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Crystalline LiMn2O4 nanoparticles with specific surface areas between 53.9 and 203.4 m2 g�1

(particle size of 25.9–6.9 nm) were produced in a one-step flame spray pyrolysis process by

varying the specific combustion enthalpy. An optimized nano-sized powder retained the highest

galvanostatic discharge capacity of over 80 mAh g�1 beyond 60 cycles at 50 C, a suitable positive

material for high power Li-ion batteries. Due to the increase in specific surface area, nanoparticles

have the advantages of decreased diffusion path lengths and improved charge transfer, however, it

is seen in this work that the lack of crystalline bulk present in LiMn2O4 nanoparticles less than

15 nm in size does not justify the advantages of higher specific surface area between the current

densities of 0.5–50 C.

1. Introduction

Lithium–ion (Li–ion) technology offers the greatest development

potential for electric vehicles and advanced energy storage of clean

electricity, but increased power density is desired for high power

applications.1 Power density can be increased by selecting positive

and negative materials which lead to a higher voltage and also by

increasing overall charge/discharge rates. Selecting LiMn2O4

rather than LiCoO2 as a positive material leads to a higher

electrochemical potential vs. graphite and is also safer and

cheaper.2–5 Replacing the conventional microparticles of the

positive electrode material with nanoparticles significantly

increases the electrode/electrolyte interface area, which improves

overall charge/discharge rates.6 Several methods to produce

LiMn2O4 nanoparticles have therefore been investigated.7–10

One attractive route to synthesize LiMn2O4 nanoparticles is

flame spray pyrolysis (FSP).9 FSP has been used to make

other positive electrode materials for Li–ion batteries such as

LiCoO2
11 and LiV3O8.

12 It is a rapid, efficient, and an

industrially-scalable route to synthesize oxide nanoparticles.

Production rate, flame temperature, flame residence time of

particles can be adjusted to control particle growth and

morphology.13 From a process perspective, FSP is attractive

to produce LiMn2O4 nanoparticles continuously in one single

step9 and can include simultaneously carbon synthesis on the

surface of the LiMn2O4 nanoparticles to improve the

electronic conductivity and, thus, the overall reaction rate.10

Recently, we provided an initial overview of the production

capabilities of LiMn2O4 nanoparticles by FSP,9 however, the

electrochemical performance as a function of particle size was

not presented.

In this work, specific combustion enthalpy was varied to

make LiMn2O4 nanoparticles with specific surface area (SSA)

ranging from 54–203 m2 g�1. The electrochemical behaviours

of the LiMn2O4 nanoparticles are investigated by cyclic

voltammetry. The potential impact of these as-prepared LiMn2O4

nanoparticles on high power Li–ion batteries is investigated

through rate capability experiments.

2. Experimental

The precursor with a Li–Mn ratio of 1 : 2 was prepared by

mixing 30.0 g of Mn(III)-acetylacetonate (Aldrich) and 4.5 g of

Li-acetylacetonate (Aldrich) into 200 mL of 2-ethylhexanoic

acid (Riedel-de Haën) and 100 mL of toluene (Aldrich). The

experimental set-up of FSP is described elsewhere in

literature.14 The as-prepared precursor mixture was injected

by a syringe pump into the nozzle at a constant feed rate of

3–9 mL min�1 as described elsewhere.15 The precursor

solution was dispersed by 1–7 L min�1 of oxygen to form a

fine spray while a pressure drop of 1.5 bar was maintained

across the nozzle tip. For one production batch, a sheath gas

of 10 L min�1 of oxygen was used. The variation of both

precursor injection rate and the oxygen dispersion gas

influenced the precursor droplet size, specific combustion

enthalpy, and flame length. The spray was ignited by a support

flame created by 1 L min�1 of methane and 2 L min�1 of

oxygen. The spray flame nozzle was cooled by water to prevent

overheating and precursor evaporation within the liquid

feed lines.

In this work, the specific combustion enthalpy (SCE,

kJ Ldisp
�1) is defined as the combustion enthalpy of the

liquid precursor injection rate in kJ min�1 divided by the O2

dispersion rate in L min�1.13 The SCE is the most important

parameter influencing the particle size, however, additional

parameters must be kept constant as for example the molar

metal concentration in the precursor.16

Particles were collected on a glass-fiber filter (GF/D

Whatman, 257 mm in diameter) placed directly over the flame
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CH-5232, Villigen PSI, Switzerland. E-mail: petr.novak@psi.ch;
Fax: +41 56 310 4415; Tel: +41 56 310 2457
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using a vacuum pump (Busch, Seco SV 1025). Adsorbed water

was removed from the powders at 150 1C in flowing nitrogen

for 90 min at atmospheric pressure before specific surface

area (SSA) measurements determined by five-point nitrogen

adsorption isotherm at 77 K (Tristar, Micrometrics Instruments

Corp.) according to the BET method.17 The X-ray diffraction

(XRD) measurements were performed using a Bruker AXS D8

Advance (40 kV, 40 mA) and analyzed with the Topas 3

software. The XRD measurement was performed at a

continuous scan between 2y angles of 10 and 701 at a scan

rate of 0.031 min�1. The crystal sizes, dXRD, were calculated

based on the fundamental parameter approach and the

Rietveld method.18

The same precursor batch was used and flame conditions

were varied to make a range of LiMn2O4 powders (LMO):

LMO-3/7, LMO-5/5, LMO-6/4, LMO-7/3, LMO-8/2 and

LMO-9/1. For these powder names, the first number refers

to the precursor injection rate (mL min�1) and the second to

the oxygen dispersion rate (mL L�1). The powder made with

an oxygen sheath gas of 10 L min�1 during synthesis is referred

to as LMO-6/4/10. All powders were prepared in a single step

and analyzed as prepared. A commercial LiMn2O4 powder

(Sigma-Aldrich) was also studied in this work.

Electrodes were made from the flame-produced LiMn2O4

nanoparticles, Super P (commercial carbon black, TIMCAL

SA, SSA = 62 m2 g�1), and polyvinylidene fluoride (PVDF;

SOLEF 1015, Solvay) with a mass ratio of 7 : 2 : 1, respectively.

Each batch of LiMn2O4 nanoparticles was mixed with the

Super P in N-methylpyrrolidinone (NMP; Fluka) solvent and

then subsequently with PVDF dissolved in NMP to form a

viscous slurry. The slurries were spread at a thickness of 200 mm
across aluminum foil and dried under vacuum at 110 1C

overnight to remove the NMP and form a working electrode.

Working electrodes 13 mm in diameter were dried in a

vacuum chamber at 120 1C overnight and then assembled in

cells similar to coin cells.19 In each cell, a single piece of lithium

metal (Aldrich, 99.9%) was used simultaneously as counter

and reference electrode. It was separated from the working

electrode by a 1 mm thick fiberglass separator soaked in

500 mL of electrolyte [1 M LiPF6 in ethylene carbonate

(EC)/dimethyl carbonate (DMC) (1 : 1 by mass), Ferro

GmbH]. Cells were assembled in an argon-filled glove box

with less than 1 ppm of oxygen, water, and nitrogen contents.

Both cyclic voltammetry (CV) and rate capability experiments

were performed at 25 1C by a computer-controlled cell capture

(CCCC) system (Astrol Electronics AG, Oberrohrdorf,

Switzerland) in a potential window of 3.5–4.5 V vs. Li/Li+; the

CV at a potential scan rate of 0.1 mV s�1. For the rate capability

experiments, the electrodes were cycled galvanostatically in the

range of 3.5–4.3 V vs. Li/Li+ for varying specific currents

proportional to the mass of LiMn2O4. In order to promote

complete discharge/charge at the respective potential limits, a

potentiostatic step was included until the specific current dropped

to 60 mA g�1.

3. Results and discussion

The powders LMO-3/7 to LMO-8/2 were made by FSP with

increasing SCE from 17.1–159.2 kJ Ldisp
�1. The visible flame

lengths increased from 7–30 cm, respectively. In the XRD

patterns of Fig. 1, phase pure crystalline LiMn2O4 are seen for

LMO-3/7 to LMO-7/3. LMO-8/2 (Fig. 1e) has about 10 wt%

Mn3O4 and demonstrates the challenges of making pure

crystalline LiMn2O4 at higher SCEs using this experimental

set-up. The 9/1-flame was the SCE limit using this lab-scale

reactor. The flame had a visible length of about 40 cm and a

SCE of 358.2 kJ Ldisp
�1. LMO-9/1 is composed of 37 wt%

LiMn2O4, 38 wt% Mn3O4, and 25 wt% Li2MnO3, based on

analysis of the XRD pattern (Fig. 1f). These impurities were

formed during oxygen lean synthesis conditions and fast

quenching promoting the formation of metastable oxides.

Because of the low powder yield, no SSA and electrochemical

measurements of LMO-9/1 were taken.

The crystallite size (dXRD) and particle size (dBET) are plotted

vs. SCE in Fig. 2. The particle size increases with increasing

SCE, reaching a maximum at 25.9 nm for LMO-8/2. In our

previous work, the SSA of LiMn2O4 made by FSP were

between 65 and 200 m2 g�1 by varying the precursor feed rate,

gas dispersion rate, and precursor molar concentration.9 In this

current work, the SCE is varied between 159.2 and 17.1 kJ Ldisp
�1

to produce LiMn2O4 powders with SSA between 53.9 and

203.4 m2 g�1 and dBET between 25.9 to 6.9 nm, respectively.

The dBET values were calculated assuming a particle density of

4.3 g cm�3. For LMO-8/2, dBET was notably higher than dXRD

(25.9 and 18.5 nm , respectively), suggesting this powder

mixture is polycrystalline. Otherwise, the close agreement

between dXRD and dBET indicates that single, non-aggregated,

crystalline, pure LiMn2O4 nanoparticles can be produced with

sizes between 6.9 and 19.4 nm by controlling SCE during flame

synthesis.

Powders LMO-3/7 to LMO-8/2 were prepared into electro-

des and the galvanostatic charge and discharge capacities

(specific charge) measured. The average galvanostatic charge

capacities of the first 5 cycles at a 0.5 C cycling rate (74 mA g�1)

of these electrodes are plotted in Fig. 2 against the SCE of

the synthesis flames. LMO-6/4 made at 55 kJ Ldisp
�1 had the

highest charge capacity of these results and represents the

charge-capacity-optimized powder given the precursor

Fig. 1 XRD of LiMn2O4 powders: (a) LMO-3/7, (b) LMO-5/5,

(c) LMO-6/4, (d) LMO-7/3, (e) LMO-8/2, (f) LMO-9/1, (g) LMO-6/4/10,

and (h) commercial microparticles (Sigma–Aldrich). * indicates the

presence of Mn3O4.
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composition and the SCE points. The impurity phase Mn3O4 in

the powder LMO-8/2 is a contribution to its lower mass specific

charge capacity. The smallest LiMn2O4 nanoparticles

produced, LMO-3/7, had the lowest charge capacity of the

materials tested. The measurements of LMO-3/7 in Fig. 2 were

conducted at a low C-rate of 0.5 (74 mA g�1), so the cause of

the lower capacity is not poor electrical contact within the

electrode, as this extrinsic property is only detrimental to

galvanostatic charge capacity at high C-rates.20 Consideration

of the physical nature of nanoparticles leads to a better

explanation. As nanoparticle diameter decreases below 20 nm,

the fraction of molecules at the surface sharply increases: for

model nanoparticles 20, 10, and 5 nm in diameter, the percen-

tage of molecules at surface are 12, 25, and 50%, respectively.21

The cause for the lower charge capacity is probably due to an

increase in surface reactions corresponding with a decrease in

bulk reactions. Lithium insertion to (i.e., the reaction with)

surface sites are known to occur at various redox potentials, as

recently shown for LiFePO4, where the calculated redox

potentials for different surfaces range from 2.95–3.84 V,

compared to the calculated potential of 3.55 V for the bulk.22

Therefore, the electrochemical potentials for lithium incorpora-

tion into surface vacancy sites are different than lithium

incorporation into bulk vacancy sites. As nanoparticles

decrease below 20 nm, the fraction of surface sites increases

and the fraction of bulk sites decreases. Surface molecules may

possess a smaller density of lithium vacancy sites, leading to a

decrease in charge capacity as seen with TiO2 nanoparticles

smaller than 10 nm and also with LiCoO2 nanoparticles smaller

than 15 nm.23,24 Therefore, the decrease in specific charge and

discharge capacities of the LiMn2O4 nanoparticles below dXRD

of 15 nm is attributed to the decrease in the fraction of lithium

vacancy sites in the bulk.

To investigate the above hypothesis, electrochemical beha-

viour was studied using cyclic voltammograms (CVs). The

CVs of the LMO-6/4 and LMO-3/7 electrodes are illustrated

in Fig. 3a and b, respectively. The oxidative peaks in the 1st

cycle are at 4.04 and 4.17 V and the reductive peaks at 3.95 and

4.07 V, which are consistent with literature9,25,26 and also the

same position as the CV of the commercial microparticles

(Fig. 3d). These CVs are similar in peak position, but are

different in shape: the peaks are better defined in Fig. 3a

(dXRD = 15.0 nm) than in Fig. 3b (dXRD = 6.8 nm). The

profile differences are illustrated in Fig. 4, where % normalized

capacity stored in regions 3.5–3.9 V and 4.2–4.5 V increases as

dXRD decreases. LMO-3/7 (dXRD = 6.8 nm) has a higher

% normalized capacity in these potential ranges than the

larger LMO-6/4 nanoparticles (dXRD = 15.0 nm). Lithium

incorporation into surface vacancy sites occurs over a range of

electrochemical potentials, as seen in LiFePO4.
22 The

number of surface vacancy sites per unit mass is greater for

LMO-3/7 (SSA = 203.4 m2 g�1) than for LMO-6/4

(SSA = 110.7 m2 g�1). The surface and bulk redox potentials

all contribute to the CVs in Fig. 3, but the contribution of

surface redox potentials is most apparent in the CV of the

smaller LiMn2O4 nanoparticles (Fig. 3b). The lower charge

capacity of LMO-3/7 (Table 1 and Fig. 2) is likely due to a

decrease of charge storage at the bulk redox potentials

measured by the CV experiments.

In a variation of synthesis conditions, a 10 L min�1 of

oxygen sheath gas was used during production with a

6/4-flame to make the powder LMO-6/4/10. The oxygen

sheath gas is expected to increase the quench rate of the

nanoparticles as has been seen in literature.27 The 6/4/10-flame

was 15 cm in length, the same visible length as the 6/4-flame.

With SSA, dBET, and dXRD of 97.8 m2 g�1, 14.3 nm, and

16.6 nm, respectively, LMO-6/4/10 is composed of single,

crystalline particles about 10% larger (dXRD) than LMO-6/4.

There are no detectable differences in the XRD pattern for

powders produced with and without sheath gas (Fig. 1c and g)

and therefore the powders have similar bulk crystallinity. Yet,

analysis of the CVs of LMO-6/4 and LMO-6/4/10 in the 1st

cycle (Fig. 3a and c) suggests there could be some structural

difference. For the CV of LMO-6/4/10, there are 3 oxidative

peaks at 4.07, 4.17, and 4.24 V and 3 reductive peaks at 3.84,

3.96, and 4.08 V. The 3rd peaks seen in the CV of LMO-6/4/10

are not seen in the 5th and 20th cycle. The electrochemical

over potentials in the 1st cycle indicate that there is a kinetic

barrier to lithium extraction/insertion from/into the spinel

structures in the bulk of LMO-6/4/10. In the 1st cycle, the

surface of LMO-6/4/10 limits lithium transport to the lithium

vacancy sites in the bulk. We suggest that the surface

structures of LMO-6/4/10 are initially less crystalline or

defective or both due to quenching by the O2 sheath gas

during synthesis. In the 5th and 20th cycle, the CVs of

LMO-6/4/10 and LMO-6/4 resemble each other, suggesting that

the surface of LMO-6/4/10 has become thermodynamically

stable. In Fig. 4, the plot of lithium extraction from LMO-6/4/10

closely resembles that of LMO-6/4 in the potential regions

negative to 3.9 V and also positive to 4.3 V. In the 3.9–4.3 V

region, there is little distinction between the two plateaus of

the plot of LMO-6/4/10 and LMO-6/4. This is an indication

that a portion of the LMO-6/4/10 material is not fully crystalline,28

even though the bulk of the nanoparticles are (Fig. 1g).

Synthesis by FSP produces oxides in one-step because of the

high temperatures (42000 1C) and rapid cooling, as has

been measured by Fourier transform infrared spectroscopy

during the synthesis of Pt/TiO2.
27 Use of the O2 sheath gas in

Fig. 2 Particle diameter and charge capacity (specific charge) as a

function of specific combustion enthalpy. Charge capacity is calculated

from the average of the first 5 galvanostatic cycles. Above the data

points the corresponding precursor injection rate (mL L�1)/oxygen

dispersion rate (L min�1) is indicated.
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the 6/4/10-flame increased the quenching rate, likely cooling

the material more rapidly than for the 6/4-flame, creating

surface structures less crystalline or more defective than the

bulk. Although the SCE is by definition the same for both the

6/4- and the 6/4/10-flame, the difference in electrochemistry of

the resulting powders is an indication of the difference in

synthesis conditions. The distribution of enthalpy throughout

the flame likely led to the variation in size and crystallinity.

High resolution TEM investigations of LMO-6/4 and LMO-6/4/10

could provide visual evidence of the difference in surface

structures and are planned for upcoming investigations.

Rate capability experiments of selected as-made LiMn2O4

nanoparticles are seen in Fig. 5. LMO-6/4/10 (dXRD = 16.6 nm)

has the highest capacity between 0.5 and 10 C, indicating that the

non-thermodynamically stable surface structures are not necessa-

rily a detrimental factor to charge and discharge capacity, so long

as there is a sufficient amount of crystalline bulk. At 20 C,

LMO-6/4 (dXRD = 15.0 nm) has the higher specific charge

capacity, likely because of the smaller size which leads to improved

charge transfer and smaller diffusion path lengths to active sites.

The powder LMO-6/4 retained a galvanostatic discharge capacity

at 50 C over 80 mAh g�1 beyond 60 cycles. In combination with

the co-synthesis of carbon black, flame-produced LiMn2O4 nano-

particles could be a potential replacement to supercapacitors in

high power applications.10 The trend of higher SSA leading to

improved charge/discharge capacity does not continue within

the range of current densities tested. Although smaller in size,

LMO-5/5 (dXRD = 12.9 nm) and LMO-3/7 (dXRD = 6.8 nm)

have lower charge and discharge capacities. This trend is also seen

in the work of Okubo et al.: a range of LiCoO2 nanoparticles were

tested and it was concluded that size reduction below 15 nm was

not favorable for most applications.24 For the LiMn2O4 nano-

particles tested in our work, dXRD of 15 nm seems to be an

appropriate, approximate limit, below which electrochemical per-

formance is less favourable. LiMn2O4 nanoparticles less than

15 nm are attractive for the improved diffusion and charge transfer

Fig. 3 Cyclic voltammograms of LiMn2O4 powders in the 1st, 5th, and 20th cycle at 0.1 mV s�1.

Fig. 4 Voltammetric charging (delithiation) at 0.1 mV s�1 of

LiMn2O4 samples. These plots are based on the 1st charge of the

cyclic voltammograms presented in Fig. 3. Normalized capacity is the

capacity expressed as a % of the total capacity.
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properties, but the smaller fraction of lithium vacancy sites in the

crystalline bulk decreases charge capacity for electrochemical

energy storage.

4. Conclusions

In this work, production of LiMn2O4 by FSP in a single step is

demonstrated to be a route to control nanoparticle size by

control of specific combustion enthalpy. FSP can be used for

rational design of single LiMn2O4 nanoparticles for high

power Li–ion batteries. The electrochemical performances of

flame-made particles between 7 and 25 nm were measured. The

powder with optimized dXRD of 15 nm retained a galvanostatic

discharge capacity at 50 C of over 80 mAh g�1 beyond 60

cycles. Furthermore, enthalpy distribution throughout the

flame was modified by an oxygen sheath gas during synthesis.

This modification had a direct impact on modifying the

surface structure as measured by cyclic voltammetry. For the

best rate capability performance, crystalline LiMn2O4 nano-

particles with dXRD greater than 15 nm are essential. Smaller

sizes lack crystalline bulk and the advantages of improved

charge transfer and smaller diffusion path lengths do not

improve performance for specific currents between 0.5

and 50 C.
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10 T. J. Patey, R. Büchel, S. H. Ng, F. Krumeich, S. E. Pratsinis and
P. Novák, J. Power Sources, 2009, DOI: 10.1016/j.jpowsour.
2008.10.002.

Table 1 Summary of material properties and specific charge/discharge capacities of as-prepared powders. Specific charge/discharge capacities are
calculated from the average of the first 5 galvanostatic cycles

Sample
BET SSA
m2 g�1

dBET
nm

dXRD

nm
Specific enthalpy
kJ Ldisp

�1
Specific charge capacity
Ah kg�1

Specific discharge capacity
Ah kg�1

LMO-3/7 203.4 6.9 6.8 17.1 84.9 80.4
LMO-5/5 114.5 12.2 12.9 39.8 98.8 94.6
LMO-6/4 110.8 12.6 15.0 59.7 106.3 102.4
LMO-7/3 71.8 19.4 17.2 92.9 102.7 96.1
LMO-8/2 53.9 25.9 18.5 159.2 90.2 86.4
LMO-6/4/10d 97.8 14.3 16.6 59.7 113.3 107.2

a BET equivalent particle diameter, dBET = 6(r*SSA)�1. b Enthalpy of liquid in kJ min�1 divided by dispersion gas flow rate in

Ldisp min�1. c Average of first 5 cycles at 0.5 C. d A O2 sheath gas of 10 L min�1 used during production.

Fig. 5 Galvanostatic lithium–ion extraction (charge, a) and insertion

(discharge, b) capacities for electrodes with the FSP-produced

LiMn2O4 nanoparticles at increasing C-rates with cut-off potentials

of 3.5 and 4.3 V vs. Li/Li+. Here 1 C is set to 148 A kg�1. C-rates and

capacities are based on the mass of LiMn2O4 in the electrode. Only the

galvanostatic part of the respective cycle is considered here.

3760 | Phys. Chem. Chem. Phys., 2009, 11, 3756–3761 This journal is �c the Owner Societies 2009

D
ow

nl
oa

de
d 

by
 N

A
G

O
Y

A
 K

O
G

Y
O

 D
A

IG
A

K
U

 o
n 

18
 N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

00
9 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
82

15
72

N

View Online

http://dx.doi.org/10.1039/B821572N


11 H. D. Jang, C. M. Seong, Y. J. Suh, H. C. Kim and C. K. Lee,
Aerosol Sci. Technol., 2004, 38, 1027–1032.

12 T. J. Patey, S. H. Ng, R. Buechel, N. Tran, F. Krumeich, J. Wang,
H. K. Liu and P. Novák, Electrochem. Solid-State Lett., 2008, 11,
A47–A50.

13 A. Camenzind, R. Strobel and S. E. Pratsinis, Chem. Phys. Lett.,
2005, 415, 193–197.
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