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Metal ion loaded Nafion membranes were used as starting materials in an in situ oxidation and precipitation
process within the polymer membrane. The products achieved via this synthesis route were different amorphous
and crystalline metal oxides like LiCoO, and Mn;0, incorporated in the membrane either as a thin layer (skin)
or throughout the whole membrane via a two way diffusion process. X-Ray diffraction and Raman
spectroscopy were used for the characterisation of the incorporated species and the Nafion membrane.
Crystalline phases could be identified using X-ray diffraction and Raman measurements were used to identify

the amorphous precipitates.

1 Introduction

Many modern/potential future energy devices such as the
Polymer Electrolyte Fuel Cell (PEFC), the Lithium Polymer
Battery (LPB), smart windows and solar cells and also catalysts
often include a thin film polymer as the electrolyte. In addition,
different types of metal oxides can be used in all of the above
applications either as intercalation hosts or as catalysing
species.

Incorporation of the metal oxides into a polymer could
increase the performance, e.g. by allowing more flexible
mechanical handling and by creating a very intimate contact
between electrolyte and metal oxide. The perfluorosulfonic
ionomer Nafion from DuPont is well suited for applications
such as this due to its microstructure of 40 A inverted micelles
that can take up water and in which the sulfonate groups
(terminating the long pendant ether sidechains of the polymer)
can act as ijon-exchange sites.'” Several studies of oxides
incorporated into the Nafion membrane have been made over
the last fifteen years, for example, Fe-oxide,>® Pb-oxide,” Ru-
oxide,'*!? Ti-oxide,!*'® U-oxide!? and W-oxide."’ Many
different oxides have thus been incorporated into Nafion, but
so far none of the layered cathode materials used in state of the
art rechargeable lithium ion and lithium polymer batteries have
been tried.

The anode of such batteries is usually made from graphite or
coke where lithium ions can be intercalated and the cathode is
made from lithium insertion compounds like LiMn,0O,4 and
LiC00,.*° Normally these two components are produced
separately and then combined with the electrolyte to form the
battery system. We thought that it should be possible to
improve the final product by incorporating at least the
transition metal oxide based cathode in the polymer membrane
and thus create a very intimate contact at the molecular level
between the electrolyte and the cathode. This could constitute
the first step towards an all polymer battery. Clearly, in an
actual battery cell or fuel cell the electrodes must also be
electronic conductors. This could be accomplished, for
example, by preconditioning the polymer membrane by
including carbon black in a surface layer of the film, before
incorporation of the appropriate metal oxide. Furthermore, in
a battery application water cannot be tolerated in the
membrane and must be replaced by a suitable organic solvent.

The incorporation of manganese oxide into a Nafion
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membrane has been achieved in two earlier studies, in both
cases reporting an amorphous manganese oxide that could not
be identified or characterised more fully.???> In these
composite materials the oxide particles are separated by the
polymer matrix and hence the accessible surface area of the
oxide is increased compared to bulk oxides. Since Nafion is well
characterised and has good thermal and chemical stability we
decided to use this polymer as a model system.

In our study, the aim was to incorporate oxides into the
polymer membrane Nafion. Since cobalt and manganese are
introduced in the membrane by ion exchange with a divalent
cobalt or manganese salt, incorporation of LiCoO, or
LiMn,0, also requires an oxidation step. Depending on the
method of oxidation, a series of different Co- and Mn-
compounds can be formed besides LiCoO, and LiMn,0,, and
in the present study we also investigate the conditions for
formation of the various oxides.

Amorphous and crystalline particles were incorporated close
to the surface within the membrane. X-Ray diffraction and
Raman spectroscopy were used for the characterisation of the
incorporated species and the Nafion membrane. Crystalline
phases could be identified using X-ray diffraction. Raman
measurements were used when identifying the phases of both
amorphous and crystalline precipitates.

2 Experimental

The transparent 170 pm thick polymer Nafion 117 (DuPont)
was boiled for 1 h in 10% H,0,, H,0, 0.2 M H,SO, and finally
H,O again to clean it and load it with hydrogen so that the
Nafion-H form of the membrane was achieved. The Nafion-H
membrane was cut into 2 x 2 cm pieces, a suitable size for the
techniques used in this investigation. The membrane pieces
were then ion-exchanged either in a 0.2 M MCl, or in a mixed
0.2 M MCI,-0.2 M LiCl solution (where M is Mn or Co) for at
least 24 hours prior to oxidation and precipitation. These ion
exchange processes yielded metal ion loaded membranes,
Nafion-M or Nafion-Li-M. Before the oxidation step each
metal ion loaded Nafion membrane was thoroughly washed
with deionized water to make certain that all metal ions
corresponded stoichiometrically to the polymer sulfonate
groups and that they were not solubilised in the water present
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Table 1 Synthetic routes for incorporation of manganese containing precipitates into Nafion 117 membranes

Method Starting material Base Oxidising agent

Temperature Time Precipitate

1A Nafion-Mn 0.5M NaOH (1 h) 0.2M K,S,05 added (1h) 25°C 2h Black MnO, Mn;04

1B Nafion—-Mn 0.5M NaOH (0 h) Oxygen gas bubbled (1 h) 25°C 1h Black MnO; Mn;04

1C Nafion-Mn 2.5M NaOH Oxygen in solution 25°C 24 h Black MnO, Mn;04

ID Nafion-Mn 0.5M NaOH (1 h) 0.2M K,S,05 added (1h) 70°C 2h Black MnO, Mn;04

1E Nafion-H 0.5M NaOH Oxygen in solution 25°C 24 h Brown (OH) Black (Mn) Mn;O4 MnO,
IF Nafion-Li-Mn 0.5 M LiOH Oxygen in solution 220°C 24 h Brown Mn;0,4

1G Nafion-Li-Mn 0.5M LiOH Oxygen in solution 180°C 110 days Greyish brown Li,Mn,04

IH Nafion-Li-Mn  2.5M LiOH Oxygen in solution 180°C 7 days Greyish brown Li,Mn,04

11 Nafion-Mn 2.5M LiOH Oxygen in solution 180°C 7 days Greyish brown

1J Nafion-Mn;0, 2.5M LiOH — 180°C 7 days Greyish brown Li,Mn,04

Table 2 Synthetic routes for incorporation of cobalt containing precipitates into Nafion 117 membranes

Method Starting material Base Oxidizing agent Temperature Time Precipitate (size)

2A Nafion—-Co 0.5 M NaOH Oxygen in solution 25, 50, 100, 150, 200 °C 24 h HCo00, Co0504

2B Nafion-Co 0.5 M NaOH 0.2 M K,S,054 70°C 30 min HCo0O; (5 nm)

2C Nafion-Li-Co 0.5M LiOH Oxygen in solution 180°C 7 days Co0304 (8 nm)

2D Nafion-Li-Co 2.5M LiOH Oxygen in solution 180°C 7 days LiCoO, (15 nm)

2E Nafion—Co0304 from 2C 2.5M LiOH Oxygen in solution 180°C 7 days Co504 LiCoO; (8 nm)
2F Nafion-HCoO, from 2B 2.5M LiOH Oxygen in solution 180°C 7 days LiCoO, (10 nm)

2G Nafion-HCoO, from 2A 2.5M LiOH Oxygen in solution 180°C 7 days LiCoO, (5-10 nm)

in the membrane. The metal oxide loaded membranes will also
be referred to as for example Nafion-LiCoO,.

Various methods for the oxidation of Mn and Co in the
Nafion membranes are presented in Tables 1 and 2. The metal
ion loaded membranes were treated differently with respect to
temperature, time and alkaline concentration. These methods
generally yielded a skin-like precipitation within the mem-
brane.? In method 1E the hydrogen loaded membrane was used
as a separator between two chambers filled with an Mn>™"
solution and a NaOH solution, respectively. This prevents skin
formation and a precipitate is obtained through the entire
cross-section of the membrane. Experiments at 180 °C have
been performed in a hydrothermal bomb with a Teflon interior.

Raman spectra were recorded at room temperature on a
Renishaw 2000 micro Raman system equipped with a 25 mW
780 nm diode laser and a 20 mW 514 nm argon ion laser.
Spectra were carefully recorded at low laser power to ensure
that no phase transition would occur in the oxide and to
prevent the polymer from being burnt. The influence of varying
the laser power was monitored to see at what power the phase
transitions started for the x 50 microscope objective.

When examining the cross-section of a membrane it was first
cut into two halves perpendicular to its surface. The membrane
was placed between two microscope slides using double-sided
tape. This assembly was polished on a rotating disc using the
finest polishing paper with cooling water supplied.

The X-ray diffractograms were recorded on a Siemens
D5000 diffractometer with Cu-Ka radiation. Profile analysis
on the X-ray peaks was performed using the Scherrer
formula.?

3 Results and discussion
3.1 The Nafion membrane

The Raman spectrum of a Nafion membrane contains a region
between 700 and 400 cm™! without any significant bands,
Fig. 1, bottom spectrum. This is very fortunate in the study of
transition metal oxide loaded membranes since their Raman
active bands usually occur in this region. The strongest Nafion
band at 730 cm™ ' has been assigned earlier as a stretching
mode of the CF, groups in the perfluorinated polymer
backbone.>* The X-ray diffractograms of the Nafion mem-
brane contain two broad peaks at 20=17° and 40°, indicative
of a totally amorphous polymer, Fig. 2, bottom diffractogram.
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The structure of the Nafion membrane itself has been
thoroughly investigated in earlier work using techniques such
as Maossbauer spectroscopy,®’ Fourier Transform Infrared
(FTIR) spectroscopy’* =" and Small Angle X-ray Scattering
(SAXS).!!

3.2 Raman laser power

In order to see how sensitive the samples were to laser heating,
spectra of one of the samples (from method 1A, ¢f. Tables 1
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Fig. 1 From bottom to top: Raman spectra of an empty Nafion
membrane and the manganese loaded membranes obtained from
methods 1A, 1B, 1C and 1D.
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Fig. 2 From bottom to top: X-ray diffractogram of an empty Nafion

membrane and the manganese loaded membranes obtained from
methods 1A, 1B, 1C and 1D.
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Fig. 3 Raman spectra where different laser powers are used, showing
the phase transition of the manganese oxide in the membrane obtained
from method 1A: (a) 0.05 mW, (b) 0.5 mW, (c) 1 mW, (d) 2 mW, (e)
4mW.

and Fig. 3) were measured at different laser powers. In these
measurements the influence of laser power on the membranes
was investigated with the 25 mW red diode laser and the x 50
objective. The 25 mW laser is reduced to ~5 mW when the
power is measured at the sample. In addition, the power of the
laser could be decreased to 1%-50% of this value, i.e. 0.05-
2.5 mW. At low laser power where the laser signal is reduced to
1% (0.05 mW) and 10% (0.5 mW) at the sample the bands are
located at 636 cm™ ! and 578 cm ™! and at higher power the
band at 636cm ™! is shifted to higher wavenumbers. The
results, shown in Fig. 3, indicates that a phase transition or
some ordering/disordering in the sample occurs under the laser.
It has been stated earlier that fine powders in particular are
sensitive to treatments like this. This is consistent with the
observed sensitivity of the fine particle precipitation in our
membrane.*

3.3 Crystallite sizes

The crystallite sizes of the Mn;04 formed in methods 1D and
1F could be estimated using both the X-ray diffractograms and
the Raman spectra. The use of the Raman spectra for this
purpose is based on a recent study investigating how the
position and broadening of the Mn;O, Raman band at
~650 cm ™! can give a size estimate for the crystallites in an
Mn;0, sample.*® The authors of that study observed that the
typical bulk Mn;O,4 band at 660 cm ™! is broadened and shifted
to lower wavenumbers as the crystallites become smaller. For
crystallite sizes ranging from > 50 to 20 nm the band position
was found to change from 660 to 620 cm™'. According to the
authors,*® the underlying reason for this behaviour is outlined
in the Phonon confinement model: In an ideal infinite crystal,
only phonons with ¢~0, i.e. near the centre of the Brillouin
zone, contribute to the Raman spectrum due to the momentum
conservation between phonons and incident light, and hence
the Raman peaks in a crystalline sample are sharp. However,
for real and finite crystals, e.g. nanoparticles, defects and
crystal boundaries will confine phonons in space. The result is
an uncertainty in the phonon momentum, and phonons with
q#0 can contribute to the Raman spectrum, ie. the Raman
bands are broadened and shifted, as the particles become
smaller. This effect is larger for smaller grain sizes.** The X-ray
peaks in our study were analysed with normal profile analysis
using the Scherrer formula. If the X-ray diffractograms are
studied more in depth it can be seen that the two amorphous
features in the pure Nafion diffractogram change when the
membrane is loaded with an oxide. This is probably caused by
broad peaks from the small particle phases of the oxides
precipitated within the membrane since it seems unlikely that
the oxides would induce alterations in the polymer itself.

3.4 Manganese loaded membranes

3.4.1 General. A large number of manganese oxide phases
exist, some of which also occur as minerals. Some examples are:
B-MnO, (pyrolusite, a tetragonal rutile structure where MnOg
octahedra share two edges), a-MnO, (ramsdellite, an ortho-
rhombic structure where MnOg octahedra share two edges), v-
MnO, (msutite, a mixture of ramsdellite and pyrolusite),
Mn, 03 (bixbyite, cubic), a-MnOOH (groutite, orthorhombic),
v-MnOOH (manganite, monoclinic), Mn;O, (hausmannite,
distorted spinel).

Investigations of manganese oxide phases using Raman
spectroscopy are numerous.>>**3¢ The analysis of the valency
of the manganese ion is, however, very complex and the
interpretation of the Raman spectra is not easy. In addition,
many of the oxides undergo a phase transition when irradiated
even by quite a low laser power. Therefore, care must be taken
to avoid these phase transitions by using a low laser power, ca.
0.4-0.5mW at the sample through a x50 microscope
objective.

In earlier Raman studies of manganese oxides a 514 nm
argon ion laser has usually been employed as the excitation
source. However, using this type of laser produced a very poor
Raman spectrum for the oxide/polymer systems in the present
study and instead a 780 nm diode laser was chosen with
excellent results.

In Fig. 1 the low laser power Raman spectra of samples
obtained by methods 1A—1D are shown together with the pure
Nafion-H membrane. Diffractograms of these samples are
shown in Fig. 2.

The phases in samples obtained by methods 1A—1D are not
easily identified. The diffractograms of samples obtained by
methods 1A, 1B and 1C in Fig. 2 contain no sharp diffraction
peaks but only the two broad and slightly modified features of
the non-loaded membrane. All membranes are opaque and
black so some material must be incorporated in all membranes.
We also note that the high 0 region in the diffractograms is
broader relative to the low 6 region than is the case for the
empty membrane. However, the absence of sharp diffraction
peaks implies that the incorporated material is amorphous or
that the particles are very small. Attempts to subtract the X-ray
diffractogram of an empty Nafion membrane from the loaded
membranes were unsuccessful. In samples prepared by method
1D sharp diffraction peaks appear making it possible to
identify that crystalline phase by diffraction whereas for
samples obtained by methods 1A, 1B and 1C Raman
spectroscopy is of more help.

3.4.2 MnO, and Mn30y,. In an extensive study Bernard et
al**3° found that the mineral hausmannite has a distinct
feature at 651 cm ™! (s=strong) and two minor features at 365
and 315cm™'. In MnO, (ramsdellite and pyrolusite) samples
they attributed bands at 650 (s), 576 (s) and 523 cm™! (s) to
typical vibrational modes for stoichiometric MnO,. Another
study reports that synthetic MnO,, International Common
Sample (ICS) no. 12, has Raman features at 410, 480, 520, 580,
640 cm ™ !.%® In that study the 580 cm™! band was assigned to
an Mn-O stretching vibration. The band at 578 cm ™! observed
in the present study is thus typical for Mn(1v) oxides.

For methods 1A-1C there are no sharp diffraction peaks in
contrast to the sharp diffraction peaks of the brown/black
precipitate in method 1D making the latter diffractogram
considerably more informative (Fig. 2). The data from method
1D can be successfully matched to the diffraction peaks of the
Mn;0,4 mineral hausmannite, which has a distorted spinel
structure with tetragonal symmetry, space group 4" A
profile analysis using the Scherrer formula on the crystalline
peaks in method 1D results in a size estimate for the
incorporated Mn;0, particles of ~ 15-20 nm.

The Raman spectra of the samples from methods 1C and 1D
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are shown in Fig. 1. There are two distinct features at 655 and
577 cm™ . The band at 655 cm ™! is typical for Mn;O, and the
band at 577 cm ™! is typical for MnO,.3*3#3¢3% The band at
577 cm ™! vanishes for sufficiently large laser power and only
the 655 cm ™! band is left.

From the above results we conclude that samples 1C and 1D
consist of both Mn3;04 and MnO,. We also conclude that at
least part of the Mn3O, is crystalline, whereas MnO, and
possibly part of the Mn;0y is either amorphous or consists of
very small particles.

The position of the Raman band at 655cm™! suggests®
crystallite sizes of ~40 nm, somewhat larger than the estimate
from the X-ray data but still of the same order of magnitude.

In method 1E, the membrane was used as a separator
between two chambers filled with 0.2 M MnCl, and 0.5 M
NaOH, respectively, for 24 hours. This asymmetric environ-
ment resulted in a precipitation throughout the membrane with
different phases created on either side. On the cation side the
same room temperature MnO,-like phase was formed as above
but interestingly enough, on the OH-side the crystalline
hausmannite-like Mn3O,4 phase/phase mixture appeared.

In an attempt to produce lithium containing oxides, the
Nafion-Li-Mn membranes were kept in a hydrothermal bomb
at an elevated temperature, 220 °C, for 24 hours (method 1F).
In the process an Mn;O4 phase was formed instead, giving the
same X-ray diffraction peaks as the mineral hausmannite
described above, see Fig. 43" A profile analysis of the
diffraction peaks using the Scherrer formula yields oxide
crystallite sizes around 25-30 nm in this membrane. There are
two peaks at 20 =18.5° and 20=55° that can not be accounted
for by Mn30, or by lithium manganese oxides. The peaks do
not correspond to major peaks in any other manganese oxide.
The Raman spectra in Fig. 5 confirm the presence of the
Mn;O, phase with one major band at 658 cm™ ' and three
minor bands at 370, 317 and 288 cm™'.? The 288 cm ™' band
has not been assigned previously to Mn;O,4. However, since a
780 nm Raman spectrum of Mns;O4 has not been reported
earlier it can not be ruled out that the band belongs to Mn30,.

The spectra of the samples prepared by this hydrothermal
process were of very good quality. This encouraged us to
perform a phase analysis across the cross-section of the
membrane using Raman spectroscopy. The membrane was cut
into two halves and the cross-section was polished for the
Raman measurements, see Fig. 6. Only one half of the
membrane was examined since the membrane had been treated
symmetrically during all steps in the synthesis. The spectra
obtained from a cross-section of the membrane are displayed in
Fig. 5.

Using the relative band intensities of the Mn;O4 band at
658 cm ™! and the major Nafion band at 730 cm ™ it is possible
to plot the oxide concentration profile across the membrane,
Fig. 7. The spectra indicate that the Mn;O, surface phase is
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Fig. 4 X-Ray diffractogram of the manganese loaded membrane

obtained in method 1F. The peaks are assigned as belonging to an
Mn;0,4 phase.
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Fig. 5 The Raman spectra of the cross-section of the manganese loaded
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section spectra at these depths. The top spectrum shows an empty
Nafion membrane.
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Fig. 6 Picture of the cross-section of the method 1F manganese loaded
membrane.

present also within the membranes but the concentration of
oxide decreases inside the membrane. This observation
corresponds well with the skin-like behaviour seen in earlier
incorporations of metal oxides into Nafion membranes.® The
crystallite sizes can be estimated to be ~45nm using the
Raman band position as discussed above.>* This value is
somewhat larger than the one determined by X-ray diffraction
but of the same order.

relative intensity
o o o e
-~ (o)) [s] o
1 1 L 1
1 1 . s

(=]
LS
il
I

o
(=)
1

0 20 4 60 80 100 120 140 160 180 200
depttvim
Fig.7 The oxide profile in the method 1F manganese loaded

membrane. The values are obtained from the relative intensities of
the 730 cm ™! band of Nafion and the 658 cm™! band of the oxide.
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Fig. 8 X-Ray diffractograms of the manganese loaded membranes
obtained in methods 1G, 1H, 1T and 1J. The same Li,Mn,0,4 peaks are
found in all diffractograms. Peaks of unknown origin are marked (*).

3.4.3 Li,Mn,0y. Previously reported incorporations of
metal oxides in Nafion membranes, as mentioned in the
introduction, suggested to us that it might be possible to
incorporate lithium manganese oxides within an ionomeric
membrane. One suitable candidate is the spinel LiMn,O,4 that
is used as cathode material in state of the art lithium polymer
batteries and lithium ion batteries. In our attempts to
incorporate a lithium manganese oxide the preparation
methods 1G-1J (see Table 1) were explored. For all of these
methods a lithiated phase was formed.

The X-ray diffractograms of the resulting membranes 1G to
1J, Fig. 8, show the typical peaks of a cubic spinel of space
group Fd3m. The peaks are situated between those of a
LiMn,0O,4 phase and a Li.Mn,O, phase (x—0).%4° This
indicates that the present phase is probably Li,Mn,Oy4
(0<x<1) and not a pure A-MnO, phase or LiMn,0,4 phase.
For method 1G there is a peak at 20=20.7° and another one
close to 66° that might be due to small amounts of Li,MnOs; as
an impurity phase.*' For method 17, three unidentified peaks at
20=26.9, 33.1 and 38.5° are observed.

To investigate the membrane further, Raman spectroscopy
was used since different amounts of lithium within the cubic
MnO,-LiMn,0, structure yield different Raman spectra
(Table 3).*** There are five main features in the Raman
spectrum at 616, 570, 497, 437 and 375 cm™ !, see Fig. 9. These
bands have been observed in the lithium manganese oxide
spinels in an earlier study.** Calculations and assignments of
bands in that study show that LiMn,0O4 has bands at 625, 480,
432, and 365 cm ™!, the isostructural A-MnO, has bands at 647,
592, 498 and 463 cm™ ! and finally the LigsMn,O4 phase has
bands at 657, 630, 612, 597, 560, 493, and 296 cm ™ '. These data
together with our results are summarised in Table 1. Unfortu-
nately, if the data in Table 1 is carefully examined it is clear that
the spectrum of the method 1G precipitate is not a perfect fit to
any one of the three phases. The band at 615 cm ! indicates
LisMn,O, but the bands at 430 and 370 cm ™! are typical for
LiMn,O,4 and the band at 493 cm™ ' could belong to the A-
MnO, phase. Nevertheless, there are a number of features
giving strong indications of a lithium manganese oxide phase in
this sample: A band between 610 and 630 cm ™! seems to exist

Table 3 Raman shift (in cm™ ') and band assignments for different
lithium manganese oxides*

Bands in
LiMnyO,* LipsMn,04* A-MnO,* Symmetry42 methods 1G-1J

625 657, 597, 560 597 Alg 616
590 630, 612 647 Toy 570
480 493 498 Tag 497
432 — 463 E, 437
365 296 — To 375

il

T

T 1 1 T T T 7 L
800 700 600 500 400 300 200 100

Raman shifticm”

Fig. 9 The Raman spectra of the manganese loaded membranes in
methods 1G, 1H, 1I and 1J are similar with features at 616, 570, 497,
437 and 375 cm ™.

only in a lithiated sample, the bands at 437 and 375 cm ! are
only observed in LiMn,O4 and the band at 497 em™ ! s
observed in Liyp sMn,Oy4 and shifted by 15 cm™! in LiMn,Oy,.

Since the Mn3;04 phase incorporated in method 1F belongs
to a structure that can be described as a distorted spinel
structure we decided to attempt an ion exchange on this
precipitate and thus achieve the desired lithiated spinel
structure. A method 1F membrane was therefore placed in a
2.5M LiOH solution in a hydrothermal bomb at 180 °C for
7 days (method 1J). The X-ray diffractogram before the ion
exchange can be seen in Fig. 4 and after the ion exchange in
Fig. 8. The two diffractograms are clearly different. The typical
Fd3m peaks are well defined and in the same position as in
method 1G, 1H and 1I. Also the Raman spectrum of this
sample shows the same pattern as the previous lithiated oxides.

3.5 Cobalt loaded membranes

3.5.1 General. Several cobalt oxides exist and two of these
were identified in this study, Co304 and HCo00O,. Co030,4
crystallises as a normal spinel structure Co’>*Co’*,0% 4
(space group Fd3m). The Co>* ions are in isolated tetrahedral
sites and the Co>* ions are octahedrally coordinated where
these octahedra are interlinked.*>*®

The oxohydroxide of cobalt, HCoO, or CoOOH, is
isostructural with the layered rhombohedral HT-LiCoO,
compound described more extensively below. The mineral
form of HCoO; is also known as heterogenite-3R.*’

As summarised in Table 2, the various synthetic routes
employed produced different cobalt compounds. The identifi-
cation and characterisation of these are discussed below.

3.5.2 HC00O;, and Co304. We expected that we could obtain
different cobalt oxides during our efforts to achieve a lithium
cobalt oxide within the Nafion membrane. Earlier studies of
oxide incorporation in Nafion membranes have shown that
different oxides are produced at different temperatures.’
Therefore we performed a temperature study of incorporations
within the membrane. Five Nafion—-Co membranes were placed
in a hydrothermal bomb filled with a 0.5 M NaOH solution for
24 hours at 25, 50, 100, 150 and 200 °C. NaOH solution was
used to ensure that there were no lithiated phases in these
precipitations, and oxidation was accomplished utilising the
oxygen present in the solution. The X-ray diffractograms of
these reference precipitations are shown in Fig. 10. According
to the X-ray diffractograms the incorporated species were
HCoO; for the sample prepared at 25 °C (Nafion—-HCoO, from
method 2A) and Co304 at 200 °C (Nafion—Co;04 from 2A) and
mixtures between these two for intermediate temperatures. The
broad low and high 0 features belong to the amorphous
polymer fraction.
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Fig. 10 X-Ray diffractograms of Nafion membranes loaded with
cobalt oxides. The Nafion—-Co membranes were placed in hydrothermal
bombs filled with 0.5 M NaOH at 25 °C (a), 50 °C (b), 100 °C (c), 150 °C
(d) and 200 °C (e).
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Fig. 11 Raman spectra of an empty Nafion membrane (a), the HCoO,
loaded membrane (b) from method 2B and the same membrane but
now LiCoO, loaded in method 2F (c).

The Nafion-HCoO, sample from 2B was found to be very
sensitive to laser heating when the Raman spectra were
recorded and low laser power had to be used to avoid phase
transitions. At high laser power the oxide in the Nafion—
HCo00O, sample from 2B was reduced to Co3z0,4. At the lowest
power (~0.1 mW at the membrane) there are three main
features in the spectrum: a band at 693 cm™ !, a broad band
centred at 585 cm™ ! and a strong band at 501 cm ™!, Fig. 11.
When the laser power is increased the features at 585 and
501 cm ™' vanish, the band at 693 cm™ ' gets stronger and new
bands appear at 520 and 476 cm ™ '. It is worth noting that the
intensity of the band at ~693cm™! is increased and the
position is shifted to 685 cm ™' at 0.5 mW. This behaviour is
observed also for the Co304 band at this position in Nafion—
Co0304 (from 2C) below. The features at 585 and 501 cem”!in
the 0.1 W spectrum are attributed to vibrational modes of
HCo00O,. Due to the similarity between the HCoO, and the
LiCoO; structures the two bands could be assigned as the A,
(585 cm ™) and the E, (501 cm ') modes corresponding to the

Table 4 Assignments and Raman shifts for incorporated Co30,4 and LiCoO; in this study and for Co30,4 and LiCoO, in earlier reports

counts

50 -— -
800 600 400 200
Raman shift/crn’

Fig. 12 Raman spectra of the Co;0,4 loaded membrane in method 2C
(a) and the LiCoO, loaded membrane in method 2D (b).

Ay (595 cm ') and E, (485 cm ™) bands in LiCoO»,, see below.
Further support for this assignment can be found in Raman
spectra of the isostructural NiOOH structures that have bands
at 560 and 480 cm ™! assigned as Ay and E, respectively.*®

In method 2C an unsuccessful attempt was made to produce
a lithiated oxide and the Raman spectrum of the precipitate
verifies that the Co30,4 phase is present, Fig. 12. Among the
vibrational modes of this spinel there are five Raman active
modes: A1g+Eg+3F2g.49 These five vibrations have been
observed previously by different research groups.’®>! The top
spectrum in Fig. 12 is from the Nafion-Co;04 (from 2C)
membrane. Each band in this spectrum can be assigned to a
Co;0, vibrational mode, see Table 4.5 Tt is interesting to
note that the bands are shifted downwards at high laser power.
The A, band at 691 cm™ ! is shifted as much as 17 cm™! for
5mW at the membrane, Table 4.

3.5.3 LiC0o0O;. The layered LiCoO, compound has the
rhombohedral o-NaFeO, structure with face-sharing CoQg
octahedra, space group R3m. The lithium and cobalt ions
occupy alternating layers in the (111) direction, Co—O-Li-O-
Co-O-Li-. The structure can also be viewed as edgesharing
CoOy¢ octahedra with lithium ions stacked in 3b sites between
Co0,-layers.** This phase is commonly known as the high
temperature phase (HT-LiCo00O,).>* In the same study a low
temperature phase (LT-LiCoO,) has also been reported. The
authors found that the difference between the HT- and the LT-
phase is found in the Co- and Li-layers. In the LT-LiCoO,
structures 6% of the sites in the Li-layers are occupied by cobalt
ions and 4% of the sites in the Co-layers are occupied by
lithium ions. The difference between the two phases is reflected
in a shorter c-axis in LT-LiCoO, (13.89 A) than in HT-LiCoO,
(14.05 A).

LiCoO, has in total 6 vibrational modes of which 3 are
degenerate: Ay, E,, 2A,, and 2E,. The two first are Raman
active and are located at 597 cm™ ! (A,,) and 485 cm ™! (Ey).
The A,, and E, modes are IR-active.>*>° The A, mode is a
symmetric stretching mode of the CoOg octahedra and twice as
strong as the E, bending mode of O-C-O entities. In a Raman
spectroscopy study of HT-LiCoO, and LT-LiCoO, it was

49,54

Raman shift/cm ™!

Vibrational mode* Co0;04% Co0304 in Nafion, 0.1 mW (5 mW) LiCo0,>* LiCoO, in Nafion, 0.1 mW (5 mW)
Ay 691 691 (674) 595 595 (588)
Fa, 618 (609) — —
Fa, 522 523 (513) — —
E, 482 483 (471) 485 485 (477)
Fay 194 (190) — —
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Fig. 13 X-Ray diffractograms of an empty Nafion membrane (a), the
LiCoO; loaded membrane from method 2D (b) and the Co3;04 loaded
membrane from method 2C (c).

found that the Raman spectrum of HT-LiCoO, contains two
well defined bands at 596 and 487 cm™! and a LT-LiCoO,
spectrum contains three bands at 582, 475 and 447 cm™'.>¢ In
another study Huang and Frech report two bands at 595 and
486 cm ™! for HT-LiCoO, and four bands at 603, 583, 478 and
445 cm ™' for the LT-LiC00,.”” The HT- and the LT-structure
can thus be easily distinguished with both X-ray diffraction and
Raman spectroscopy.

The stronger 2.5 M LiOH solution used in method 2D gave
another phase than the Nafion-Co3;0, obtained in method
2C. The X-ray diffractogram of the method 2D membrane can
be indexed as the rhombohedral HT-LiCoO, phase with all
LiCoO, peaks matching well, Fig. 13475238

The X-ray diffractograms of samples from methods 2C
(Nafion—Co050,) and 2D (Nafion—-LiCo0QO,) are almost identical
but with some significant differences, compare diffractograms
in Fig. 13. The diffractogram of Nafion—-Co304 from 2C was
successfully indexed as the Co30, spinel structure and that of
Nafion—-LiCoO, from 2D was indexed as the rhombohedral
LiCoO, structure. Although the diffractograms of the two
structures are similar they contain features that distinguish one
from the other, e.g. the Co3z04 (220) peak and the LiCoO, (110)
peak. Many of the other peaks are close but the (101) peak of
Nafion-LiCoO, from 2D is well defined with only a small
shoulder from the (311) peak of the Nafion—-Co30,4 sample
from 2C.

The Raman spectrum of the LiCoO, incorporated in method
2D consists of two bands at 485 and 595 cm ™! corresponding
to the Raman active E, and A;, modes mentioned above,
Fig. 12 and Table4. No other bands are present in the
spectrum indicating that there is no other phase in the
membrane.

An in situ incorporation of LiCoO, was thus achieved in the
membrane in method 2D. As was shown in method 2A, HCoO,
is formed at room temperature, Co3;0, at elevated temperatures
and a mixture of the two phases at intermediate temperatures.
The process of incorporation in method 2D could thereby go
via a cobalt oxide to the lithium cobalt oxide. An investigation
whether this lithiation was possible for oxides already within
the membrane was needed. This was performed for the Co30,
phase from method 2C and the HCoO, phase from methods 2A
and 2B. The isostructural HCoO, is the more probable
candidate for lithiation since it has been shown earlier that a
lithiation of this compound is possible.*” To our knowledge no
attempt has been made to use Co;0y, as starting material. This
is a more complex process due to the difference in structures of
Co0304 and LiCoO».

Methods 2E to 2G explore the possibility of using Co;04 and
HCo0O, as starting materials for lithiation. The success of the
lithiation was verified using both X-ray diffraction and Raman
spectroscopy as described above.

4 Conclusions

This study shows that it is possible to achieve manganese and
cobalt oxide phases through an in situ precipitation of the oxide
within a polymer membrane. This can be done in an aqueous
solution at moderate temperatures, which is advantageous
compared with many other techniques.

We have also shown that lithiated oxides can be obtained
either in direct lithiation or using an ion exchange on the oxides
Mn;0,4, Co304 and HCoO, within a membrane.

For the manganese oxides it seems clear that the choice of
oxidising agent does not influence the product as much as the
temperature does since precipitations of different oxide phases
are the same at each specific temperature irrespective of the
oxidising agent used. At higher temperatures above 70 °C an in
part crystalline hausmannite-like (Mn30,4) phase is created and
at lower temperatures a more amorphous MnO,-like phase
probably consisting of nano sized particles is created. Similarly,
for cobalt oxides the temperature has a strong influence on the
final product, HCoO, being formed preferentially at low
temperatures and Co30, at high temperatures.

Raman spectroscopy was a useful tool that could indicate the
probable phase even when the Raman bands are quite broad
because of the small particle size. We also found that Raman
spectroscopy can be used as a phase sensitive tool when
studying the cross-sections of the membranes in this study. This
could be of great interest also in other applications where
element specific analysis techniques have been used earlier.

The small particle precipitations within the Nafion mem-
brane were just as in earlier studies observed to be sensitive to
reduction due to laser heating. It is important to note that all
precipitations involving Mn in this study are probably phase
mixtures of at least two manganese oxide phases since the
manganese oxide system is known to have a complex valency.

This study is intended as a first step in exploring the
possibilities to incorporate electroactive materials in polymer
membranes for possible use in devices like lithium polymer
batteries, sensors and catalysers. A further characterisation
using electrochemical methods is, however, required.
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