
[7, 9]. Concerning the distortion in the crystalline structure
that is improved by Cu incorporation, Heo et al [39] observed
a small distortion in copper-doped lithium-rich olivine phos-
phate powder Lij gsFe.997Cug003PO4 prepared using a solid-
state reaction method at high temperature when compared with
the LiFePO, phase, which led to improved charge—discharge
characteristics. In another work on a similar system where the
Cu content was verified by x-ray photoelectron spectroscopy
(XPS), Lee et al [40] observed no significant changes in the
XRD profile of the Lij gsFeq 997Cu0,003POs4, despite the fact that
higher cell performance and improved conducting properties

were observed for the Cu-substituted olivine phase, and the
authors referred to the ‘substitution of copper for Fe?* sites’
from conductive measurements. Gouveia et al [41] observed
evidence from Mdssbauer and Raman spectroscopy in respect
of LiFePOy containing 3% Cu that the Cu ions were incor-
porated to the detriment of iron, while a disordered structure
was also noted. Jayaprakash ef al [42] performed local cation
environment studies via FTIR on LiFePO, containing 2% at.
Cu ions and the results matched the spectrum expected for
the LiFePO,4 well, while cyclic voltammograms indicated an
excellent reversibility for the Li charge or discharge in the
Cu-substituted material. In another way, Upreti er al [43]
studied the effects of Cu substitution in lithium iron phos-
phate single crystals formed under hydrothermal conditions
and they found that the phase formed with an olivine struc-
ture showed partial occupancy of both Li and transition metal
sites—Ligos[(Fe?")g.70(Fe*Mo.10 — (Cu?)g.15(Lig.05)IPOs—
while their x-ray and nuclear magnetic resonance (NMR)
studies confirmed 5% Li in the Fe site and Fe*" clustering
around the Li ions.

4. Conclusions

In summary, using the high-temperature thermal decomposi-
tion method, we synthesized highly crystalline LiCu,Fe, _ POy
(X=0, 0.001 and 0.042) nanoparticles with a diameter of
around 40 nm. The amount of Cu was verified for each sample
via PIXE spectroscopy. All the samples were highly crystal-
line with an olivine structure. In terms of morphology, they
were composed of nanoparticles that exhibited three different
shapes (spheres, rods and rhombus). As-made nanoparticles
presented an organic layer at the surface, which was suc-
cessfully removed through moderate chemical etching, as
inferred from FTIR spectroscopy. Electric transport mea-
surements indicated that the systems were highly resistive
(~ 10 Q- cm), while the resistance was mainly dominated
by Li diffusion. From impedance spectroscopy experiments
we estimated a diffusion coefficient for the nanostruc-
tured LiFePOy, (in good agreement with previously reported
results), and then observed the evolution as a function of the
doping level. This paper also shows that the use of Cu as a
dopant for highly crystalline LiFePO,4 nanoparticles, even in
small quantities, degrades the electrical transport properties.
This fact, which is mainly due to detrimental effects on the Li
diffusion mechanism, should be of considerable interest for
the design of LiFePOy-based batteries.
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