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High Valence Transition Metals Doped Olivine Cathodes for
Superior Energy and Fast Cycling Lithium Batteries

Gioele Pagot,** Marco Bandiera, *® Keti Vezzu, *® Andrea Migliori, ¢ Renzo Bertoncello, ¢ Enrico
Negro, ® Vittorio Morandi, ¢ and Vito Di Noto*®P

Mixed-metals olivine cathode materials are one of the most promising systems in the field of lithium batteries. Their main
drawback is the low electronic conductivity, which limits the current rate at which they can be cycled. Here, the effect on
the electrochemical properties of vicariant high-valence transition metals (HVTMs) inserted in the olivine crystal structure
is studied. The strategy here adopted consists in doping a LiFe1sNi1/15Cos/sPO4 cathode by substituting part of the cobalt(ll)
ions with vanadium(IV), niobium(V), or tantalum(V) HVTMs. WAXD studies reveal that small HVTMs molar quantities
(HVTM/P = 0.04) are vicariant into the olivine crystal lattice. Single-cell tests show for Nb-doped cathode a high-voltage (ca.
4.5 V) and a specific capacity of 149 mAh g (656 mWh g?). Thus, the insertion in the cathode structure of HVTMs
exceptionally rises the electric conductivity of the material and yields an improved cyclability and rate capability owing to

its electro-compensation effect.

Introduction

A new era is arising in the automotive field, where fueled-power
vehicles are going to be banned and electric vehicles (EVs) are
becoming the only technology for public and private transportation.?
In this scenario, secondary batteries play a crucial role in the storage
technology owing to their highest efficiency in the electrochemical
energy conversion processes. Amongst them, Li-ion batteries are up
to day considered the most reliable devices to power EVs thanks to
their high energy density.2* Nevertheless, in EVs applications the
performances exhibited by Li-ion batteries are still inadequate to
sustain a driving range higher than 550 km, due to their insufficient
specific energy.’ Two different approaches are thus suggested to
improve their specific energy (i.e. capacity x voltage per unit of
mass): (i) the use of lithium metal as anode; and (ii) the development
of high-voltage and high-capacity cathode materials. The former
target, due to safety and stability issues which exist at the interface
between Li metal and the electrolyte, is mainly pursued by
synthetizing suitable polymer or inorganic solid-state electrolytes.®
11|n the last decades, the latter target triggered the development of
a huge number of cathode materials, such as LiCoO; (LCO), LiFePO4
(LFP), LiMn,04 (LMO), LiNixMn,C01.x,0; (NMC), and LiNixCo,Al1 0,
(NCA).12 13 Among these, the highest specific energy values are
shown by both NMC and NCA (ca. 740 mWh g1).* Nevertheless,
these cathodes demonstrate an average discharge potential of ca.
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3.7 V, that limits their specific power, and present severe stability
issues which still need to be addressed.?* On the other hand, the
olivine LiFePO, cathodic material, with its specific energy of ca. 620
mWh g1, is considered a valid alternative to the other systems thanks
to its good stability, safety, low environmental impact and easiness
of synthesis.> In addition, the electrochemical features of this olivine
cathode (e.g. working potential, capacity, efficiency, etc.) can be
significantly modulated by substituting part of the FeZ* ions with
other M?2* transition metals such as MnZ*, Co%, or Nj2*16:18
Unfortunately, olivine cathodes based on divalent metals (LMP)
show poor electronic and ionic conductivities, which limit their rate
capability.1® Recent studies reported that this issue can be mitigated
by doping an olivine material with High Valence Transition Metals
(HVTMs), such as vanadium.20-22 |n this case the improvement in
performance is interpreted in terms of the so called “charge
compensation effect” which, in LM1M,P cathodes, consists in the
neutralization with very mobile electrons of the charge difference
originated in the 3D-structure by the presence of M; (IV or V
oxidation state) and M (Il oxidation state) metal ions. For “vicariant”
vanadium in the 3D iron olivine structure, the incorporation
mechanism is represented by the following defect equation:?!
VO, + Fef, = Vie + 2™ + FeO +3 0, (1)

Mobile electrons are also released in the case that HVTM dopants
are inserted into the lithium sites, according to the equation:%3
VO, + Lify > Vi + 3™ +Li,0 +20, )

Other mechanisms have been proposed in the literature in addition
to the electron formation in order to describe the substitution
mechanisms of HVTM dopant ions into the olivine crystal lattice. In
details, the HVTM insertion could trigger the formation of Li* or M2+
vacancies, with the consequent release of several (depending on the
charge of the HVTM) Li*/M2?* ions per HVTM inserted.23-25 These latter
mechanisms are less likely due to entropic unbalance which arises,
even though they can not be excluded. Indeed, in the charge
compensation mechanism resulting from the electron formation (Eq.
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Scheme 1. Synthesis pathways (I, Il and Ill) of cathode materials. |, completely
oxidizing atmosphere. |l, partial reducing environment by adding graphite. IlI,
full reducing environment by flowing a N2/Hz gas mixture. Group A includes
LFNCVP, LFNCVP/C, and LFNCVP/H materials, while B comprises LFNCNP and
LFNCTP systems which are synthetized following pathway | and doped with
Nb and Ta, respectively.
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1and 2)a 1:1ion exchange (HVTM: Lit/M2*) occurs, thus the entropy
of the crystal system is constant and electrons are easier to be
released. It is demonstrated that the charge compensation effect,
which acts to improve the bulk electrical conductivity of the olivine
cathodes, increases linearly as the concentration of V in materials is
raised.?!

Here, the aim is to explore the effect of HVTM (i.e. V(IV), Nb(V)
and Ta(V)) doping of LFNCP material on the electrochemical and
chemico-physical properties of the resulting cathodes. This target is
pursued at first optimizing the synthesis protocol and secondly, by
using the optimized preparation pathway, mixed metal olivines
doped with V, Nb and Ta are prepared. These investigations are
crucial in order to reveal the correlation existing between the
“charge compensation effect” induced in the proposed cathodes by
these metals and their electrochemical properties both “ex situ” and
“in situ” in coin cell batteries.

Results and discussion

Synthesis and stoichiometry.

To investigate the effect of HVTM doping on the electrochemical
performance of LFNCP materials, three groups of cathodes (I, I, and
Ill) are prepared following Scheme 1. As anticipated in the
Introduction, the strategy adopted consists: A) in optimizing the
material synthesis by doping the LFNCP olivines with vanadium as
shown in I, II, and Ill preparation pathways (Scheme 1); and B) in the
preparation of Nb- and Ta-doped olivines, by using the optimized
synthesis route (I). In A, three different V-doped materials, labeled
LFNCVP, LFNCVP/C and LFNCVP/H, are obtained (group A of Tab. 1
and Scheme 1) by gradually increasing the degree of reducing

2 | J.Mater.Chem.A, 2020, 00, 1-11

environment in the synthesis process. In details, the preparatienof
group A materials is carried out as follows.A30L0i$ Faxea TWittS the
other reagents in a planetary ball mill. The obtained powder is
sintered in a pellet and then pyrolyzed in the selected atmosphere at
700°C for 24 h (see details reported in the Experimental section). In
II, the reducing environment is increased by adding 5 wt% of carbon
black, while in Il it is raised by pyrolyzing the material under a 10
vol% of H, in N, atmosphere. The best electrochemical performance
is obtained by | route (see Electrochemical studies and Battery tests
sections), which is adopted to synthetize the other mixed metal
olivines doped with Nb and Ta (see group B of Tab. 1 and Scheme 1).
The composition of A and B materials is shown in Tab. 1. Fe, Ni, and
Co molar ratios are in accordance with the stoichiometry of LFNCP
reference material (R).18 It results that the typical olivine structure is
preserved when materials exhibit a molar ratio HVTM/PO, (i.e., with
HVTMs =V, Nb, and Ta) lower than 0.07.20.21. 26,27 Indeed, segregated
LisV2(PO4)s phases are revealed when the V/PO, molar ratio is higher
than 0.07.2! In LFNCVP and LFNCVP/H, ICP-AES analyses show an
excess of lithium. This is in accordance with other studies and
suggests that M™ ions in proposed materials are substituted by Li* in
their octahedral sites (anti-site substitution effect).?> In addition their
phosphate deficiency is primarily associated to the presence in bulk
materials of metal oxide traces (see Structure section), which slightly
reduces the complete conversion of reagents to the desired olivine
products. CHNS-O results confirm that in LFNCVP/C the carbon
fraction is completely oxidized.

Further insights on the surface chemical composition of
materials are obtained by X-ray photoelectron spectroscopy
(XPS) studies. XPS peaks (see Fig. S1, ESIT) are revealed at the
typical BE values expected for the elements composing the
cathodic materials.?8 The intensities centered at 712 and 726 eV
with no satellite peaks are attributed to Fe2* ions of an olivine-
like structure.?! In these spectra, traces of Fe3* resulting from
the unreacted Fe,03 cannot be excluded at the detection limit
of XPS analyses.?? 30 Peaks with a low intensity at the typical BE
values of nickel ions are detected.!® The two peaks centered at
782 and 798 eV, which are coupled with their relative shake-up
peaks, are attributed to the typical Co?* features of olivine
materials.!® 31 |In vanadium- doped samples, it is interesting to
note the broadening of the V3, peak at 517 eV, which
demonstrates the coexistence in samples of both vanadium V
and IV oxidation states.3% 33 The V,p3/, peak is decomposed with
two intensities peaking at 517.4 eV and 516.5 eV, ascribed
respectively to vanadium V and vanadium V32 (see Fig. S2, ESIt).
Materials of A group show that: (i) the relative intensity of the
vanadium IV component on the surface increases as the degree
of reducing environment of the pyrolysis process is raised, in the
order LFNCVP < LFNCVP/C < LFNCVP/H; (ii) the here adopted
synthetic routes are very effective to prepare mixed metal 3D-
olivines doped with V. In LFNCNP sample (group B), the typical peak
of Nb%* ion is revealed which is vicariant in the 3D structure of an
olivine-like material.3* Unfortunately, the Taasf7/2 and Taass/2 peaks of
LFNCTP, which are expected at 25 and 28 eV, respectively, are
overlapped to the intense O, peak, thus only a shoulder signal
attributed to Taassm/2 is measured.?® 35 Finally, a weak Cis peak is
present in the spectra, which is attributed to the presence of
adventitious carbon.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1. Electron Microscopy images of LFNCVP sample. SEM image (a), EDX mapping (b), HR-TEM micrographs (c and d), STEM (e), and SAD image (f). In the

figure Miller index is reported and O stands for Olivine.
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Tab. 1. ICP-AES stoichiometry and crystal lattice parameters of the olivines with Pnma (62) space group.

Rietveld Refinement

Group Sample Synthesis ICP-AES Results 2 ; . . .
a/A b/A /A V/R  Rup(%)®
LFNCVP V/air Li; goF€0.33Nip 57C00 55V 0a(POs)ogs ~ 10.187 5915  4.709  283.776 1.78
A LFNCVP/C  V+C/air  LijgoFep34Nip07CO05Vooa(POsloss 10191 5924 4719  284.934 1.76
LFNCVP/H V/H, Li; 0sF€0.33Nin.07C00 55V 0a(POs)ogs ~ 10.266  5.965  4.706  288.194 1.83
LFNCNP Nb/air  LigggFeo34Nig67C0057/Nbo0a(POs)oos 10198 5912 4712 284.089 1.61
° LENCTP Ta/air Lig.osF€0.35Nio,07C00.55TA0.0a(PO4)oe;  10.184  5.924 4709  284.094 1.85

2The error is < 2 %; ® Rwp is the weighted Rietveld index: R%wp=Ziwi(yci-yo,)*/Ziwi(yo,)?, where wi is the weight (1/0%[yo,]) and yi the intensity calculated (C) or

observed (0).3¢

Morphology and size distribution.

Fig. 1 shows the Scanning Electron Microscopy (SEM) results of a
selected representative LFNCVP sample. The other cathodes present
a similar morphology (see Fig. S3-S7, ESIt) which differs only in the
size of nanoparticles, that shows a bi-modal distribution based on
particles of few hundred nanometres supported on the surface of
larger particles with an average size of few micrometres. Similar
results are elsewhere reported for similar materials.1”- 18 In details,
synthesis Il gives rise to a cathode material (LFNCVP/H) based on
particles with an average diameter of ca. 1 um and with a more
homogeneous particle size distribution. These evidences clearly
demonstrate that the proposed synthetic routes influence both the
composition and the morphology of the cathode materials. LFNCNP

and LFNCTP (group B) show a morphology which is consistent with
that of LFNCVP materials. However, it is to be noticed that within the
same synthesis pathway, if we exclude the particle size distribution,
no significant dependence of morphological features on the dopant
ion (i.e. V, Nb, or Ta) is observed. Energy dispersive X-ray (EDX) maps
(Fig. 1b and S4, ESIT) show that the elements composing the samples
are uniformly distributed. A different behavior is revealed for the
distribution of nickel and tantalum in LFNCVP/H and LFNCTP,
respectively. Indeed, in LFNCVP/H material, only small Ni-rich olivine
domains are revealed (no unreacted nickel oxide is observed, see
Structure section). On the other hand, in LFNCTP segregated
tantalum-based particles are detected which correspond to traces of
unreacted tantalum(V) oxide (see Structure section). Taking all
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together, results are in accordance with ICP-AES analyses (Tab. 1) and
witness that the proposed synthesis protocol is very effective for the
preparation of olivine-like materials.

High-resolution transmission electron microscopy (HR-TEM)
studies allow to complete the investigation on the morphology and
crystallinity of the obtained materials. Fig. 1c and d show the
micrographs of LFNCVP cathode. Images of the other olivine samples
are reported in the Supporting Information (Fig. S5, ESIt). The
scanning transmission electron microscopy image (STEM) (Fig. 1e) is
in accordance with SEM analyses. Indeed, HR-TEM micrographs
reveal that the materials consist of nanoparticles based on
nanocrystals with different orientations coalesced together. All these
nanocrystals show the same structure (see highlighted regions of Fig.
1c). However, when no vicariant HVTM is inserted into the olivine
structure,!® their particles are based on nanocrystals with larger size.

Taking all together, the doping of olivine materials with HVTMs
inhibits the growth of large single crystals and promotes the
formation of particles based on coalesced crystalline nanodomains.
The fringe periodicity of crystalline nanodomains can be determined
by applying the Fast Fourier Transform (FFT) to the frequency
distribution of the pixel intensities of HR-TEM images (Fig. S6, ESIT).
In this way, each reflection can be Miller-indexed exactly. As
expected, most of the observed reflections correspond to the
structural features typical of the predominating olivine component.
It is noticed that when lithium metal phosphates are based on a
single HVTM, no olivine structure is observed. Indeed, with vanadium
the monoclinic a-LizV,(PO4)s phase is formed which exhibits a P2;/n
space group. This confirms that the optimized stoichiometry is crucial
in order to obtain olivine systems with vicariant HVTMs. Hematite
traces of unreacted Fe,0; are also revealed in LFCNVP/C sample.
Selected Area Diffraction (SAD) patterns (Fig. 1f and S7, ESIT) clearly
reveal the presence of the olivine (011) reflection, which confirms
that the proposed materials are endowed with a very high
crystallinity.

Structure.

The study of the vibrational modes associated to the M-O and Li-
O coordination bonds by Fourier Transform Infrared Spectroscopy
(FT-IR) is crucial to investigate the structure and the interactions in
materials. The FT-IR spectra in the 200+1300 cm! range (Fig. S8, ESI)
are first baseline-corrected and then normalized to the peak
centered at 957 cml, which is attributed to the antisymmetric
stretching of P-O bonds (u3([PO4]*)). The correlative assignment of
the FT-IR spectra of selected LFNCVP cathode is summarized in Tab.
S1, ESIt. In the spectral region above 1300 cm' no peaks of
ammonium and carbonate moieties are detected, demonstrating a
complete consumption of the reagents during the synthesis of
materials. In the 500+1300 cm™ range peaks attributed to the
vibrational modes of [PO4]3 tetrahedral groups are observed. The
peak centered at ca. 1212 cm is attributed to the presence of the
diphosphate ion,37- 38 which is absent in the LFNCVP/H sample (see
Structure section). Below 500 cm-1, peaks associated to the metal-
oxygen and lithium-oxygen vibrational modes are observed.39 40
Phosphate ions are characterized by four vibrational modes: (i) the
v; singlet (A;) at 940 cm, which is assigned to the symmetric
stretching of P-O bond; (ii) the triple degenerated vus (F2) mode at
1022 cm, which is associated to the antisymmetric P-O stretching

4 | J.Mater.Chem.A, 2020, 00, 1-11

mode; (iii) the v, doublet (E) at 427 cm1, which is attgihuted.te the
symmetric O-P-O bending vibration; and iv) tR&tripleFEgeREIEEEG V)
(F2) mode at 547 cm-, corresponding to the antisymmetric bending
mode of O-P-O bond.*! In a solid state material the so-called
“correlation effect”, which is observed when the asymmetric
molecular units are located in some specific site symmetries, leads to
the solid state splitting of their IR modes.*! In details, in olivine
materials a well-defined splitting of very intense bands is diagnostic
of a high crystallinity of materials.*? The peak splitting effect
increases on the ionization energy of the element sitting in the center
of the coordination octahedral site.3” Therefore, the splitting of the
band peaking at ca. 640 cm! is diagnostic of the insertion of a
vicariant metal with a higher ionization energy into the structure of
the proposed materials.1® In details, a large band splitting value is
expected also at low HVTM doping concentrations, when CoZ*
(second ionization energy is 17.083 eV #?) is replaced by V** (fourth
ionization energy is 46.709 eV %), Nb>* (fifth ionization energy is
50.55 eV 42), or Ta>* (fifth ionization energy is 45 eV 43). This is
confirmed by Fig. S8b, ESIt, which shows that, with respect to the
reference sample (LFNCP), more pronounced peak splittings are
detected in doped materials.!8 LFNCVP/H exhibits a lower splitting of
the phosphate peaks in the whole spectral range. The broadening of
these peaks is diagnostic of the decrease in lifetime of the phonon
modes owing to the presence in materials of structural defects.
Indeed, these latter are able to break the periodicity in the lattice of
the olivine nanocrystallite domains, and thus to reduce the
electrochemical performance of these systems.** Finally, a redshift
of the Li-O vibrational mode (468 < 0 < 472 cm) is revealed in
materials with respect to the reference cathode (LFNCP, 474 cm?)
(Fig. S8c, ESIT).18 This redshift is correlated to the presence in the
olivine structure of vicariant high valence ions (i.e., V(IV), Nb(V), and
Ta(V)), which acts to distort the lithium-oxygen coordination cage
weakening the strength of their interactions. Therefore, a distorted
cage of weaker Li-O coordination bonds would facilitate the Li* long-
range migration during the insertion/de-insertion processes. On
these bases, the lowest electrochemical performance is expected for
LFNCVP/H, which presents the strongest Li-O bonds (smaller shift of
u(Li-0)).

The powder wide-angle X-ray diffraction spectra (WAXD) are
used to study the crystalline phases present in the proposed
materials and to investigate their structural evolution on synthesis
conditions (group A) and ion doping effect (group B) (Fig. 2). The
diffractograms of the samples shown in this figure are dominated by
peaks typical of an olivine phase.*> Small traces of byproducts and
unreacted reagents such as LisPOy,*® Fe,03,%” LiMP,07,*8 and Ta,05*°
are also detected. A careful analysis of WAXD profiles permits to
exclude the presence of NiO, V,0s, and Nb,Os phases. A quantitative
analysis of WAXD spectra is carried out by Rietveld method. For the
sake of brevity, Fig. S9, ESIT, shows a selected refined result of
LFNCVP sample. The hkl indexing of reflections of various phases of
LFNCVP sample is summarized in Tab. S2, ESIT. Results confirm that
the main phase present in proposed materials is an olivine (LMPQy,),
exceeding at least the 92 wt% in all the samples, while each impurity
phase accounts for less than 2.5 wt% (see Tab. S3, ESIT).
Furthermore, in group A, iron, nickel, and cobalt ions are vicariant
within the olivine structure, in accordance with other studies,8 while
the amount of byproducts and of unreacted reagents decreases on

This journal is © The Royal Society of Chemistry 2020
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Fig. 2. Powder WAXD patterns of samples. Phases are labelled using different markers: e LiMPQa,

the reducing environment in the order LFNCVP/H < LFNCVP/C <
LFNCVP. However, in LFNCVP/H sample the olivine phase reaches a
maximum value of 98.00 wt%. It should be noticed that vanadium
and niobium are vicariant in the 3D olivine structure at a molar ratio
M/P = 0.04 (M =V and Nb), while, for Ta, a M/P molar ratio of 0.02 is
determined, considering the unreacted Ta,0s phase which is still
present into the sample. Typically, it is expected that the
replacement in the 3D crystal structure of ions with different size and
electronic configuration results in a modulation of lattice parameters
and thus of the cell volume of materials. The structural results
summarized in Tab. 1 show that the cell volume rises on increasing
the reducing environment of the synthesis. This evidence is likely
associated to the complete conversion of iron oxide into the desired
olivine compound, which acts to reduce the fraction of reagent (e.g.
Fe,03) and byproduct (e.g. LiIMP,05) traces in samples. Indeed, iron,
which exhibits the largest metal ion radius (rre2* = 61 (Low-spin) / 78
pm (High-spin); ry4* = 58 pm; rnp>t = 11,5+ = 64 pm), 8 is likely the main
responsible for the increase of the cell volume. On the other hand,
no significant change in volume is observed on doping the olivines
with V, Nb, and Ta (group B) with respect to the reference undoped
material (V = 284.056 A3),18 which suggests that in this case no effect
of HVTM dopant on lithium-ion diffusion in bulk 3D olivine material
is expected. Taken all together, WAXD analyses allow to reveal that
in the obtained cathode materials: a) the olivine-like phase is
predominant; and b) the HVTMs M/P < 0.04 are vicariant within the
olivine crystal structure. In addition, in group A, the increase of
reducing environment of the preparation protocol: (i) diminishes the
concentration of byproducts; (ii) achieves an efficient utilization of
the reagents; and (iii) increases the cell volume of materials. Finally,
it should be noticed that only a slight variation of the cell volume is
revealed in materials when a small fraction of Co is substituted by Nb
or Ta (group B cathodes).

This journal is © The Royal Society of Chemistry 2020
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Electrochemical studies.

The “ex-situ” electrochemical performance of the obtained
materials is studied using a three-electrode cell configuration by
cyclic voltammetry (CV) in the potential range 3.5+5.0 V vs. Li/Li*.
Lithium ribbons are used both as counter and reference electrodes,
while a Pt wire covered with the active material is used as a working
electrode (see Experimental section for more details). A 1.0 M
solution of LiPFg in EC/DMC 1:1 V/V is used as electrolyte. CV profiles
are shown in Fig. 3a and S10, ESIt. The oxidation process, which is
revealed in the range 4.6 to 5.0 V vs. Li/Li*, corresponds to the
extraction of lithium ions from the 3D olivine cathodes. In the back
scan, the opposite process is revealed, which involves Li* re-insertion
inside the 3D olivine crystalline structure. It is observed that the
oxidation event of transition metals takes place in a narrow potential
window (ca. 4.60+4.95), with a shoulder at lower potentials. This
effect is more evident at low scan rates. On the other hand, the
reduction processes occur within a broader potential range with two
main peaks centered at ca. 4.2 and 4.9 V vs. Li/Li*. In accordance with
other studies, this non-symmetrical behavior of the redox events is
attributed to the presence in materials of an average solid state
electronic orbital which is the result of the concurring combination
of all the electronic contributions of the transition metals (i.e., Fe, Ni,
Co, and V/Nb/Ta) composing the olivine structure.® Therefore, these
redox events are not associated to a localized ion center, but they
are attributed to the electrochemical behavior of an overall channel,
whose red-ox features are modulated by the type of distribution of
the vicariant transition metals along the insertion channel.® Indeed,
the Fe(ll/Ill) redox couple, that typically appears at +3.5 V for similar
systems,>0 and the redox events attributed to the crystalline phase
Li3V2(POg)s, which are usually detected at 3.6, 3.7, 4.1, and 4.6 V,>!
are not observed, confirming that the dopant transition metals are
vicariant within the olivine structure and that no segregated single-
metal LiIMPO, phases are present in proposed materials. The
different current density values of the redox events exhibited by the
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Fig. 3. CV profiles of LFNCVP material at different scan rates (a). The cathode is supported on a Pt wire. Lithium metal ribbons are used as reference and
counter electrodes, and 1 M LiPFs in EC/DMC 1:1 as electrolyte. EIS spectrum of LFNCVP sample in a full-cell device (b). The equivalent circuit used for fitting

is shown in the inset.

proposed samples witness that these systems are characterized by a
different type of reactivity. The dependence of the oxidation and
reduction current peak density (i) on the square root of the CV scan
rate (v) shows a linear behavior (see Fig. S11, ESIt), which confirms
that the electrochemical processes are under the mass transport
control.>2 To determine the lithium ion diffusion coefficient (Dyi), the
linear dependence of i, vs. the v is fitted by Equation 3:52
1 1

iy = 04463 () 0?2 4- D2 i - v 3)
where F is the Faraday constant, R the gas constant, T the
temperature in Kelvin, n is the number of electrons exchanged during
each redox process (i.e., 1), A the electrode active surface in cm?2, D;;
the lithium ion diffusion coefficient in cm?2 s, and Cp* the lithium ion
concentration in mol cm3. The Dy; values summarized in Tab. S4 and
Tab. S5, ESIt, are slightly lower than those reported in literature for
similar olivine materials and the reference undoped sample.l” At a
first view, Dy; values should be higher for the HVTM-doped olivines,
due to the weakening of the Li-O coordination interactions in the
crystal channels. Nevertheless, the proposed cathodes are
composed of very small olivine crystalline domains, which hinder
their long-range connectivity inhibiting the Li* diffusion process in
the materials. Overall, this latter effect predominates in the long-
range migration phenomena of Lit ions during the insertion/de-
insertion processes, thus a higher Dy value is determined for the
reference undoped sample (see Tab. S5, ESIt). For LFNCVP and
LFNCNP materials, a higher electrochemical performance is expected
in the battery tests on the basis of their higher D,; values.

Further insights on the lithium ion migration processes within the
obtained cathode materials are gathered by means of
impedance spectroscopy (EIS) studies. EIS
performed  “in  situ” adopting a
Li| electrolyte|cathode cell configuration with a 1.0 M LiPFg in
EC/DMC (1:1 V/V) electrolyte. In order to reduce the effect of the
interface resistance on the electrochemical response of the cell, AC
impedance measurements are collected after ten galvanostatic

electrochemical
measurements  are

6 | J.Mater.Chem.A, 2020, 00, 1-11

cycles.'? In this way, a consolidated SEI is formed and the maximum
electrolyte flooding of interstitial free volume between cathode
nanoparticles is obtained. Fig. 3b and S12, ESIt, show the measured
Nyquist plots of the proposed materials. For the analysis of the
Nyquist plots, after a careful evaluation of all the possible events
responsible of the electrical response of materials, an equivalent
circuit (see inset of Fig. 3b) perfectly in accordance with that used in
literature for similar systems is assumed.53 Re element is attributed
to the ohmic resistance of the electrolyte (Fig. 3b). Qsg and Rsg are
the SEI capacitance and resistance, respectively. Rt and Qq are the
charge transfer resistance and the double layer capacitance at the
SEI/LIMPO, interface, respectively. Z, and Cix are the Warburg
impedance and the intercalation capacitance of lithium ions in
olivines, respectively.

As elsewhere reported,5? the exchange current density (ig) is
determined from R values by using Equation 4:

. RT
o= rrs (4)

where R is the universal gas constant, T is the absolute temperature,
n is the number of the electrons exchanged during each process (i.e.,
1), and F is the Faraday constant. A summary of the charge-transfer
resistance and exchange current density values determined in this
work is shown in Tab. S6, ESIT. LFNCVP and LFNCNP show the highest
electrochemical performance. Indeed, they present low values of
charge transfer resistances and the highest values of io. Results
demonstrate that a reducing environment during the synthesis acts
to increase the R values of samples (see LFNCVP/C and LFNCVP/H in
Tab. S6, ESIT). Concurrently, the lowest Rsg value is obtained for
LFNCVP sample, confirming that the oxidizing conditions must be
preferred to achieved a more electrochemical stable condition.
Therefore, the presence of byproduct traces on the surface of active
LFNCVP and LFNCNP samples provides to these materials a
protective layer which improves their charge transfer properties and
stabilizes the SEI layer. This evidence is in accordance with results
elsewhere reported,7- 5456 which show that metal oxides present at
the interface between cathode nanoparticles and the electrolyte

This journal is © The Royal Society of Chemistry 2020
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boost the electrochemical kinetics of reactions.1”.54-%¢ |n particular,
this layer inhibits the side reaction between the cathode and
electrolyte associated with the increase of lithium ion conductivity.
In our work, for LFNCVP and LFNCNP with respect to the purer
LFNCVP/C and LFNCVP/H samples, this is reflected by: (i) the higher
Dy values; and (ii) the comparison of Rsg values. These results
corroborate the hypothesis of an improved stability at the
electrode/electrolyte interface. If compared with the reference
undoped LFNCP cathode material (see Tab. S6 in ESIT), higher Re
values are obtained when high valence transition metals are inserted
into the olivine structure. Indeed, as previously discussed for Dy;
coefficient determined from CV experiments, the presence of smaller
olivine crystalline domains acts to hinder the transport of electrons
through the electrode|electrolyte interface at the single crystal
fragment.

Furthermore, EIS spectroscopy is useful also in order to
determine the lithium ion diffusion coefficient (D) of olivines by
using the following Equation:7,57-60

b =3Ge) @ )

where Vp, is the molar volume of the olivine material, F the Faraday
constant, S the surface area of the electrode, o the Warburg
coefficient obtained by fitting EIS profiles, dE/dx the slope of the
electrode potential (E) vs. composition evaluated from the
galvanostatic curves. The Dy; values determined by using the two
different techniques above described (i.e., EIS and CV), are in perfect
accordance (see Tab. S5, ESIt). Taken all together, results on Dy
values suggest that: (i) an oxidizing atmosphere during the synthesis
is the best choice to improve the performance of materials; (ii) in
group A, no monotonic relationship exists between Dy and the
degree of reducing environment of pyrolysis process (the highest Dy;
value is exhibited by LFNCVP, which is obtained under oxidative
conditions); (iii) in group B, Dy; values increase in the order Ta <V <

Nb, thus the best performance in galvanostatic cell cycling tests is
expected for LFNCNP material; and (iv) with respect to the undoped
material, the proposed cathodes show lower Dy; values since the
gain, due to the weakening of Li-O interactions, is lower in magnitude
with respect to the loss caused by the presence of smaller crystalline

domains.
a
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Battery tests. View Article Online

To complete the electrochemical studiey; 1thi@3R{BEErEIs8are
tested in a CR2032 coin cell under galvanostatic conditions using
lithium metal as anode. For durability tests, cells are charged and
discharged between 3.5 and 5.0 V, at C/5 and 2C rates (1C = 170 mA
g1), while, for the rate capability tests, they are cycled at different
current rates (ie. C/5->C/2->C->2C->5C->10C->C/5). Charge-
discharge polarization curves are shown in Fig. S13, ESI*. It should be
observed that, in correspondence to the potential of CV peaks,
plateaus are revealed in polarization curves. This confirms that the
“ex-situ” and “in-situ” methods are perfectly coinciding and that the
proposed materials operate at high voltage. No remarkable variation
in the cycling potential range is observed: (i) with respect to the
reference LFNCP material;18 (ii) in group A, as the reducing
environment adopted in the synthesis process rises; and (iii) in group
B, as V is substituted with Nb or Ta. Thus, the average charge and
discharge potential depends on the type of transition metal
combination dominating the composition of the olivine (i.e., cobalt,
iron and nickel) and is not affected by the type of dopant ions or
synthetic route used to prepare the materials. Over cycling, the
obtained materials show a slight decay of capacity that stabilizes
after ca. 40 cycles. This phenomenon which, with respect to the
undoped LFNCP reference cathodel8 is more evident in proposed
materials, can be explained on the basis of the typical slightly lower
structural stability of the olivine systems. However, it cannot be
excluded that the higher reactivity towards Li* insertion exhibited by
the HVTMs doped olivine cathodes may also be responsible for the
degradation of the electrolyte during the formation of the SEI.
Indeed, the electrolyte oxidation starts at ca. 4.6 V18 and likely this is
the main drawback in the capacity fade observed during the first
dozen of cycles. For each material, Fig. 4a shows its representative
discharge curve, while Tab. 2 summarizes its capacity and energy
values. Results of group A reveal that, both in terms of high discharge
specific capacity and retained capacity after 150 cycles, the best
performing cathode is LFNCVP. This material exhibits a maximum
discharge specific capacity of 125 mAh g1 and more than 60 % of
capacity retention after 150 cycles. LFNCVP/C and LFNCVP/H
samples show a maximum discharge specific capacity of 116 and 103
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Fig. 4. Comparison between polarization curves of proposed materials at C/5, with C = 170 mA g™ (a). Maximum specific capacity on synthesis conditions

(group A) and charge compensation ratio, €, (group B) (b).
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Tab. 2. Specific capacity and energy values of obtained materials and
reference cathode (R).1®

Specific capacity  Specific energy
Group Sample
/ mAh g1 / mWh g1
LFNCVP 125 550
A LFNCVP/C 116 512
LFNCVP/H 103 455
B LFNCNP 149 656
LFNCTP 129 568
R LFNCP 2 125 560

3 LFNCP is the reference cathode material (R).18

mAh g1, respectively. After 150 cycles these values decrease down
to ca. 72 and 65 mAh g for LFNCVP/C and LFNCVP/H, respectively.
It is interesting to notice that, in LFNCVP/C and LFNCVP/H samples,
despite WAXD and HR- TEM analyses show a content of residues and
by-products lower than LFNCVP, no improvements of their
electrochemical performance are observed. The left panel of Fig. 4b
shows that the specific capacity decreases linearly in the order | > Il
> |ll. In group B cathodes (right panel of Fig. 4b), it is revealed that
niobium doping leads to the best cathode material obtained in this
study. Indeed, a maximum specific discharge capacity of 149 mAh g
1 (656 mWh g1) is measured for LFNCNP sample, which after 150
cycles decreases to 93 mAh g1, This material in all the first 150 cycles
shows a reversible Coulombic efficiency of ca. 100 %. With respect to
LFNCNP material, LFNCTP sample presents a lower maximum specific
discharge capacity (129 mAh g1), which is actually higher than that
of LFNCVP and undoped LFNCP material (125 mAh g). Furthermore,
itis to be noticed that the specific capacity of group B cathodes (right
panel of Fig. 4b) increases exponentially on the material’s “charge
compensation parameter” (g):
Em—Eco
&= MEMC (6)

where Ey is the ionization energy of the HVTM in its most abundant
oxidation state expected in the bulk (46.71, 50.55, and 48.27 eV for
V4, Nb%*, and Ta>*, respectively) and Ec, is the ionization energy of
cobalt(ll) (17.08 eV).5%52 The exponential increase on ¢ of the specific
capacity demonstrates that exists a monotonic correlation between
the ionization energy of the dopant ion and the electrochemical
performance. Therefore, the insertion of Nb5* ion into the olivine
structure perturbates significantly its electronic properties improving
its lithium ion diffusion processes and specific capacity. The
difference in specific capacity between LFNCNP and LFNCTP
cathodes is attributed to three different concurring effects: (i) the
presence of tantalum oxide which acts to reduce the specific capacity
of the cathode material due to its inertia towards Li* insertion (even
though the difference in the wt% of the olivine phase of ca. 1.8 is not
enough to justify the lower specific capacity of LFNCTP sample); (ii)
the lower doping amount of Ta into the olivine crystalline domains
(M/P =0.04 vs. 0.02) which gives rise to a lower charge compensation
effect; and (iii) the presence of Ta,0s impurity covering the olivine
particles, which, on one hand is protecting the active material, and
on the other side offers an excessive thick layer compromising Li*
insertion process. LFNCNP and the undoped reference cathode
material'® demonstrate a similar and quite high Coulombic efficiency
(i.e., > 97 %), indicating that in these systems the charge
compensation effect does not contribute to modulate this

8 | J.Mater.Chem.A, 2020, 00, 1-11

parameter. Moreover, they are both characterized by, 3, pretestive
layer which is formed during the synth@sisO UhdéPOBX@SEve
conditions. Nevertheless, the slightly lower cycle stability of LFNCNP
can be assigned to its higher reactivity towards Li* insertion which is
promoted by the HVTMs doping effect. The specific energy of
proposed materials is higher than that of commercial cathodes.
Indeed, the specific energy value of LCO and LFP are of ca. 520 mWh
g1,63and ca. 620 mWh g1,15 respectively. Nevertheless, if compared
with the specific energy of NMC and NCA cathodes (i.e., ca., 740
mWh g1)14 the here reported cathodes: (i) present a specific energy
value slightly lower; and (ii) are cycling at a potential which is almost
1.0 V higher, thus they exhibit a higher specific power, which makes
them very promising candidates for automotive applications. In
summary, the here proposed cathodes show features which are
clearly improved with respect to those of other similar recently
published lithium - multi metal - phosphate olivine materials.17- 18, 64
In addition,~the ability of the obtained materials to sustain high
current densities during cycling maintaining a high capacity retention
(rate capability) is studied. The significant enhancement in rate
capability exhibited by the olivines doped with a HVTM s clearly
evidenced in Fig. 5. Indeed, with respect to the reference LFNCP
sample,’® on the rate current the HVTM doped materials show a clear
improvement in the specific discharge capacity. Thus, results
demonstrate that the electron charge compensation effect plays a
crucial role in improving the ability of proposed cathode materials to
sustain very high currents, mitigating their capacity loss. A
comparison between the rate capability properties of group A and
group B cathodes is shown in Fig. S14, ESIt. It is revealed that in
group A the rate capability is highly sensitive to the redox conditions
adopted in the synthesis protocol. Particularly, LFNCVP shows a good
specific discharge capacity even at high current rates (2C), while
LFNCVP/C and LFNCVP/H present a decrease of the specific discharge
capacity at high rates (Fig. S14a, ESIt). Only at 10C the difference
between group A cathodes becomes negligible. The substitution in
group B of vanadium with niobium or tantalum affects slightly their
rate capability at moderated rates (i.e., up to 2C), while at 5C and 10C
the capacity retention of LFNCNP sample becomes remarkable with
respect to that of the other cathodes (Fig. S14b, ESIT). It should be
noted also that, at the same current rate (i.e., 10C), the undoped
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Fig. 5. Rate capability of the olivines doped with different HYTMs and of the
undoped reference. 100 % of specific capacity corresponds to the discharge
capacity of the first cycle at C/2.
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reference cathode shows a residual capacity lower than the 5 % of
the initial value, while LFNCNP still retains more than the 25 %.
Further studies on the capacity retention during long term cycling
(i.e., 500 cycles) at 2C rate of Group B cathodes are performed after
an initial conditioning at low current rates (C/5), and results are
shown in Fig S15, ESIT. The exhibited initial specific capacity is similar
to that determined during the rate capability tests at 2C (Fig. S14b,
ESIT). A reversibility higher than 98 % is maintained after 500 cycles
for all the samples. The LFNCTP sample shows a partially stable
performance in terms of discharge capacity which is comprised
between LFNCNP (highest) and LFNCVP (lowest). The V-doped olivine
cathode is characterized by a slight capacity decay over cycling, with
a capacity retention of only 60 % after 500 cycles. On the contrary,
the specific capacity of Nb-doped material is maintained almost
constant for all the 500 cycles. The better cycling stability of this
latter material can be explained considering two different
hypotheses: (i) a higher content of byproducts in LFNCNP sample (see
Tab S3, ESIT) which acts to protect the active material by enhancing
its mechanical stability over cycling; and (ii) the higher charge
compensation effect promoted by Nb doping with respect to V and
Ta improves a longer cyclability at high current rates. Finally, the
evolution of the morphology of the cycled LFNCNP cathode is studied
by means of SEM microscopy after 300 cycles at 2C (see Fig. S16,
ESIT). After cycling, the micro-porosity of the electrode is reduced.
Reasonably, the electrochemical decomposition of the electrolyte
leads to the formation of a layer which embeds the nanoparticles of
the active materials. Indeed, a closer inspection of these materials
reveals that the particles are covered by a multi-layered structure,
which is consisting of degradation products of the electrolyte. The
active material is still showing a bi-modal particle size distribution, in
agreement with the pristine material (Fig. 1). Tacking all together, as
previously hypothesized, the main cause of the capacity fade of the
batteries must be attributed to the reduced electrochemical stability
of the commercial electrolytes, which decompose forming a thick
layer on the cathodic active particles, which is probably hindering the
Li* insertion/de-insertion processes.

However, the capacity, working potential and rate capability of
proposed materials is very promising for the development of
secondary batteries for application in electric vehicles. It should be
observed that the improvement of the rate capability of the cathode
is one of the main goals to achieve in order to address the technical
demands in applications of next-generation lithium batteries.

Experimental

Further details on the synthesis and the characterization
techniques are summarized in the Electronic Supplementary
Information. Briefly, in the first part of this work, three different
solid-state syntheses were explored under: (a) a high oxidizing
environment; (b) a mild reducing environment; and (c) a strongly
reducing environment. In (a) procedure, the reagents are weighed in
order to obtain an exact stoichiometry with a Li:Fe:Ni:Co:V:PO4 molar
ratio of ca. 1:0.34:0.07:0.55:0.04:1. Powders are preliminarily
homogenized in an agate mortar and then ball milled in a planetary
ball mill for 2 h at 500 rpm. The obtained mixture is sintered in a 20
mm diameter pellet under a pressure of 4 tons. The pellet is then

This journal is © The Royal Society of Chemistry 2020
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pyrolyzed in an oven under air atmosphere at 700 °C for 24.h: Finally,
the pellet is ground in a planetary ball mill for2H: 30505 P AR tOBISEIA
the LFNCVP cathode material. In (b) the same preparation protocol
of (a) pathway is used to obtain the LFNCVP/C cathode material
except that, before the first ball milling process, an amount of 5 % by
weight of XC-72R carbon black is added to the reagent mixture.
Finally, in (c) the sintered pellet prepared as in (a) is placed into a
closed quartz tube fluxed with Argon gas for 30 minutes to eliminate
oxygen and moisture traces. The pellet is heated at 700 °C for 24 h
under a Hy/N; (10:90 % V/V) gas mixture fluxed at ca. 0.5 L min..
After the pyrolysis, the product is slowly cooled down to ambient
temperature under an Argon gas flow and then the resulting pellet is
ground in a planetary ball mill for 2 h at 500 rpm to obtain the
LFNCVP/H cathode material. Finally, following protocol (a) LFNCNP
and LFNCTP cathodes are prepared by substituting V with Nb and Ta,
respectively.

Conclusions

In this report, two strategies for the improvement of the
performance of olivine cathode materials have been explored,
namely the effect of the reducing environment during the
synthesis (group A) and the influence of the nature of the
dopant HVTM (group B). Both groups reveal a similar
morphology and crystal structure, which differ from the undoped
reference due to the presence of coalesced olivine nanocrystals
with different orientations within the particles. In group A, the
amount of by-products and unreacted reagents decreases on the
reducing power of the synthesis. In addition, tantalum ions are
only partially inserted into the structure since traces of Ta,0Os
are detected. D, values obtained by means of CV and EIS studies
reveal that oxidizing conditions must be preferred during the
synthesis, and that the doping with HVTMs reduces the Li*
insertion/de-insertion process kinetic. This is probably the
result of the presence of smaller olivine crystalline domain
within each nanoparticle. The best battery performance is
achieved with the cathodes obtained under oxidizing conditions
and, in particular, by the Nb-doped olivine (i.e., a specific
capacity of 149 mAh g1 and a specific energy of 656 mWh g1). In
addition, the doping with HVTMs gives rise to the electron charge
compensation effect, which plays a crucial role in enhancing the rate
capability of the proposed materials. Indeed, at 10C LFNCNP
sample is able to provide more than 25 mAh g1, while the
undoped LFNCP cathode only 5 mAh g-1. Taking all together, the
materials here described are extremely promising candidates for
application in EVs, especially when high-voltage electrolytes for Li
batteries will be available in the market.
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Potential / V vs. LV/Li’

Specific Capacity / mAh g'l

High-valence transition metals are inserted into an olivine structure, thus enhancing the specific capacity
and rate capability of cathodic materials.
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