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Structure–property insights into nanostructured
electrodes for Li-ion batteries from local structural
and diffusional probes†

Josefa Vidal Laveda,a Beth Johnston, a Gary W. Paterson,b Peter J. Baker, c

Matthew G. Tucker,d Helen Y. Playford, c Kirsten M. Ø. Jensen,d

Simon J. L. Billinge ef and Serena A. Corr *a

Microwave heating presents a faster, lower energy synthetic methodology for the realization of functional

materials. Here, we demonstrate for the first time that employing this method also leads to a decrease in the

occurrence of defects in olivine structured LiFe1�xMnxPO4. For example, the presence of antisite defects in

this structure precludes Li+ diffusion along the b-axis leading to a significant decrease in reversible

capacities. Total scattering measurements, in combination with Li+ diffusion studies using muon spin

relaxation (m+SR) spectroscopy, reveal that this synthetic method generates fewer defects in the

nanostructures compared to traditional solvothermal routes. Our interest in developing these routes to

mixed-metal phosphate LiFe1�xMnxPO4 olivines is due to the higher Mn2+/3+ redox potential in

comparison to the Fe2+/3+ pair. Here, single-phase LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75 and 1) olivines

have been prepared following a microwave-assisted approach which allows for up to 4 times faster

reaction times compared to traditional solvothermal methods. Interestingly, the resulting particle

morphology is dependent on the Mn content. We also examine their electrochemical performance as

active electrodes in Li-ion batteries. These results present microwave routes as highly attractive for

reproducible, gram-scale syntheses of high quality nanostructured electrodes which display close to

theoretical capacity for the full iron phase.

Introduction

Due to the urgency of making more efficient use of our scarce

and nite natural resources, there is a growing need for the

development of technologies and materials which can be used

to effectively store and release energy as required. In particular,

Li-ion batteries (LIBs) have revolutionized the powering of

portable electronics and transportation, offering high energy

density, exible and lightweight design, and long lifespan.1,2

Given that the energy demands of devices such as portable

electronics and (hybrid) electric vehicles are considerably

different, the development of end-use tailored high perfor-

mance electrodes is of particular current importance in energy

research. In recent decades, olivine-structured LiFePO4 has

been recognized as an attractive cathode material for

rechargeable LIBs due to its relatively high theoretical capacity

of 170 mA h g�1, suitable at voltage region of 3.45 V, safety,

non-toxicity, environmental friendliness, low production costs,

abundance of Fe and high thermal/electrochemical stability.

Moreover, this positive insertion electrode exhibits good cycla-

bility and is complementary to most conventional polymer

electrolytes. The main drawbacks of this material are that it

suffers from poor electronic conductivity and its crystal struc-

ture will only tolerate 1D Li+ diffusion.3,4

LiFePO4 crystallizes in an olivine structure with an ortho-

rhombic unit cell (Pnma space group), where oxygen atoms

constitute a slightly distorted hexagonal close packing

arrangement, and Fe and Li atoms are located in octahedral

sites forming FeO6 and LiO6 units (see Fig. S1†). Phosphorus

atoms in the center of oxygen tetrahedra form a PO4 tetrahedral

network which provides structural stability and is the main

reason why LiFePO4 exhibits good thermal stability and safety.5

The underlying defect chemistry and Li+ transport properties in

this material are complex at the atomic scale, but are crucial to

a greater understanding of the structure–property relationship
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and electrochemical behavior of LiFePO4. Atomistic modeling

studies have revealed that the lowest energy Li+ migration

pathway channel takes place in the [010] direction, following

a nonlinear, wave-like trajectory between adjacent Li positions.6

On the other hand, it is also found that the most favorable

intrinsic defect is a Li–Fe anti-site pair consisting of a Li+ ion on

the M1 site and the Fe2+ ion on the M2 site.6 These Li–Fe anti-

site defects could block the diffusion path through [010] chan-

nels, leading to an inhibition of the long-range Li+ migration

and a subsequent decrease in electrochemical capacity.

Preparation methods can strongly inuence the defect- and

micro-structure of compounds, making this a crucial consid-

eration in the resulting performance of electrode materials.

Transition metal phosphates exhibiting a phase pure olivine

structure can be obtained through conventional synthetic

approaches such as solid-state ceramic routes,7 sol–gel

methods8 and solvothermal routes.9–12 In recent years,

microwave-assisted solvothermal synthesis has been shown to

be a relatively fast and low temperature route to prepare phase

pure nanosized LiFePO4 particles by combining the strong

interaction between polar/ionic solvents and microwave radia-

tion.13–17 Absorption of electromagnetic energy ensures uniform

and rapid heating can be achieved within a short period of time

through the dielectric heating effect.13,18

Olivine structured mixed transition-metal phosphate

systems have attracted considerable interest since such

composite materials facilitate ne-tuning of the inherent

properties of the pure analogues, such as the voltage and the

stability of the cathode upon delithiation. Amongst these

materials, LiFe1�xMnxPO4 has drawn much attention as it

exhibits higher energy density.19 These mixed-metal phosphate

phases are isostructural with the end-members LiFePO4 and

LiMnPO4, showing the same olivine-type lattice. Partial substi-

tution of Fe by Mn in these olivine structures leads to electrode

materials with increased voltage due to the higher Mn2+/3+ redox

potential compared to the Fe2+/3+ pair.20 However, the existence

of Mn3+ ions in delithiated MnPO4 triggers a Jahn–Teller

distortion that can lead to strain, which is detrimental to ion

and electron hopping during charge/discharge processes. The

Jahn–Teller effect induces cell distortion of the electrode,

leading to a rapid mechanical degradation of the electrode and

consequently, poor electrochemical performance. Padhi et al.

investigated the electrochemical performance of a series of

LiFe1�xMnxPO4 (x ¼ 0.25, 0.50, 0.75, 1.0) materials and found

that the specic capacity signicantly decreases when x > 0.75.5

Yamada et al. also studied the LiMnxFe1�xPO4 system and re-

ported that Mn-rich LiFe1�xMnxPO4 (x > 0.8) phases are not the

best performing mixed metal phosphates due to the large

anisotropic distortion of Mn3+during cycling.21,22

In the current work, to have a complete characterization and

a better understanding of the structure–property relationship of

LiFe1�xMnxPO4 olivine phases, neutron powder diffraction and

neutron pair distribution function (PDF) analyses of these

materials are presented, allowing elucidation of the local

structure, the cation distribution, the presence of defects and

the Li content. These structural investigations are crucial for

electrode characterization in order to enhance the current

understanding of such battery materials and for future devel-

opment of potential insertion electrode materials. The pair

distribution function (PDF) method is a powerful tool for the

study of glasses, liquids and amorphous materials, as well as

crystalline and disordered materials.23 The PDF method, which

involves the direct Fourier transformation of the normalized

X-ray or neutron total scattering data, gives the probability of

nding any two atoms at a given interatomic distance yielding

crucial information about atomic-scale structures of nanosized

materials in real space.24,25 Furthermore, muon spin relaxation

(m+SR) has been successfully applied to examine Li+ diffusion in

these Li-ion battery materials, where the Li+ diffusion perturbs

the muon environment. This is of particular note, as it

demonstrates the rst use of this technique to investigate the

Li+ diffusion properties of Mn-containing olivines whose study

in the past has been precluded due to the presence of a high

magnetic moment on the Mn2+ ions. We have overcome this

impediment through doping with sequentially higher amounts

of Mn2+. The insights afforded by the use of these local tech-

niques (PDF and m
+SR), in combination with more commonly

employed methods (high resolution TEM, N2 sorption and

galvanostatic cycling) has provided a much deeper under-

standing of how these materials operate as active electrodes in

LIBs and will inform future synthetic strategies for optimised

cycling behaviour.

Experimental
Synthesis of LiFe1�x

Mn
x
PO4 olivines

Powder samples of LiFe1�xMnxPO4 olivines were prepared by

weighing and grinding in an Ar lled glove box stoichiometric

amounts of LiH2PO4 (Alfa Aesar, 97%) (2 mmol), Fe(acac)3
(Sigma Aldrich, 97%) and MnC2O4$2H2O (Alfa Aesar, minimum

30% Mn) (Mn(acac)3 (Alfa Aesar, technical grade) for the

LiMnPO4 sample) (2 mmol transition metal) in an agate mortar

for 10 min. These were mixed in 10 mL of ethylene glycol (Alfa

Aesar, 99%) in 35 mL microwave glass reaction vessels for 20

minutes before irradiation with microwaves in a CEM Discover

SP microwave synthesizer (2.45 GHz) for 3 hours at 220 �C. The

powder products were washed with distilled water (2 � 35 mL),

ethanol (2 � 35 mL) and acetone (2 � 35 mL), before drying

overnight in a vacuum oven at 80 �C. Finally, the powders were

heat treated for 1 hour at 500 �C under Ar ow. In order to

obtain a sufficient amount of sample for neutron diffraction

experiments, multiple syntheses were conducted under iden-

tical conditions using the same starting materials, and the

powders obtained were combined. Approximately 0.5–0.6 g of

LiFe1�xMnxPO4 powders are obtained in each microwave

synthesis. The product obtained from ve microwave reactions

was combined and used for neutron diffraction experiments.

Table S1† details the amounts of precursors used for the

microwave synthesis of LiFe1�xMnxPO4 olivines.

For the battery cycling experiments, a carbon coating of the

LiFe1�xMnxPO4 phases was carried out using sucrose in order to

increase the resulting electronic conductivity. Sucrose (based on

15 wt% carbon coming from sucrose) wasmixed with the olivine

material in a 1 : 1 ethanol : water solution. The solution was

128 | J. Mater. Chem. A, 2018, 6, 127–137 This journal is © The Royal Society of Chemistry 2018
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sonicated for 30 min to improve homogeneity and gently heated

until the solvent evaporated. The resulting product was dried

overnight in a vacuum oven at 80 �C and thoroughly reground.

Finally, carbonization was achieved by transferring the dried

powder to a tube furnace under owing Ar gas and sintering for

3 h at 700 �C.

Materials characterization

Powder X-ray diffraction (PXRD) characterization of the

LiFe1�xMnxPO4 (x¼ 0, 0.25, 0.5, 0.75 and 1) samples was carried

out on a PANalytical X'Pert powder diffractometer using Cu Ka

radiation operated at 40 kV and 40 mA. The diffraction data

were collected in the 2q range between 10 and 70� in steps of

0.017� (2q) and with an integration time of 2 s per step. Particle

size and morphology of this series of compounds were exam-

ined using scanning electron microscopy (SEM). SEM images

were taken in a Carl Zeiss Sigma variable pressure analytical

SEM. The samples were prepared on adhesive stubs and coated

using a plasma sputter coater with a 99 : 1, Au : Pt target to

avoid charging feedback. Transmission electron microscopy

(TEM) and scanning TEM (STEM) studies were performed in

a probe corrected JEOL ARM 200F electronmicroscope operated

at 200 kV and equipped with a cold eld emission gun and

a Gatan Quantum electron energy loss spectrometer.

Neutron diffraction and total scattering studies of

LiFe1�x
Mn

x
PO4 olivines

High resolution powder neutron diffraction (PND) data for Riet-

veld renement of the series of LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5,

0.75, 1) phases were measured at the time of ight diffractometer

Polaris at the ISIS pulsed neutron and muon source. Isotopically

enriched lithium (7Li) was used to prepare these insertion elec-

trodes because of the lower neutron absorption cross section of
7Li. Approximately 3 g of LiFe1�xMnxPO4 powders were loaded

into vanadium cans (8 mm in diameter). The data from detector

banks 3, 4 and 5 were simultaneously treated by Rietveld

renement using the general structure analysis programme GSAS

in conjunction with the user interface EXPGUI.26,27 The structural

and prole parameters were rened according to a pseudo-Voigt

prole function and the renement process order was the

following: (i) scale factor (ii) 6-coefficient shied Chebyshev

function background (iii) the diffractometer constants (DIFC for

detector banks 3 and 4, and DIFA for detector banks 3, 4 and 5),

(iv) cell parameters, (v) prole parameters, (vi) atomic positions

(the crystallographic sites for Fe and Mn atoms were constrained

to be the same), (vii) fractional occupancies of Li, Fe and Mn

atom sites in which the total occupancy of Fe and Mn was con-

strained to 1, and nally (viii) isotropic atomic thermal

displacement parameters (Biso) constraining Li and Fe/Mn to

have the same value. The Biso of oxygen atoms were constrained

to be the same.

In order to probe possible defects or changes in the local

structure as a function of Mn content, neutron PDFs of the

series of LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75, 1) phases were

measured at room temperature using data from the Polaris

diffractometer. Data were collected from all ve detector banks,

with each data collection taking 8 hours. Raw data were cor-

rected for contributions from the background, empty container,

attenuation, and multiple scattering to obtain the structure

factor, S(Q), where the modulus of the scattering vector Q, is

given by 4p(sin q)/l. Data processing was carried out using the

Gudrun programme.28 The pair distribution function, G(r), was

obtained from the Fourier transformation of S(Q) to a Qmax of

36 Å�1 using the StoG programme.29 High Qmax values are

required to obtain high r resolution in the PDF.24 Real space

renements of the structure was carried out using the PDFgui

soware.30

m
+SR studies of Li+ diffusion in LiFe1�x

Mn
x
PO4 (x ¼ 0.25,

0.5 and 0.75) olivines

Spin polarized positive muons were implanted into

LiFe1�xMnxPO4 (x ¼ 0.25, 0.50 and 0.75) samples, where they

stop at interstitial sites and decay with a mean lifetime of 2.2 ms.

Whilst implanted in the sample, the muon spin direction is

affected by the local magnetic eld or diffusing species (such as

Li+) at the muon stopping site. The muon decays into a positron

and two neutrinos, with the positron preferentially emitted in

the direction of the muon spin at the instant of decay.31 The

muon spin polarization can be followed as a function of time by

measuring the asymmetry in the count rate of the decaying

positrons in two banks of detectors on opposite sides of the

sample. m
+SR experiments were carried out using the EMU

instrument at the ISIS pulsed neutron and muon source. The

samples were prepared by transferring the LiFe1�xMnxPO4

powders (�1 g) into titanium sample holders with a titanium

foil window. Ti depolarizes muons very weakly and allows

simple background subtraction. In order to probe the Li+

diffusion in these series of mixed-metal phosphates, measure-

ments were carried out over a temperature range from 100 K to

400 K and at ZF (zero eld) and with a LF (longitudinal eld) of

5, 10 and 20 G. This temperature range was chosen because it

includes the thermally activated region in which an increase in

the lithium diffusion can be observed. By applying different

longitudinal magnetic elds parallel to the direction of the

beam, any interactions between the muon and any local nuclear

magnetic eld distribution can be eliminated. Furthermore,

multiple magnetic eld measurements at each temperature

gives a more reliable determination of simultaneously tted

parameters. In previous m+SR studies of LiFePO4 phases, it was

shown that a magnetic eld of 10 G was strong enough to

decouple the Fe2+ magnetic moment. However in the present

experiments, due to the presence of Mn2+ in our materials, more

intense magnetic elds were required to decouple the contri-

butions coming from the high magnetic moment on the Mn2+

with data also collected at 20 G.32 Raw data were analyzed and

tted using the WIMDA program.33

Electrochemical performance of LiFe1�x
Mn

x
PO4 olivines

Galvanostatic cycling and cyclic voltammetry (CV) analysis of

the electrode materials were conducted at room temperature

using a BioLogic VSP potentiostat in Swagelok type cells. The

batteries were assembled in an Ar-lled glovebox using a pellet

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 127–137 | 129
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of the C/LiFe1�xMnxPO4 powder mixed with conductive carbon

black Ketjenblack EC-600JD (AkzoNobel) and polytetrauoro-

ethylene (PTFE) (Fisher Scientic) in 60 : 30 : 10 ratio

(% weight). A Whatman glass microber lter was used as

a separator, 1 M lithium hexauorophosphate (LiPF6) in

ethylene carbonate (EC) and dimethyl carbonate (DMC) 1 : 1 v/v

(Solvionic) as the electrolyte and Li metal (Sigma Aldrich) as

a counter electrode. The cell was disassembled aer the elec-

trochemical test in an Ar-lled glovebox and the active elec-

trodes in the discharge state were collected, thoroughly washed

with dry THF and dried prior to PXRD analysis in order to study

structural changes in cycled materials.

Results and discussion

PXRD patterns of this family of LiFe1�xMnxPO4 (x ¼ 0, 0.25,

0.50, 0.75 and 1) phases revealed that all ve samples were

isostructural and exhibited a phase pure material with an

olivine structure indexed to an orthorhombic Pnma space

group. Moreover, no impurity peaks were observed. From

Fig. 1(a) it is also worth noting the slight shiing of the peaks

towards lower angles when increasing the Mn content in the

olivine structure. This is a signature of an increase in average

lattice parameter due to the larger Mn2+ (0.83 Å) cation size in

comparison to Fe2+ (0.78 Å).34 PXRD data were tted using

Rietveld analysis to the orthorhombic Pnma space group

LiFePO4 (ICSD No. 01-072-7845) and LiMnPO4 (ICSD No. 01-072-

7844)35 structures using the program GSAS in order to deter-

mine unit cell parameters and structural information. Fig. S2†

shows the ts by Rietveld prole analysis of the PXRD

LiFe1�xMnxPO4 data to the orthorhombic Pnma structure. As

observed in the difference curves, a good t was obtained for all

ve compounds. The calculated lattice parameters of all

LiFe1�xMnxPO4 phases, determined by Rietveld analysis and

listed in Table S2,† show a clear increase with increasing Mn

content. These results imply that Fe2+ atoms are substituted by

Mn2+ in these olivine structured materials. The determined

lattices parameters are also similar to previous values reported

for microwave synthesized LiFePO4 (a¼ 10.3175 Å, b¼ 5.9935 Å

and c¼ 4.7016 Å) and LiMnPO4 (a¼ 10.4632 Å, b¼ 6.1074 Å and

c ¼ 4.7507 Å) samples.16

Scanning electron microscopy (SEM) images highlight that

increasing the Mn content has a pronounced effect on the

resulting particle morphology and size. For example, Fig. 2 and

S3† demonstrates that there is a clear reduction in the size and

width of particles on going from LiFe0.75Mn0.25PO4 and

LiFe0.5Mn0.5PO4 (larger oval-shaped particles, with typical

widths of 580 and 540 nm, respectively) to LiFe0.25Mn0.75PO4

(thinner, longer oval particles, of typical width 220 nm) and

LiMnPO4 (wires, typically 150 nm wide). On the other hand, as

depicted in Fig. S4,† LiFePO4 powders displayed a platelet type

morphology with particle sizes ranging from approximately 200

to 500 nm. The nature of the solvent in solvothermal syntheses

Fig. 1 (a) PXRD patterns of LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75, 1)

olivines showing phase pure materials and a slight shift towards lower

angles with higher Mn content. (b) Rietveld refinements of high

resolution PND data of LiFePO4 and LiMnPO4 phases (detector bank 5).

Dots represent observed data and solid line the calculated pattern. The

lower line is the difference curve.

Fig. 2 SEM images of (a) LiFe0.75Mn0.25PO4, (b) LiFe0.5Mn0.5PO4, (c)

LiFe0.25Mn0.75PO4 and (d) LiMnPO4 phases reveals a clear change in

morphology when doping LiFePO4 with increasing amounts of Mn,

going from larger crystallites to thin nanowires.

130 | J. Mater. Chem. A, 2018, 6, 127–137 This journal is © The Royal Society of Chemistry 2018
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can play a key role in the resulting particle morphology. For

example, Ma et al. have found that increasing water content

resulted in the formation of nanorod morphologies in the sol-

vothermal synthesis of LiFePO4.
36 The morphology changes

observed in the LiFe1�xMnxPO4 olivine could therefore be

ascribed to the higher presence of water in the reaction mixture

coming from the MnC2O4$2H2O precursor with increasing Mn

content.

To obtain reliable values for Li content, each LiFe1�xMnxPO4

sample was investigated using high resolution PND in

conjunction with Rietveld renements performed using GSAS.

Data collected from detector banks 3, 4 and 5 were simulta-

neously tted in the renement process. Fig. 1(b) and S5† show

that excellent ts were obtained for all ve metal phosphates.

Table 1 details the calculated lattice parameters, revealing

a clear increase when doping LiFePO4 with higher Mn content.

There is also excellent agreement between the calculated lattice

parameters from Rietveld analysis of powder X-ray and neutron

diffraction data. Interestingly, we also observe that all samples

display a slight Li deciency with a Li : transition metal ratio

consistently less than 1. The Li deciency decreases with

increasing Mn content. This observation is in good agreement

with previous high resolution PND analyses which showed a Li

deciency in LiFePO4 samples and a lower Li deciency in Mn

containing LiFe1�xMnxPO4 phases.
37 Results suggested that the

rened thermal factors for the Li atoms slightly decreased with

higher Mn content in LiFe1�xMnxPO4 at the same time the

rened Li occupancy increased. Tables S3–S7† summarizes the

rened structural parameters from Rietveld ts of high resolu-

tion PND data at room temperature for the ve LiFe1�xMnxPO4

samples.

Galvanostatic cycling of the entire family of C/LiFe1�xMnx-

PO4 phases as positive insertion electrodes was performed at

a C/20 rate in a potential range from 2.2 V to 4.0, 4.2, 4.3 or 4.5 V

depending on the Mn content. In this electrochemical system

using C/LiFePO4, Li
+ is extracted during charge and LixFePO4

(x < 1 and with Fe changing oxidation state from 2+ to 3+) is

formed. Upon discharge, Li+ is inserted back into the LixFePO4

structure, where Fe3+ is reduced to Fe2+. From the voltage–

capacity prole for the C/LiFePO4 sample depicted in Fig. 3(a),

a at voltage plateau at �3.45 V corresponding to the Fe3+/Fe2+

redox pair is observed. The initial charge capacity is slightly

smaller than the subsequent discharge capacity in the rst

cycle. This observed difference is attributed to the Li deciency

in the LiFePO4 sample determined from PND. The gure inset

demonstrates the cycling stability of this C/LiFePO4 indicating

Table 1 Calculated lattice parameters and metal content for the LiFe1�xMnxPO4 phases obtained from Rietveld refinements of NPD data (space

group Pnma)

Sample LiFePO4 LiFe0.75Mn0.25PO4 LiFe0.5Mn0.5PO4 LiFe0.25Mn0.75PO4 LiMnPO4

a (Å) 10.3386(2) 10.3646(2) 10.3901(3) 10.4169(3) 10.4700(5)

b (Å) 6.0003(10) 6.0222(12) 6.0454(2) 6.0713(2) 6.1011(3)

c (Å) 4.69473(8) 4.7055(10) 4.7167(14) 4.7287(2) 4.7440(2)
V (Å�3) 291.236(13) 293.71(2) 296.27(2) 299.06(3) 302.38(4)

Li 0.777(7) 0.839(7) 0.888(8) 0.913(8) 0.975(13)

Fe 1.001(2) 0.771(1) 0.521(1) 0.249(1) —

Mn — 0.229(1) 0.479(1) 0.751(1) 1.045(7)
Rwp 0.0153 0.0144 0.0150 0.0169 0.0205

Rp 0.0193 0.0174 0.0176 0.0234 0.0287

X2 15.53 13.21 11.42 10.09 11.77

Fig. 3 (a) Cycling performance and cycling stability (inset) of

C/LiFePO4 coated with 15% C from sucrose and mixed with C black

and PTFE in 60 : 30 : 10 (% weight) between 2.2 and 4.0 V at C/20 rate.

(b) Cycling stability of C/LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75 and 1)

coated with 15% wt. C from sucrose and mixed with carbon black and

PTFE in a 60 : 30 : 10 ratio (% weight).

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 127–137 | 131
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that discharge capacities of approximately 160 mA h g�1 were

reached, values that are quite close to the theoretical capacity of

this electrode material (170 mA h g�1) and in good agreement

with data reported in similar electrochemical studies on

microwave synthesized LiFePO4 electrodes.14,16 This insertion

electrode exhibits almost no capacity fading over at least 50

cycles.

Cycling studies of the mixed metal phosphates were also

conducted to examine the relationship between particle

morphology, Mn content and electrochemical performance

(Fig. 3(b) and S6†). Similar electrochemical tests for the

different C/LiFe1�xMnxPO4 samples indicated a signicantly

better electrochemical performance of LiFePO4 in comparison

to the Mn containing phases. In particular, LiMnPO4 exhibited

much lower discharge capacities (�50 mA h g�1). This observed

capacity is somewhat lower than that reported by Niederberger

et al. who found a discharge capacity of 75 mA h g�1 aer 100

cycles for LiMnPO4 prepared through a 3 min microwave

synthesis.16 As shown in Fig. S6,† the mixed transition metal

phosphates displayed two clear voltage plateaus at �3.45 V and

�4.1 V due to the Fe3+/Fe2+ and Mn3+/Mn2+ redox pair respec-

tively, with discharge capacities on the order of 110 mA h g�1.

No capacity fading was observed in any of the samples over 20

cycles. This excellent cycling stability was also observed for all

samples, up to 150 cycles, at a rate of C/10 as shown in Fig. S7.†

PXRD patterns of the cycled material in the discharge state aer

the 20 cycles are shown in Fig. S8(a)† and indicates that the

cycling process did not modify the structure of these materials,

conrming the structural stability of this family of mixed metal

phosphates upon cycling.

The rate behavior of the C/LiFe1�xMnxPO4 phases at room

temperature was investigated by multiple-step rate galvano-

static strategy (ve cycles on each step rate from C/10 to 10C) in

order to elucidate the rate capabilities as a function of particle

morphology and Mn content. It was found that in all cases the

discharge capacity decreased regularly with increased rates and

that the capacity was recovered when returned to a C/10 rate

(Fig. 4). Upon increasing the charge/discharge rates, the

polarization signicantly increased and the amount of Li+

reversibly inserted and extracted decreased. Slower charge/

discharge rates allow more major structural rearrangements

to take place and more Li+ can be exchanged during the lithium

extraction/insertion process. The best rate performing material

was again C/LiFePO4 compared to the other C/LiFe1�xMnxPO4

composites (x ¼ 0.25, 0.5, 0.75 and 1). This C/LiFePO4 sample

displayed a regular decrease in the discharge capacity from

155 mA h g�1 to 66 mA h g�1 when increasing the discharge

rates from 0.1C to 10C. Similar rate capabilities have been re-

ported by Hou et al. on LiFePO4 nanocrystals prepared through

a liquid phase reduction synthesis.38 Lower rate capabilities

were clearly observed when introducing Mn into the LiFePO4

structure. Similar rate behavior has been reported for LiMnPO4

olivines by Hong et al.39 Cycling tests revealed slightly better rate

capabilities for the C/LiFe0.5Mn0.5PO4 phase at higher C rates in

comparison to the C/LiFe0.75Mn0.25PO4 and C/LiFe0.25Mn0.75PO4

materials, yielding discharge capacities of �120 mA h g�1 and

�95 mA h g�1 at C/10 and 2C, respectively. Comparable rate

behavior in C/LiFe1�xMnxPO4 (x ¼ 0.7, 0.8 and 0.9) has been

observed by Zhang et al.40 Ex situ PXRD characterization of the

C/LiFe1�xMnxPO4 cycled material in the discharge state aer

the cycling experiment at different discharge/charge rates

shown in Fig. S8(b)† indicated that the Li+ intercalation–dein-

tercalation process did not affect the structure of these battery

materials aer the fast charge/discharge rates, conrming their

structural stability.

In an attempt to understand why we observe poorer cycling

performance for the Mn containing phases, we performed total

scattering experiments to probe for the existence of structural

defects or changes in the local structure of these phases as

a function of Mn content. Fig. S9f† shows a highlighted region

from 1 Å to 5 Å from the LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75

and 1) neutron PDF data at room temperature. The peak seen at

1.5 Å originates from the P–O distance, while the range from 2 Å

to 2.7 Å contains contributions from the rst transition metal–

oxygen and Li–O distances. Aer that, the rst metal–P distance

appears at �3.2 Å. Neutron PDF results reveal a change in the

peak at 2.1 Å, which goes from a positive to a negative peak

when doping LiFePO4 with increasing amounts of Mn. This

trend can be explained by the difference of sign in the neutron

scattering length, which are Fe (+9.45), Mn (�3.73), 7Li (�2.49) P

(+5.13) and O (+5.803) (NIST scattering lengths).41 As a result,

negative peaks for Mn–O correlations and positive peaks for Fe–

O and P–O correlations are observed at the corresponding

atom–atom distances.

The neutron PDF data collected for the LiFe1�xMnxPO4

phases was modelled by least-squares renement using PDFgui

over the data range 1 Å to 30 Å. The results of tting the average

structure model obtained from NPD renements to the PDFs

are illustrated in Fig. 5. As seen from the difference curves,

a good t was obtained for the LiFe1�xMnxPO4 data sets in the

r-range from 5 Å to 30 Å, indicating that in this region the

crystallographic model matches well to the experimental PDFs

(Rw values ranging from 0.13 to 0.18). Table S8† shows the

calculated cell parameters for the LiFe1�xMnxPO4 olivines ob-

tained from the renements of neutron PDF data from 1 to 30 Å.

Fig. 4 Rate performance of C/LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75

and 1) olivines coated with 15% wt. C from sucrose and mixed with

carbon black and PTFE in a 60 : 30 : 10 ratio (% weight).
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Changes in the rened lattice parameters with increasing

amounts of Mn in the LiFe1�xMnxPO4 phases follow Vegard's

law (Fig. S10†). These results conrm that substitution of Fe by

Mn increases the unit cell volume.

When we examine model ts to the PDF at r values below 5 Å,

some of the peak intensities in the experimental PDF are not so

well described by the model of the average crystal structure.

This poorer t at low r may suggest that local disorder is

induced by the presence of antisite defects (i.e. Fe2+ at the Li+

sites) or distortions in the MO6 (M ¼ Fe or Mn) octahedra. It is

important to remark that the peak at 2.5 Å, which can be

attributed to one of the oxygen–oxygen distances, is the poorest

described peak in our ts, which may point to distortions in the

MO6 (M¼ Fe or Mn) octahedra. The poor t to this peak is most

pronounced in the LiMnPO4 sample. Considering the possi-

bility of Li/Fe antisite defects, a model allowing the occupancy

of the Li and Fe atoms to be exchanged was applied. The results

suggested that the LiFePO4 phase was the only one which pre-

sented a small amount of Li/Fe antisite defects (�2%). No Mn-

containing phases showed any evidence for the presence of

antisite defects. When the ts were performed allowing some Fe

atoms to reside on Li sites, we again found that �2% Fe atoms

could be located on the Li sites in Li defective LiFePO4.

However, no Fe on Li positions were observed in the Mn con-

taining LiFe1�xMnxPO4 phases. We also did not see any

apparent presence of Mn on the Li sites in the case of LiMnPO4.

Therefore, antisite defects do not explain the mist of the

calculated and measured PDFs in the low-r region. The

possibility of a two-phase model, in which separate nano-

domains of LiFePO4 and LiMnPO4 could be present in the

mixed metal phases, was also ruled out by tting such a model

to the data with no improvement in the t.

In previous investigations carried out by Jensen et al., the

crystal structure and defect chemistry of hydrothermally

synthesized LiFe1�xMnxPO4 particles were characterized by

simultaneous neutron and X-ray Rietveld renement as well as

X-ray and neutron pair distribution function analysis.42 These

results indicated that the fast (from 40min to 7 h) hydrothermal

synthesis of LiFePO4 conducted at 170 �C triggers partial Fe

occupancy and vacancies on the Li (M1) site, while the Fe (M2)

site is always fully occupied by iron. They also found that crys-

talline, defective LixFeyPO4 coexists with amorphous lithium

and iron phosphate structures displaying only short-range

order. With this in mind, our neutron PDF data were tted in

the r-ranges from 1 to 5 Å (Fig. S11†) and from 5 Å to 30 Å

(Fig. S12†) independently, both using the same average

LiFe1�xMnxPO4 structures obtained from NPD. Table S9† shows

the Rw values obtained from neutron PDF ts of single-phase

LiFe1�xMnxPO4 olivines at different r ranges and Table S10†

the scale factors. The resulting ts revealed that in both regions

the crystallographic model matches very well with the experi-

mental PDFs. However, signicant differences in the scale

factors of both r-range modeled datasets were found, with

a larger scale factor observed for the low-r region modelled (for

example in the case of LiFePO4, the low-r region has a scale

factor of 0.76(8) while the high-r region is 0.69(5)). This indi-

cates that we could have some population of short-range

ordered (i.e. amorphous) Li/Fe/Mn–PO4 material coexisting

with large, well crystallized LiFe1�xMnxPO4. Furthermore,

tting just the low-r region between 1 Å and 5 Å with the crys-

talline LiFe1�xMnxPO4 structural models reveals that the local

structure of the amorphous component is very closely related to

the bulk phase. To quantify the amorphous content in this

family of LiFe1�xMnxPO4 olivines, two-phase model rene-

ments from 1 to 30 Å were performed but this time employing

the spdiameter parameter in PDFgui which describes the

particle diameter. In this t, the two phases have the same

structure but the spdiameter parameter in one of the phases is

allowed to rene. In this way, the second phase represents the

amorphous fraction in the material with the spdiameter giving

the coherence length of the atomic structure in the amorphous

phase. These renements suggest that the amorphous phase

has order to about �1–2 nm. Table S11† shows the calculated

scale factors and amorphous contents for the LiFe1�xMnxPO4

olivine phases obtained from these two isostructural phase

renements. The results suggest a slightly higher presence of

amorphous material in LiFe1�xMnxPO4 phases with higher Mn

content (for example 6.7% for LiFePO4 vs. 8.1% for LiMnPO4).

Interestingly, a slight improvement in the t quality was ob-

tained when adding the second phase.

The possible presence of local amorphous material in the

LiFe1�xMnxPO4 series was also investigated by in depth high

resolution (S)TEM analysis, performed on the LiFe0.25Mn0.75PO4

sample. The results in Fig. 6 reveal that most particles are

crystalline with an elongated oval shape (a) and exhibit lattice

Fig. 5 Fits of neutron PDF data obtained for single-phase

LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75 and 1) olivines at room temper-

ature in the r range from 1 Å to 30 Å. Dots represent observed data and

solid line the calculated pattern. The lower line is the difference curve.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 127–137 | 133
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fringes to within less than �1 nm of the particle edge (b). Based

on our microscopy observations, we cannot attribute the

“amorphous” component evidenced from total scattering to

a second population of amorphous nanoparticles present in the

samples. The lighter spots in the high resolution TEM (HRTEM)

image (Fig. 6(b)) suggest the thickness in the particles is not

uniform and the crystal is textured. The HRTEM fringe spacing

in particle regions of a clear single layer is 0.39 nm, consistent

with the (210) plane and electron diffraction measurements can

be indexed to a Pnma crystal structure (Fig. 6(c)), with no signs

of amorphous rings. Dark eld images reveal elongated oval

shaped porous particles with sizes typically 220 nm in width

and over 1.5 mm in length. Pores of approximately 10 nm in size

could be observed (Fig. 6(d)).

To rule out the possibility that these spots are the result of

chemical inhomogeneity, Fig. 7 shows the results of a compo-

sitional analysis of the crystalline LiFe0.25Mn0.75PO4 nano-

particles. Regions of different thickness are visible in the high

angle annular darkeld (HAADF) overview image shown in

Fig. 7(a) as darker spots within the oval particles. The red box in

Fig. 7(a) shows the 10 � 10 nm area scanned during electron

energy loss spectra (EELS) acquisition. The HAADF data

collected simultaneously is shown in the inset of Fig. 7(a) and

was not fully optimised in focus to limit the exposure of the

sample to the potentially damaging electron beam. Neverthe-

less, signicant thickness changes are clearly visible in the

scanned area. Analysis of the recorded spectra aer rebinning

to increase the signal-to-noise was performed to extract the

thickness and elemental composition as a function of position.

For the composition, O K-, Mn L-, and Fe L-edges were analysed

and the relative abundance of each element calculated. The

thickness (t) is expressed in units of mean inelastic free path of

the material (l). The measured mean relative composition of

0.83 O : 0.11 Mn : 0.06 Fe is close to the nominal composition of

0.80 O : 0.15 Mn : 0.05 Fe. The composition normalised to the

mean for each element is plotted against thickness in Fig. 7(b)

and shows there is no signicant correlation of composition

with thickness.

To investigate how the surface area and pore size changes

across this family of LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75 and 1)

olivines, N2 adsorption isotherms at 77 K were measured.

Fig. S13† shows the N2 sorption isotherms for the LiFe1�xMnxPO4

samples and Fig. 8 shows the determined specic surface area

and average pore size from BET analysis, as derived from their N2

sorption isotherms. Pore size distributions calculated using

Quenched Solid Density Functional Theory (QSDFT) revealed

average pore size diameters in the range from 17 to 26 Å for the

ve LiFe1�xMnxPO4 samples. The results indicate a noticeable

increase in the specic surface area with higher Mn contents,

with the LiMnPO4 sample exhibiting the highest surface area

(23.5 m2 g�1) compared to LiFePO4 (6.6 m2 g�1) (see table in

Fig. 8). Increasing the surface area of the particles can lead to

greater opportunities for disorder of the atoms at those surfaces,

due to the potential for greater relaxation in the crystallinity at

the surface. This hypothesis correlates well with our observations

from neutron PDF, which show a greater amorphous component

with increasing Mn content (�6.7% amorphous content for

LiFePO4 with specic surface area of 6.6 m2 g�1 vs. �8.1%

amorphous content for LiMnPO4 with specic surface area of

23.5 m2 g�1). We believe this is due to this increased surface

effect caused by the emergence of porosity in our samples.

To investigate the effects these observations from local

structural analyses and microscopy have on the Li+ diffusion

behaviour which drives the charge/discharge rates in our

materials, we have used muon spin relaxation (m+SR) to probe

the microscopic Li+ diffusion properties in the Mn-containing

samples. As well as being a sensitive probe of magnetic

ordering, m
+SR provides a means of investigating diffusion

processes of species that perturb its environment such as the Li+

diffusion process.43–45 The transport of ions in battery electrodes

is complex; thus the use of such advanced techniques to

provide a deeper understanding of the Li+ dynamics in the

LiFe1�xMnxPO4 nanostructures is essential. Spin polarised

Fig. 6 (a) TEM, (b) HRTEM and (d) DF STEM images of LiFe0.25Mn0.75PO4

showing particle shape, extent of crystallinity and porous appearance. (c)

SAED pattern consistent with Pnma crystal structure.

Fig. 7 (a) Overview HAADF image showing the region from which the

EELS data were collected (red box). Inset HAADF signal collected

during EELS acquisition. (b) Normalised relative composition versus

thickness.
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positive muons were implanted into LiFe1�xMnxPO4 samples

and the data were tted using a dynamic Kubo-Toyabe func-

tion46 which contains two important parameters which provide

information on the Li+ diffusion behaviour: the eld uctuation

rate, n, and the local eld distribution at the muon stopping

site, D. Fig. 9 and S13† show the obtained ts of the raw m
+SR

data for LiFe1�xMnxPO4 (x ¼ 0.25, 0.5 and 0.75) samples

collected at 300 K and at 0, 5, 10 and 20 G. At each temperature,

the zero eld (ZF) and longitudinal eld (LF) spectra of the

LiFe1�xMnxPO4 samples consist of a fast initial relaxation signal

followed by a more slowly relaxing signal. The former trend can

be explained by the muon interactions with the magnetic

moments (H3d
int) of the Fe2+ and Mn2+ ions, while the latter is

caused by the interactions between the muon and the nuclear

magnetic moments elds (HN
int) from

6Li, 7Li, 57Fe, 55Mn and
31P. The applied LF (5, 10 and 20 Gauss) clearly reduces the

relaxation rate of the slowly relaxing signal. It should be noted

that this is the rst such examination of Mn-containing olivines

to be reported. The strong magnetic moment on the Mn2+ ions

typically precludes measurement of Li+ diffusion processes

using this technique due to the strong interaction of the muon

with the magnetic moment, thereby masking any Li+ diffusion

effects. We conrm this behavior by attempting to measure the

pure LiMnPO4 sample and have found that, even at magnetic

elds up to 20 G, the contributions coming from the high

magnetic moment on the Mn2+ cannot be decoupled from the

Li+ diffusion contributions (shown in Fig. S14†). However, we

can decouple these contributions when examining the parent

LiFePO4 doped with sequentially greater Mn2+ concentrations.

From the ts at different temperatures shown in Fig. 9 and

S15,† the temperature dependence of n follows a similar trend

in the three mixed-metal phosphates studied, where a slight

decrease from the lowest measured temperature at 100 K, fol-

lowed by a signicant rise from �190 K to �260 K over the

thermally activated region within which Li+ diffusion can be

probed. The observed decrease in n above 260 K is due to the Li+

diffusion being too fast to bemeasurable by the m+SR technique.

On the other hand, the D values show a trend in which a low-

temperature plateau is followed by a smooth decrease to

a high-temperature plateau. This slight decrease in the D values

over the thermally activation region is due to changes in the

local magnetic eld distribution caused by the Li+ diffusion

process.

Considering that the primary hopping pathway for Li+ ions is

along the b-axis in the olivines, the diffusion coefficient can be

estimated from DLi ¼ b2n/4, where n is the eld uctuation rate

and b is the rened b lattice parameter obtained from Rietveld

renements of the high resolution PND data. Extrapolating the

values to 300 K provides an estimation of the lithium hopping

rate at room temperature. Finally, an Arrhenius plot over the

thermally activated region allows evaluation of the Eact for Li
+

diffusion in these materials. All values are given in Table 2.

These results reveal that theDLi and Eact slightly decrease with

higher Mn content. The values obtained are in agreement with

previous m+SR investigations on a pure olivine LiFePO4 samples

which revealed DLi of�10�10 cm2 s�1 and an energy barrier of Ea
� 100 meV.32,47 Previous investigations of the lithium transport

properties in LiFe1�xMnxPO4 phases using methods such as

potentiodynamic cycling with galvanostatic acceleration, cyclic

voltammetry, electrochemical impedance spectroscopy and

GITT demonstrated a wide diffusion coefficient window ranging

from 10�14 cm2 s�1 to 10�9 cm2 s�1 depending on the

Fig. 8 Specific surface area and average pore size from BET analysis

for LiFe1�xMnxPO4 (x ¼ 0, 0.25, 0.5, 0.75 and 1) powders, as derived

from their N2 sorption isotherms.

Fig. 9 (a) Raw data m
+SR for LiFe0.5Mn0.5PO4 collected at 300 K at ZF

[circles] and LF of 10 G [squares] and 20 G [diamonds]. Temperature

dependence of (b) fluctuation rate (n) and (c) field distribution width (D)

parameters at muon stopping site derived from fitting m
+SR data to

a dynamic Kubo-Toyabe function for the LiFe0.5Mn0.5PO4 sample,

measured from 100 K to 400 K at 0, 10 and 20 G longitudinal fields.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 127–137 | 135
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characterization technique.48 It is clear from these observations

that examination of the lithium diffusion behaviour in battery

materials can exhibit a signicant difference between micro-

scopic and bulk determinations of the lithium diffusion coeffi-

cient. The use of muons provides a truly local probe of the Li+

diffusion properties. Since the muons are implanted within the

sample, surface effects, such as the degree of porosity we observe

here, will not dominate the signal obtained (though it will

certainly contribute). In addition to providing a robust picture of

the Li+ diffusion in these materials, our studies of the LiFe1�x-

MnxPO4 olivines shows that the muon data can be reliably tted

even with the presence of high concentrations of Mn2+,

demonstrating the potential use of this technique for probing

such behaviour in other Mn-containing systems.

Conclusions

We have shown that microwave synthesis is a powerful method

for the preparation of phase-pure LiFe1�xMnxPO4 olivines for

use as positive insertion electrodes in Li-ion batteries. We have

also demonstrated the control that we can have over particle

morphology depending on the Mn-content. Our use of an

extensive set of characterisation techniques, ranging from

traditional lab-based methods to more advanced local

methods, has shed great light on the underpinning structure–

property relationships which govern functionality in these

LiFe1�xMnxPO4 phospho-olivines. Through the use of neutron

diffraction, neutron PDF analysis and m
+SR techniques, the

local structure, cation distribution, presence of defects, Li+

content and Li+ diffusion behavior have been probed in detail.

Electrochemical testing of this series of metal phosphates

revealed that the LiFePO4 sample was the best performing

material among this family of Fe/Mn containing olivines. The

excellent t observed in the neutron PDF renements of this

family of mixed metal phosphates demonstrates that the

synthetic method presented here affords highly crystalline

materials exhibiting less disorder or structural distortions than

similar olivine structures synthesized through a solvothermal

approach. We instead see the effect of increased surface area on

the resulting t. m+SR observations suggest that the DLi and Eact
slightly decreased with higher Mn content in LiFe1�xMnxPO4

and reveal that Mn-containing olivines can be studied reliably

using this method.
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