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systems are those based on lithium, owing 
to their high specifi c energy, high effi -
ciency, and long lifespan. [ 4 ]  In particular, 
lithium-ion batteries that incorporate lith-
ium-cobalt-oxide (LiCoO 2 ) as the cathodic 
material currently dominate the market. [ 5 ]  
Over the years numerous attempts have 
been made to improve the properties 
of LiCoO 2  based cathodes. Although 
increases in performance were achieved 
(120–140 mAh g −1  at 3.0–4.0 V), [ 6 ]  these 
materials suffered from low working 
potentials, high costs, and high tox-
icity. For these reasons there has always 
remained a broad scope for the develop-
ment of cathodic materials. [ 7 ]  One such 
development saw the introduction of lith-
ium-transition metal-phosphates, LiMPO 4  
(M = Ni, Fe, Co, or Mn). Due to their oli-
vine structures, these materials are able 
to reversibly insert/de-insert lithium ions 

into the octahedral cavities created by the phosphate moieties. 
The 2D framework of crossed tunnels formed between LiO 6  
edges enables the migration of lithium ions. [ 8 ]  Reported in 
1997 by Goodenough and co-workers, LiFePO 4 , which is cheap, 
nontoxic, and environmentally friendly, was found to have a 
theoretic specifi c capacity of 170 mAh g −1  at ≈3.5 V versus Li. 
In addition, its stable nature allowed for good cyclability and 
long lifetimes. [ 9,10 ]  Although LiFePO 4  found uses in the bat-
tery industry, in order to build batteries for automotive applica-
tions the working potentials were still too low. The substitution 
of nickel or cobalt for iron resulted in batteries with higher 
working potentials of ≈5.0 V. However, they suffered from very 
low practical specifi c capacities (≈50 mAh g −1 ) owing to a low 
reversibility of about 50% and high decay during cycling. This 
limited the use of these materials for portable energy applica-
tions. [ 11–15 ]  In general it was shown that high capacity cathodes 
suffered from low potential, giving low power, while high poten-
tial cathodic materials suffered from low capacity or very short 
lifespans. Attention has since turned to lithium-mixed transi-
tion metal-phosphates: doping LiFePO 4  with different diva-
lent metal ions, such as Co 2+ , Ni 2+ , or Mn 2+ , resulted in better 
electrochemical performance compared to that of the pure 
lithium-iron-phosphate. By controlling the molar ratio of the 
transition metal ions, the working potential can be increased 
from 3.5 to 4.8 V. In addition, an increased capacity has been 
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  1.     Introduction 

 The rate at which technology is advancing in areas such as 
portable electronics and the automotive fi eld has generated an 
urgent need for improved performance in energy storage and 
conversion systems. [ 1–3 ]  To date, the most promising battery 
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achieved that ranges from 90 to 160 mAh g −1  (especially when 
cycled at low current rates), and the cycle lifespan has also been 
improved. [ 16–22 ]  

 This work introduces a new series of lithium-mixed tran-
sition metal (iron, nickel, and cobalt)-phosphates at various 
nickel/cobalt ratios. Despite the differences in the metal molar 
ratios, all compounds exhibit the same olivine structure, where 
iron, nickel, and cobalt are vicariant. The volume of the crystal 
cell is found to increase with the increasing presence of cobalt. 
In addition the capacity of the cathodic materials tested in 
battery devices is found to increase, reaching a maximum of 
125 mAh g −1  (560 mWh g −1  of specifi c energy), cycling between 
4.0 and 5.0 V.  

  2.     Results and Discussion 

  2.1.     Synthesis and Composition 

 Five materials are prepared by a high temperature solid state reac-
tion (700 °C in air for 24 h), starting from carbonates or oxides of the 
target elements and the phosphate source (Li 2 CO 3 , (NH 4 ) 2 HPO 4 , 
Fe 2 O 3 , NiO, and 2CoCO 3 ·2Co(OH) 2 · n H 2 O). The synthesized 
lithium transition metal phosphates (“LiFe  α  Ni  β  Co  γ   PO 4 ”) described 
in this paper are labeled LFNCP  x   with  x  ( β  =  β  0  −  x  and  γ = γ  0  +  x ) 
describing the variation of the molar ratios of nickel and cobalt to 
PO 4  moieties from the zero sample (the sample of highest content 
of nickel with  α  0 ,  β  0 , and  γ  0 ). In LFNCP  x  ,  α  is kept constant at the 
value  α  ≈  α  0  ≈ 0.38. Further information on the synthesis and the 
nomenclature can be found in the Supporting Information. 

 The chemical composition of all samples is evaluated by 
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) ( Table    1  ). The molar ratios of the metals in the products 
are found to be very close to the target ratios set by reagent 
stoichiometry. This indicates that the high temperature solid 
state synthesis employed in this investigation is a very versa-
tile protocol for modulating the metal composition of lithium-
transition metal-phosphates. Thermo gravimetric analysis 
(TGA) shows that all samples are stable in the temperature 
range 30–950 °C and that they are not hygroscopic in nature, 
as proved by no observable mass loss (Figure S1, Supporting 
Information). Both these attributes are important for safety and 
application reasons. X-Ray photoelectron spectroscopy (XPS) 
analyses reveal the presence of carbon, oxygen, lithium, iron, 
cobalt, nickel, and phosphorous. In addition, binding energies 

and spin orbit coupling calculated from each 2p photoelec-
tron peak [ 23–25 ]  (Figure S2, Supporting Information) show that 
the transition metals are all in the +2 oxidation state. These 
results indicate that the chemical state of the transition metals 
is not affected by varying stoichiometry between the different 
materials.   

  2.2.     Structure 

 Powder X-ray diffraction (XRD) analysis is conducted in order 
to probe how the crystal structure evolves with changing nickel 
and cobalt content ( Figure    1  a). The XRD pattern for all sam-
ples corresponds to a highly ordered olivine structure, agreeing 
well with related lithium-transition metal-phosphates described 
in the literature. [ 27 ]  An orthorhombic  Pbnm  (62) space group is 
adopted with the M 2+  ions located at the center of MO 6  octa-
hedra. The lithium ions are found to occupy the octahedral 
cavities formed by the tetrahedral phosphate groups. It is these 
cavities that empty and fi ll of lithium ions during the charging/
discharging processes. [ 10 ]  In order to elucidate the effect of 
varying molar ratios on the structure of the materials, peaks 
attributed to planes (020), (111), (002), and (131) are analyzed 
in greater details (Figure  1 b–e). The sharpness and gradual 
increase in 2 θ  of all four peaks, with increasing nickel content, 
indicates that the materials consist of a single-phase solid struc-
ture. The structure is based on vicariant multitransition-metal 
ions coordinated by lithium phosphates, rather than a simple 
multiphase blend of the individual lithium metal phosphates 
(LiFePO 4 , LiCoPO 4 , and LiNiPO 4 ). If this was the case, the XRD 
pattern would likely result in broad coalesced signals composed 
of the individual peaks for each species that differ slightly in 2 θ  
values. [ 21 ]  The lattice parameters are calculated from the diffrac-
tion patterns using the Rietveld refi nement method (Table  1 ). 
With an increasing cobalt presence,  a ,  b , and  c  are all rising, 
resulting in a growth in the unit cell volume. This is likely as a 
result of the larger ionic radius of Co(II) in the octahedral coor-
dination geometry over that of Ni(II) (0.745 vs 0.690 Å). [ 28 ]  The 
regularity with which the unit cell volume increases on cobalt 
content provides further support that the LiFePO 4  solid state 
olivine structure has been successfully doped with a variety 
of Ni/Co levels (Figure S3, Supporting Information), proving 
that these materials are indeed based on a single phase solid 
olivine. [ 19 ]  The larger unit cell volume exhibited by the higher 
cobalt content derivatives is expected to increase the “free” 
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  Table 1.    ICP-AES results and crystal lattice parameters of the olivines with  Pbnm  (62) space group.  

Sample ICP-AES results Rietveld refi nement

 a  [Å]  b  [Å]  c  [Å]  V  [Å 3 ]  R  wp  a) [%]

LFNCP 0.00 Li 1.030 Fe 0.380 Ni 0.692 Co 0.080 (PO 4 ) 1.000 4.691 10.058 5.869 276.896 7.3

LFNCP 0.12 Li 1.062 Fe 0.390 Ni 0.570 Co 0.201 (PO 4 ) 1.000 4.695 10.090 5.884 278.736 6.2

LFNCP 0.32 Li 1.000 Fe 0.394 Ni 0.375 Co 0.394 (PO 4 ) 1.000 4.702 10.124 5.900 280.861 5.1

LFNCP 0.50 Li 1.040 Fe 0.381 Ni 0.187 Co 0.569 (PO 4 ) 1.000 4.707 10.178 5.919 283.551 4.7

LFNCP 0.61 Li 1.009 Fe 0.383 Ni 0.081 Co 0.694 (PO 4 ) 1.000 4.710 10.183 5.923 284.056 4.5

    a)  R  wp  is the weighted profi le R-factor, a discrepancy index used as one of the Rietveld error indices; it is calculated as follow:  R  2  wp   =  Σ i  w  i ( y  C,i  -y  O,i ) 2 /Σ i  w  i ( y  O,i ) 2  where  w  i  are the 
weights (1/ σ  2 [ y  O,i ]),  y  i  indicates the intensity values, C stands for the computed values, while O is used for the observed values. [ 26 ]    
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volume within the solid and facilitate the migration of lithium 
ions during the charging/discharging process. A minor pres-
ence of some starting materials (NiO and Fe 2 O 3 ) and byprod-
ucts (LiMP 2 O 7  (M = Fe, Ni, and Co) and Li 3 PO 4 ) is observed by 
XRD analysis, but accounts for just a few percent of the fi nal 
materials’ composition.   

  2.3.     Morphology 

 Field emission-scanning electron microscopy (FE-SEM) images 
indicate that the morphology of all the samples is very similar, 
suggesting that composition does not signifi cantly affect mor-
phology (Figure S4, Supporting Information). A closer inspec-
tion of LFNCP 0.61  ( Figure    2  a,b) shows the presence of particles 
of two size distributions: small particles with a diameter of 
about 200 nm appear on the surface of larger particles of an 
average size of 1 µm. Representative transmission electron 
microscopy (TEM) images of LFNCP 0.61  are shown in Figure  2 c 
(images of the other samples are shown in Figure S5, 
 Supporting Information). The morphology of the samples is 
again found to be similar and the two dimensional particle size 
distributions are confi rmed. The high crystallinity of LFNCP 0.61  
is evidenced by high resolution transmission electron micro-
scopy (HR-TEM) images, in which clear atomic planes can be 
observed (Figure  2 d). In addition, the HR-TEM images show 
that these atomic planes are continuous in nature suggesting 
that the metals are able to coexist together in the same phase 
without making interruptions in the crystal structure. This 
provides further support that these materials exist as a single 
solid state phase consisting of vicariant multitransition-metal 
ions coordinated by lithium phosphates ligands within a 3D oli-
vine structure. Interplanar distances in the reciprocal lattice are 

 calculated by selected area diffraction anal-
ysis (SAD) (Figure  2 e) which correspond to 
the refl ections observed in the XRD analyses.   

  2.4.     Vibrational Analysis 

 Vibrational Fourier transform spectroscopy 
in the mid-infrared (FT-MIR) and far-infrared 
(FT-FIR) regions allows for the identifi cation 
of a variety of vibrational modes ( Figure    3  ). 
Those of the phosphate groups ( ν  1  and  ν  3  
involving the symmetric and antisymmetric 
stretching modes of P–O bonds, and  ν  2  and 
 ν  4  involving O–P–O symmetric and antisym-
metric bending modes), diphosphate groups, 
lithium ion movements within phosphate 
cages and oxygen-[transition metal ions] 
bound species have been detected. A detailed 
analysis of the vibrational modes can be 
found in Table S1, Supporting Information. 
One notable feature of the IR spectra is the 
increasing degree to which the  ν  4  band is 
split with increasing Ni(II) presence. The 
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 Figure 1.    a) Powder XRD patterns of all LFNCP  x   samples; Miller indices are written above 
the peaks. Peaks of different phases are labeled with different markers (  LiMPO 4 ,    Fe 2 O 3 ,
  LiMP 2 O 7 ,   NiO, and   Li 3 PO 4 ). b–e) Local magnifi cation of (020), (111), (002), and (131) 
refl ections.

 Figure 2.    a,b) FE-SEM images of LFNCP 0.61 . c) TEM image of LFNCP 0.61 . 
d) HR-TEM image of LFNCP 0.61 , with the observed interplanar distance 
and its corresponding Miller index. e) SAD pattern of LFNCP 0.61  with 
attributed Miller indices.
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magnitude of this splitting refl ects the strength of interaction 
between the M(II) ion and the oxygen atoms from the associ-
ated phosphate groups. [ 29,30 ]  This fi nding is in line with the 
higher second ionization potential for nickel with respect to 
cobalt (18.169 vs 17.084 eV). [ 31 ]  This suggests that the deriva-
tives with lower nickel content (higher cobalt content) may 

have a less rigid structure (higher structural elasticity) and 
can therefore more readily undergo the necessary expansions/
contractions required in order to accommodate the lithium 
ions. Indeed, this increased ability to host lithium ions (“mor-
phological elasticity”) is refl ected by an increase in capacity with 
increasing cobalt content ( Figure    4  d).    

  2.5.     Electrochemical Characterizations 

  2.5.1.     Cyclic Voltammetries 

 The cyclic voltammogram of LFNCP 0.61  is shown as a represent-
ative example (Figure  4 a) with those of the other samples shown 
in Figure S6a, Supporting Information. One oxidation event is 
observed in the anodic region centered at ≈+4.9 V, while there 
appear to be three reduction events: one centered at ≈+4.8 V 
and a broader reduction event seemingly composed of two 
reduction processes occurring at ≈+4.0 V and ≈+4.2 V, respec-
tively. The Ni(II/III) redox couple in LiNiPO 4  generally occurs at 
potentials in excess of +5.0 V. This exceeds the  electrochemical 
stability window for the electrolyte used in this investigation 
and therefore, if it exists for these compounds, this redox couple 
is not observed. [ 32 ]  Interestingly, the Fe(II/III) redox couple, 
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 Figure 3.    FT-MIR and FT-FIR spectra of LFNCP  x   samples with the 
assigned vibrational modes. The increased splitting of the  ν  4  vibrational 
mode is highlighted.

 Figure 4.    a) Cyclic Voltammetry (CV) curves of LFNCP 0.61  at various scan rates. b) Charge and discharge behaviors of the 1st (  ), 
5th (  ), 10th (  ), 50th (  ), 100th (  ), and 150th   ) cycle and cycling stability of 
LFNCP 0.61 . c) Discharge capacity of LFNCP 0.61  at different current densities (0.5 C is 78 mA g −1  and 100% of capacity is the capacity at the fi rst cycle, 
123 mAh g −1 ). d) Maximum discharge capacity at different metal concentrations.
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that usually appears about +3.5 V for similar systems, is not 
observed for these materials. [ 17,33 ]  This suggests that either the 
Fe(II/III) redox couple is dramatically shifted to higher poten-
tials or the iron electronic orbitals are not  accessible because 
they are part of a larger electronic  network that is delocalized 
throughout the mixed metal channels. In similar lithium-mixed 
metal-phosphates, the Co(II/III) redox couple is observed at 
≈+4.8 V. [ 13,16,18 ]  Although there are redox events observed in 
this region for LFNCP 0.61 , there is an appreciable difference in 
magnitude between the forward and reverse waves occurring 
at ≈+4.9 and +4.8 V respectively. In addition, the presence of 
additional redox events at ≈+4.0 V suggests that these events are 
not purely cobalt centered. Indeed, confi ning the cyclic voltam-
metry (CV) experiment to scan only the high potential region 
(+4.5 to +5.0 V) results in a diminished oxidation signal over 
time, suggesting that the original species (before oxidation at 
+4.9 V) is not returned to following the reduction event at +4.8 
V. This may suggest that the lithium ions are not re-inserted 
until after the reduction at ≈+4.0 V is reached. Only then can 
the system be oxidized again and stripped of Li + . It is likely that 
the redox events are not localized to a specifi c ion center, but 
occur in a solid state electronic orbital originated from concur-
ring contributions by all three metals, iron, nickel, and cobalt. 
For this reason, and according to the presence of a single phase 
vicariant distribution of multimetal coordination complexes 
suggested by XRD and HR-TEM analyses, these nonsymmet-
rical redox events could be assigned to an overall channel elec-
trochemical behavior, modulated by the distribution of all the 
vicariant transition metal complexes present.  

  2.5.2.     Battery Tests 

 The charge and discharge profi le of LFNCP 0.61  over a range of 
150 cycles is coherent with what is observed by CV (Figure  4 b, 
top). The charge/discharge profi les of the other samples are 
shown in Figure S6b, Supporting Information. One plateau 
is observed for the charging (Li +  de-insertion) process just as 
one reduction event is observed in the CV. Three plateaus are 
observed in the discharge profi le corresponding to the three 
reduction events that are observed in the CV. After an initial 
activation period, lasting ≈10 cycles (Figure  4 b, bottom), the 
reversibility and capacity of the system remain fairly constant 
for at least 150 cycles, highlighting the excellent service life of 
the target materials. The slight capacity fade over 150 cycles is 
likely caused by some electrolyte decomposition that starts at 
≈+4.5 V (Figure S7, Supporting Information). The fade is, how-
ever, not large and these materials exhibit a good lifespan over 
the 150 cycle range. LFNCP 0.61  (which has the highest cobalt 
content) shows a maximum specifi c discharge capacity of 
125 mAh g −1  at 0.5 C (78 mA g −1 ), this corresponds to a specifi c 
energy of 560 mWh g −1  (both obtained referring to the cathodic 
active material weight). As the relative amount of cobalt 
decreases, the specifi c capacity does likewise, reaching a min-
imum value of 92 mAh g −1  for LFNCP 0.00  (Figure  4 d). Due to 
the high working potentials of the presented cathodic materials, 
their specifi c energy is higher than those cathodic materials 
(LiFePO 4 ) currently used in lithium batteries. [ 19,21,33 ]  In addi-
tion, at a low current rate, the capacity of the doped lithium-

metal-phosphates is observed to increase (Figure  4 c). Another 
crucial improvement is that the cycle life and capacity are 
shown to be better than cathodes based on LiCoPO 4.  [ 11,16,18,22 ]     

  3.     Conclusion 

 In summary, fi ve different lithium-based cathode materials 
characterized by various nickel and cobalt contents are synthe-
sized and extensively characterized. It is observed that different 
relative ratios of cobalt and nickel do not affect the morphology 
of the compounds, but play a crucial role in modulating the 
resulting electrochemical properties of the materials. Indeed, it 
is found that the material composition affects: (a) the structure 
elasticity of olivines and (b) the electronic density of states of 
insertion/de-insertion Li +  ion channels. Specifi cally, the crystal 
cell volume increases with increasing cobalt presence. This is 
thought to facilitate the migration of lithium ions during the 
insertion and de-insertion processes of battery cycling. It is 
demonstrated that the material with the highest cobalt content 
shows the best performance in terms of rate capabilities, high 
working potentials (above 4.5 V), good capacities (125 mAh g −1 ), 
and exceptional energy densities (560 mWh g −1 ). These values 
are referred to the cathodic active material weight and not to 
the complete device, in order to highlight the material per-
formance. As a whole, this study shows that transition metal 
doped LiMPO 4  are high performance materials for lithium sec-
ondary batteries. This new family of systems could address the 
current demands for improved energy storage and conversion 
technologies.  

  4.     Experimental Section 
  Materials : Lithium metal, polyvinyl difl uoride (PVDF), 1-methyl-2-

pyrrolidone (99.5%, anhydrous), ethylene carbonate (99%, anhydrous), 
and dimethyl carbonate (>99%, anhydrous) are purchased from Sigma-
Aldrich. Lithium carbonate (99%) is obtained from BDH, ammonium 
phosphate dibasic (99%) from Riedel-de Haën, iron(III) oxide from 
Baker, nickel(II) oxide (97%), and cobalt(II) carbonate (50.5% assay) 
from Carlo Erba, graphite (type SK6) from TIMCAL and lithium 
hexafl uorophosphate (98%) from Acros. All materials are used as 
received. 

  LFNCP x  Synthesis : Li 2 CO 3  (1.00 g, 13.5 mmol), (NH 4 ) 2 HPO 4  (3.57 g, 
27.0 mmol), Fe 2 O 3  (0.72 g, 4.5 mmol), NiO (1.21–1.01–0.68–0.34–0.14 g, 
16.2–13.5–9.1–4.6–1.9 mmol), and 2CoCO 3 ·2Co(OH) 2 · n H 2 O (0.22–
0.54–1.05–1.58–1.90 g, 1.9–4.6–9.0–13.5–16.3 mmol of Co 2+ ) are mixed 
in a planetary ball mill (2 h, 500 rpm). After the milling process, pellets 
of each sample are obtained by sintering the powders under a pressure 
of 4 tons. Each pellet is then put into a furnace at 700 °C in air for 24 h 
before being allowed to cool slowly. Finally, at the end of the pyrolysis, 
materials are ground again via planetary ball milling (2 h, 500 rpm). 

  Cathodic Mixtures for Electrochemical Tests : Sample powders were 
mixed with graphite (SK6) and PVDF in a ratio 4:15:1. PVDF is used as 
a plasticizer, while graphite is employed to improve the low electronic 
conductivity of the synthesized materials. The mixtures are suspended 
in 1-methyl-2-pyrrolidone producing an ink; for battery tests the inks 
are deposited and dried directly on nickelated stainless steel current 
collector tipically used in CR2032 type batteries. The loading of active 
material is ≈7 mg cm −2 . For the CV experiments the inks are deposited on 
a platinum wire (≈1.6 mg cm −2 ). CV measurements are obtained using a 
three electrode confi guration: samples inks as the working electrode and 
two pieces of lithium metal as the reference and the counter electrodes 
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(working electrodes were weighed before and after the ink deposition, in 
order to calculate the cathodic active mass); all electrodes are immersed 
in a 1  M  LiPF 6  in EC/DMC 1:1 electrolytic solution. CV measurements 
are run at 20 °C, between 3.5 and 5.0 V, at scan rates of 5.0, 2.0, 1.0, and 
0.5 mV s −1 . The electrolyte stability window is measured with a linear 
sweep voltammetry using, as working electrode, the same platinum wire 
used in the CV tests, and two pieces of lithium metal as the reference 
and the counter electrodes. Linear sweep voltammetry is performed 
at 20 °C, from 3.5 to 5.0 V, at a scan rate of 5.0 mV s −1 . Battery tests 
are performed assembling CR2032 coin cells with a lithium metal foil 
(13 mm of diameter) as the anode and 1  M  LiPF 6  in EC/DMC 1:1 as 
the electrolytic solution. Battery testing is carried out by cycling between 
3.5 and 5.0 V at a constant current of 100 µA for 150 cycles at room 
temperature.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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