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Fig. 1 Overview of XRD measurement setup with developed slit
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Fig. 2 Schematic drawing of movement of developed slit.
(@) Original location, (b) moved location
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Fig. 3 Diffraction images of Aluminum specimen with developed slit and area detector.
((a) in the lowest angle, and following are in higher angle in alphabetical order)
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Fig. 1 Schematic of in-situ simultaneous analysis and observation system.
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Fig. 3 Transition of friction coefficient and load during the initial period of the test.
[(a), (b), (c) in the figure are corresponded to these in Fig. 4]
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Fig. 4 XRD spectra, visible images of friction surface and NIR images of friction surface
at Fig. 3 (a), (b), (c).
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Table.1 Rubber compositions

Composition PSO HAF40 HAF80 PSP20 PSP40 | HAF40P20 | HAF40P40
EPDM ** 100* 100 100 100 100 100 100
HAFcarbon*** 0 40 80 0 0 40 40
Paraffin Oil 0 20 40 20 40
Zinc oxide 5 5 5 5
Stearic acid 1 1 1 1 1 1 1
Sulfur 15 15 15 15 15 1.5 15
TMTD 1 1 1 1 1 1 1
MBT 0.5 0.5 0.5 0.5 0.5 0.5 0.5

*Numerous figures are corresponding to parts per hundred rubber.

**EPDM was EP2(JSR) whose 5-ethylydene-2-norbornene unit is 36.2% on the weight ratio.

*** A kind of hard carbon, High Abrasion Furnace.
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Fig. 1 Decreasing behaviors of ZnO in rubber compounds during crosslinking reaction process at 160C: (1)
PS0 (k=100.4), (2) HAF40 (k=139.2) and (3) HAF80 (k=160.2).
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Fig. 2 Decreasing behaviors of ZnO in rubber compounds during crosslinking reaction process at 160C: (1)

PS0 (k=100.4), (2) PSP20 (k=78.4) and (3) PSP40 (k=66.5).
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Fig. 3 Decreasing behaviors of ZnO in rubber compounds during crosslinking reaction process at 160C: (1)

HAF40 (k=139.2), (2) HAF40P20 (k=100.5) and (3) HAF40P40 (k=112.3).
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Abstract Control of the orientation of block copolymers in
self-assembled nanostructures is important for their applica-
tions in organic semiconductors, lithographic nanopatterning,
separation membranes, and nanofabrication templates. We
recently reported that addition of magnetically sensitive metal
complexes to block copolymers can be used to align the block
copolymers under the influence of a magnetic field. In the
present study, we investigated the mechanism of magnetic
alignment of block copolymers doped with metal complexes.
Specifically, we used small-angle X-ray scattering analysis to
evaluate the effects the metal complex molar ratio and the
strength of the applied magnetic field have on magnetic align-
ment in block copolymer—metal composites. Two Fe precur-
sors, tricarbonyl(cyclooctatetraene) iron and acetylacetonate
iron(III), and one Pt precursor, platinum dimethylcyclooctadiene,
were selectively introduced into separate polymer blocks of a
block copolymer, polystyrene-block-poly(2-vinylpyridine) (PS-
P2VP, 102 k/97 k) or polystyrene-block-poly(4-vinylpyridine)
(PS-P4VP, 40 k/5.6 k), and the resulting films were annealed
in a magnetic field. We found that magnetic alignment of
the block copolymers was enhanced by high metal complex
molar ratios and high magnetic field strength. The lamellar
structures of the self-assembled PS-P2VP(102 k/97 k) com-
posites were disturbed when the amounts of the metal
complexes were increased, and magnetic alignment of the
lamellar structures was enhanced when the strength of the
applied magnetic field was increased. Magnetic alignment
induced shrinkage of the cylindrical structures of the self-
assembled PS-P4VP(40 k/5.6 k) composites with high met-
al complex ratios.
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Introduction

Block copolymers are attracting much attention because of
their ability to self-assemble into periodically ordered nano-
structures. Control of the orientation of the block copolymers
in such nanostructures is important for their applications in
organic semiconductors [1-3], lithographic nanopatterning
[4—6], separation membranes [7—9], and nanofabrication tem-
plates [10—12]. Many studies have focused on orienting block
copolymers by applying stress [13—16], electric fields
[17-19], and magnetic fields [20-24]. In the latter case, self-
assembly of block copolymers that exhibit anisotropic mag-
netic susceptibility, such as liquid-crystalline block copoly-
mers, is directed by application of a magnetic field; alignment
of the block copolymers is achieved by means of orientation
of the liquid-crystal mesogens. However, this approach is
limited to crystalline block copolymers with anisotropy.

To expand this methodology to other types of block copol-
ymers, including noncrystalline block copolymers, investiga-
tors have introduced magnetically sensitive additives into a
specific polymer block of block copolymers. For example,
introduction of a ligand containing a biphenyl moiety that
interacts with the poly(acrylic acid) block of a poly(styrene-
block-acrylic acid) block copolymer by hydrogen bonding has
been shown to impart magnetic susceptibility, which in turn
facilitates magnetic alignment of the block copolymer—ligand
composite [25]. However, this method is limited by the need
for a specific interaction (i.e., hydrogen bonding) between the
block copolymer and the ligand.

Recently we reported a synthetic route to inorganic
nanoheterostructures by templating block copolymer
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self-assembly [26]. Metal complexes are introduced into a
specific copolymer block, and subsequent removal of the
block copolymers by pyrolysis produces self-assembled
inorganic spheres, cylinders, or layers in a matrix. In
addition, the morphology of the block copolymer—metal
complex composite can be transformed (from spheres to
cylinders) by application of a magnetic field. By means of
this method, many kinds of ligands can be introduced into
noncrystalline polymer blocks, and in particular magnetic
susceptibility can be imparted to many kinds of block
copolymers, which can then be magnetically aligned.
The elucidation of the orientation mechanism in block
copolymer-metal complex composites leads to the im-
provement in the material properties of the block copoly-
mer composites as well as the inorganic nanohetero ma-
terials produced after the pyrolytic removal of the block
copolymer.

Here, we describe in detail the mechanism of magnetic
alignment of block copolymers doped with metal complexes;
specifically, we describe the effects of the metal complex
molar ratio and the strength of the applied magnetic field on
magnetic alignment.

Experimental section
Preparation of block copolymer composites

Tricarbonyl(cyclooctatetraene) iron (CtFe(CO)s, >96 %,
Tokyo Chemical Industry), dimethyl(1,5-cyclooctadiene)
platinum(Il) (PtMe,COD, 99 %, Wako Pure Chemical
Industries), and acetylacetonate iron(IIl) (Fe(acac);, 99 %,
Wako) were dissolved in a 0.5 wt.% solution of polystyrene-
block-poly(2-vinylpyridine) (PS-P2VP, M,"5=102 kg mol ",
M,P*VP=97 kg mol !, polydispersity index = 1.12, Polymer
Source) in toluene (>99.5 %, Wako). Several solutions were
prepared, and in each solution the CtFe(CO)s/styrene,
PtMe,COD/vinylpyridine, and Fe(acac)s/vinylpyridine molar
ratios were the same, ranging from 0 to 1.0. After stirring for
3 h, each solution was sprayed onto a Kapton film, and the
samples were annealed at 453 K for 6 h in a magnetic field (0—
10 T) applied parallel to the film. In some of the experiments,
polystyrene-block-poly-(4-vinylpyridine) (PS-P4VP, M," S=
40 kg mol !, M,P*VP=5.6 kg mol ", polydispersity index =
1.10, Polymer Source) was used in place of the PS-
P4VP(102 k/97 k).

Characterization of block copolymer composites
Scanning transmission electron microscopy of the resulting
composites was conducted with a high-resolution transmis-

sion electron microscope (JEM-2010FEF, JEOL) operating at
200 keV. In addition, small-angle X-ray scattering (SAXS)
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measurements were performed on the BL33XU beamline at
SPring-8 (Hyogo, Japan). The incident X-rays were applied
normal to the samples for through-view images and parallel to
the samples (and in the direction of the applied magnetic field)
for cross-view images.

Results and discussion
Scanning transmission electron microscopy

Scanning transmission electron microscopy images of sam-
ples that were prepared with PS-P2VP(102 k/97 k) and PS-
P4VP(40 k/5.6 k) and metal complexes at molar ratios of 1.0
and that were annealed in a 10 T magnetic field showed
lamellar and cylindrical structures, respectively, that were
almost exactly parallel to the direction of the applied magnetic
field (Fig. 1).

Effects of metal complex molar ratio and magnetic field
strength on block copolymer composite structure

Through-view images obtained by applying X-rays normal to
the samples prepared with PS-P2VP(102 k/97 k) and PS-
P4VP(40 k/5.6 k) (metal complex molar ratio, 1.0; magnetic
field, 10 T) showed isotropic two-dimensional patterns
(Fig. 2). Figure 3 shows the one-dimensional SAXS profiles
obtained from the circular integral of the scattering intensity at
the distance from the scattering center. In the SAXS pattern of
a sample prepared with PS-P4VP(102 k/97 k) without metal
complexes and at magnetic field strength of 10 T, the relative
positions of the 1:2:3 peaks confirmed that the sample had a
lamellar structure (Fig. 3a metal complex molar ratio, 0.0;
blue line). As the amounts of the metal complexes were
increased, the first peaks broadened (Fig. 3a), which suggests
that the lamellar structures were disturbed by introduction of
the metal complexes. The first peaks become sharp as the
strength of the applied magnetic field was increased

Fig. 1 Scanning transmission electron microscopy images of samples
prepared from (a) PS-P2VP(102 k/97 k) and (b) PS-P4VP(40 k/5.6 k) and
metal complexes (1.0 molar ratio) and annealed in a 10 T magnetic field
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Fig. 2 Two-dimensional
scattering patterns in through-
view images obtained by
applying X-rays normal to
samples prepared with (a)
PS-P2VP(102 k/97 k) and (b)
PS-P4VP(40 k/5.6 k) and metal
complexes (1.0 molar ratio) and
annealed in a 10 T magnetic field

(Fig. 3b). This result is attributable to magnetic alignment of
the self-assembled lamellar structures.

As was the case for the SAXS pattern of the sample
prepared with PS-P2VP(102 k/97 k), in the SAXS pattern of
the sample prepared with PS-P4VP(40 k/5.6 k), the first peaks

Fig. 3 Effects of metal complex
molar ratio (magnetic field, 10 T;
left panels) and magnetic field
strength (metal complex molar
ratio, 1.0; right panels) on one-
dimensional small-angle X-ray
scattering profiles obtained from
the circular integral of the
scattering intensity at the distance
from the scattering center: a, b
PS-P2VP(102 k/97 k) and ¢, d
PS-P4VP(40 k/5.6 k)

a

I(q) / a.u.

I(q) / a.u.

broadened as the amounts of metal complexes were increased
(Fig. 3c), and the first peaks become sharp as the strength of
the applied magnetic field was increased (Fig. 3d), suggesting
magnetic alignment of the self-assembled cylindrical struc-
tures. As shown in Fig. 3d, the peaks at relative positions of 1:
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\2:\3 for the samples prepared with PS-P4VP(40 k/5.6 k) in
the absence of a magnetic field (Fig. 3d magnetic field, 0 T;
blue line) and the peaks at relative positions of 1: V3:V4 for the
samples prepared with PS-P4VP(40 k/5.6 k) and annealed in a
high magnetic field (Fig. 3d magnetic field, 10 T; purple line)
confirmed the spherical and hexagonal cylinder structures,
respectively, of these samples. That is, application of a mag-
netic field to the PS-P4VP(40 k/5.6 k)-metal complex com-
posite resulted in a phase transition from spheres to hexagonal
cylinders.

Effects of metal complex molar ratio and magnetic field
strength on the repeat size of the block copolymer composites

In the through-view images of the block copolymer
composites(Fig. 4), the repeat size of samples prepared
with PS-P2VP(102 k/97 k) and PS-P4VP(40 k/5.6 k) and
annealed in a 10 T magnetic field increased with increas-
ing metal complex molar ratio up to a ratio of 0.6, where-
as at ratios higher than 0.6, the repeat size decreased. This
result suggests that the polymer blocks of the microphase-
separated structures were swollen by the introduction of
metal complexes at molar ratios of <0.6 and that shrink-
age was induced by magnetic alignment of the samples
containing magnetically sensitive metal complexes at mo-
lar ratios of >0.6. As shown in Fig. 5, the repeat sizes of
samples prepared with PS-P2VP(102 k/97 k) and PS-
P4VP(40 k/5.6 k) decreased with increasing magnetic
field strength at values of >6 T, suggesting magnetic
alignment of the block copolymer composite structures.

Azimuthal angle dependence of peak intensity
The azimuthal angle dependence of the intensity of the

first peak in the through-view images of samples prepared
with PS-P2VP(102 k/97 k) and PS-P4VP(40 k/5.6 k)

a b
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- 25
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Fig. 4 Effects of metal complex molar ratio on the repeat size of block
copolymer composites prepared with (a) PS-P2VP(102 k/97 k) and (b)
PS-P4VP(40 k/5.6 k) annealed in a 10 T magnetic field
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Fig. 5 Effect of magnetic field strength on the repeat size of block
copolymer composites prepared from (a) PS-P2VP(102 k/97 k) and (b)
PS-P4VP(40 k/5.6 k) and metal complexes (1.0 molar ratio)

(metal complex molar ratio, 1.0; magnetic field strength,
10 T) is shown in Fig. 6; the intensity of the first peak
was almost independent of the azimuthal angle; no clear
orientation induced by the magnetic field was observed.
The results for the cross-view images are shown in Fig. 7
at the various metal complex molar ratios and magnetic
field strengths. The intensities of the first peaks were
maximal in the normal direction (0° and 180°) for the
samples prepared with PS-P2VP(102 k/97 k) and PS-
P4VP(40 k/5.6 k). This suggests that the self-assembled
structures were oriented parallel to the film samples. For
both PS-P2VP(102 k/97 k) and PS-P4VP(40 k/5.6 k), the
peak intensity increased as the strength of the applied
magnetic field was increased (Fig. 7a, c¢) and as the
amounts of metal complexes were increased (Fig. 7b, d).
Samples prepared with PS-P2VP(102 k/97 k) (metal com-
plex molar ratio, 0.0; magnetic field strength, 10 T) ex-
hibited small peaks at around 90° and 270° (Fig. 7b blue
line), which were attributed to disturbance of the orienta-
tion of the lamellar structures. In contrast, broad peaks at
50-150° and 230-330° were observed for the samples
that were prepared with PS-P4VP(40 k/5.6 k) annealed
at high magnetic field strength (Fig. 7c magnetic field
strength, 10 T: purple line) or the samples that were
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Fig. 6 Azimuthal angle dependence of the intensity of the first peak in
the through-view images of composites prepared with (a) PS-
P2VP(102 k/97 k) and (b) PS-P4VP(40 k/5.6 k) and metal complexes
(1.0 molar ratio) and annealed in a 10 T magnetic field
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Fig. 7 Effects of magnetic field a b
strength (metal complex molar
ratio, 1.0; left panels) and metal — oT
complex molar ratio (magnetic T
field, 10 T; right panels) on the 6T
azimuthal angle dependence of ST
the intensity of the first peak in the — 10T
cross-view images of composites 5 S
prepared with (a, b) PS- & S
P2VP(102 k/97 k) and (¢, d) PS-
P4VP(40 k/5.6 k)
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prepared with PS-P4VP(40 k/5.6 k) and a large amount of
metal complexes (Fig. 7d metal complex molar ratio, 1.0:
light green line). These broad peaks were due to the high
orientation of the hexagonally packed cylindrical struc-
tures [27]. The highly oriented cylindrical structures were

Fig. 8 Two-dimensional scattering patterns in cross-view images obtain-
ed by applying X-rays parallel to composites prepared with (a) PS-
P2VP(102 k/97 k) and (b) PS-P4VP(40 k/5.6 k) and metal complexes
(1.0 molar ratio) and annealed in a 4 T magnetic field

induced by a high loading of metal complexes and by
annealing in a high-strength magnetic field.
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Fig.9 Effects of magnetic field strength (metal complex molar ratio, 1.0;
left panels) and metal complex molar ratio (magnetic field, 10 T; right
panels) on the aspect ratio of the scattering ring: a, b PS-P4VP(40 k/5.6 k)
and ¢, d PS-P2VP(102 k/97 k)
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Ellipse aspect ratio of two-dimensional SAXS pattern

For the PS-P2VP(102 k/97 k) and PS-P4VP(40 k/5.6 k) sam-
ples prepared at a metal complex molar ratio of 1.0 and a
magnetic field strength of 10 T, the intensity of the first peak in
the through-view images were almost independent of the
azimuthal angle (Fig. 6), and the aspect ratio of the scattering
ring in the two-dimensional SAXS pattern was almost 1
(Fig. 2), suggesting isotopic scattering. Figure 8 shows the
two-dimensional cross-view SAXS patterns for the PS-
P2VP(102 k/97 k) and PS-P4VP(40 k/5.6 k) samples prepared
at a metal complex molar ratio of 1.0 and a magnetic field
strength of 4 T. The fact that the scattering ring for the sample
prepared with PS-P4VP(40 k/5.6 k) had an oval shape extend-
ing in the equatorial direction (Fig. 8b) indicates that the
repeat size of the cylindrical structure was smaller in the
normal direction of the film samples than in the parallel
direction. As the magnetic field strength was increased, the
aspect ratio of the scattering ring approached 1 (Fig. 9a),
which suggests that the cylindrical structures of PS-
P4VP(40 k/5.6 k) were aligned by the application of the
magnetic field and that the alignment reduced distortion of
the hexagonally packed structures [28]. For the lamellar struc-
tures from PS-P2VP(102 k/97 k), it is considerable that an-
isotropy of the vertical and horizontal direction occurred in the
polymer block, such as polymer density, induced by the
application of magnetic field.

Conclusions

To investigate the mechanism of magnetic alignment of block
copolymers, we examined the effects of metal complex molar
ratio and magnetic field strength on magnetic alignment in
self-assembled block copolymer composites. We found that
alignment was enhanced by high metal complex molar ratio
and high magnetic field strength. As the amounts of metal
complexes in the composites were increased, the lamellar
structures were disturbed. The magnetic alignment of the
lamellar structures was enhanced by increasing the strength
of the applied magnetic field. For cylindrical structures,
shrinkage was induced by magnetic alignment of samples
prepared at high metal complex molar ratios. Our results can
be expected to contribute to the extension of magnetic align-
ment methods to various kinds of block copolymers including
noncrystalline block copolymers. The control of the orienta-
tion in block copolymer-metal complex composites leads to
the improvement in the material properties of the block co-
polymer composites as well as the inorganic nanohetero ma-
terials produced after the pyrolytic removal of the block
copolymer. Our approach is simple and widely applicable
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for the synthesis of heterogeneous nanostructured materials
with controlled oriented structures.
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Abstract. In other study we examined the plastic behavior for polycrystalline iron by
three-dimensional x-ray diffraction (3DXRD) experiment. In this study we analyze the behavior by
crystal plasticity finite element (CPFE) analysis, to confirm the validity of application to the
deformation analysis of engineering steels of a couple of constitutive models. In the CPFE analysis,
the observed microstructure and its crystal orientation are modeled with finite elements to take the
inter-granular and intra-granular interactions into consideration. The plastic deformation state of the
finite element model was computed by means of CPFE analysis based on the {110}<111> slip
system in body centered cubic (BCC) crystal. The experiment showed that the most of the grains
rotated toward the preferred orientation <110> along the tensile axis and that intra-granular
orientation spread and multi-directionally rotated as the tensile strain increased. These results are
reproduced by the CPFE analysis, in which the influence of interaction between neighboring grains
is taken into consideration.

1. Introduction

The understanding of non-linear and complicated mechanical behavior of polycrystalline metals
is one of the important issues to predict plastic behavior of the materials. Mathur, et al. [1] predicted
the evolution of the crystallographic texture for roll forming of FCC metals using Taylor
homogenization method [2]. Iwakuma, et al. [3] characterized the kinematic hardening caused by
the interaction between grains using Hill’s self-consistent method [4]. Watanabe, et al. [5]
computed the development of the macroscopic anisotropy caused by the cross-hardening behavior
of a single crystal with two-scale finite element analysis based on the mathematical homogenization
method [6]. Consequently, various homogenization approaches have been proposed and developed
in this field. The experimental confirmation for these methods is however necessary to confirm the
validity of above—mentioned constitutive models.

Recent synchrotron-based high energy x-ray diffraction technique has opened new ways for
experimental evaluations for these models sophisticated over the past several decades.
Three-dimensional x-ray diffraction (3DXRD) microscopy [7] has enabled non-destructive
three-dimensional characterization of polycrystalline metals and alloys. Poulsen, et al. [8] and
Winther, et al. [9] observed the lattice rotations of polycrystalline aluminum by 3DXRD and then
compared with some classic homogenization models. Oddershede, et al. [10] observed the lattice
rotations for a tensile deformed IF steel and also discussed from a view point of crystal plasticity.
To the authors’ knowledge, however, only Taylor model [11], Sachs model [12] and self-consistent
model [13] has been compared with the 3DXRD observation, and no reports considering the
influence of neighboring grains has found. Finite element method is possible to be directly taken the
inter-granular relationship into consideration.

In the present study the plastic behavior of polycrystalline iron observed by a modified 3DXRD
method [14] with the tensile test is analyzed by crystal plasticity finite element (CPFE) medhod as
well as an analysis with Taylor type boundary condition. The measured microstructure by the
3DXRD method in the authors’ other work [14] are used for the analyses. The elastic and plastic

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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anisotropy of body centered cubic (BCC) crystal is considered in the analyses. The lattice
rotations in single grains by the tensile deformation obtained from the experiment and the analyses
are compared.

2. Crystal plasticity finite element analysis

Constitutive equations for crystal plasticity In this study, the fully implicit stress-update
algorithm for the proposed constitutive model is applied, which has been formulated by Huang [15].
A yield function for the a-th slip system is given as:

0 =t -4 <0 ()
where 7' is the resolved shear stress and q® is the critical resolved shear stress (CRSS) including
the plastic hardening. In a single crystal plasticity, the resolved shear stress is defined as below in
the current configuration with the slip system vectors (s, m®):

(@ =@ (qm®@)  Vaelny, @)
where T is the Kirchhoff stress tensor defined in the current configuration, and s and m® are the
slip direction vector and the normal vector of the slip surface of a-th slip system, respectively. ngip
is the number of slip system. In this study, {011}<111> slip system for bcc is considered, the ngjp
being 12, accordingly. The CRSS is described as follows:

nsl[p

q(a) =T, + zhaﬁf(w) Yoae {1’ g, (3)
a=l1

where 19 is the reference yield stress of a-th slip system, and h,, and h.g (a#f) are respectively the
self and latent hardening moduli, é(“) is the internal variable of plastic history of the a-th yield
criterion, which denotes the accumulated slip of the a-th slip system in a single crystal plasticity.
Pierce, et. al [16] and Asaro [17,18] defined the simple form for the self-hardening modulus as
follows:

Rylip

h, 3w

T, =T 2=

hy, = hy cosh™ vaell, -, nsl,-p} 4)

where hy and 7, are the initial hardening modulus and the break-through stress where large plastic
flow initiates, respectively. The latent hardening modulus is described as follows:

hys =ah,, Noe {1,--~,nsh.p} (5)
where a is also the constants. The other details about the constitutive equations are described
elsewhere [15].

Determination of material constants Here we obtain the material constants to reproduce
macroscopic stress-strain relationship for the experimental tests, by means of a polycrystalline
metal modeled within the homogenization method based on finite element analysis [6]. At the
micro-scale, the finite element model of Fig. 1 is used as a representative volume element (RVE) of
polycrystalline aggregate. The RVE comprises 54 crystal grains and is assumed to satisfy the
geometrical periodicity condition. The crystal grain has an idealized geometry of the truncated
octahedron and is discretized by 80 standard isoparametric hexahedron finite elements. The
crystallographic orientations of each grain are provided in a random fashion. The macroscopic
uniaxial tensile deformation is imposed to the macroscopic single element in the corresponding Y,
direction illustrated in Fig. 1. Elastic stiffness is quoted from the literature [19]. Consequently, the
macroscopic stress—strain curve is calculated in Fig. 2 by adopting the material constants presented
in Table 1, which gives good accordance with the experimental response. Other ten sets of random
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Table 1. Material constants

Ci [GPa] 228.09
Elastic stiffness [19] Cy, [GPa] 133.48

Cy44 [GPa] 110.86
Initial hardening modulus hy [GPa] 0.200
Breakthrough stress 1, [GPa] 0.090
Reference yield stress 7o [GPa] 0.041
coefficient between self and latent hardening moduli a [-] 1.000
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Fig. 1. Finite element model of Fig. 2. Macroscopic stress-strain curves
polycrystalline aggregate for of polycrystalline iron. The solid and
determining the material constants for the dashed lines indicate experimental
the  polycrystalline  iron. The and numerical results, respectively.

polycrystalline aggregate comprises 54
grains with the idealized geometry of the
truncated octahedron. The gray values
represent the difference of the
crystallographic orientations given in a
random fashion.

Crystal plasticity analysis corresponding to three-dimensional x-ray diffraction observation
Here we assess the texture change of a polycrystalline iron tensile test by performing the crystal
plasticity analysis with finite element model corresponding to the experimentally obtained
orientation map, as seen in Fig. 3 [9], in which there are large 7 grains. Fig. 4 shows the model
composed with 3423 voxels and each voxel is discretized by 3 standard isoparametric hexahedron
finite elements, which is created from the shape of Fig. 3(a). The crystallographic orientations of
each element are provided from the orientation map before tensile deformation. The macroscopic
uniaxial tensile deformation is imposed toward the z direction illustrated in Fig. 4. In this case,
elastic and plastic anisotropy and inter-granular interaction are considered.

The other crystal plasticity analysis with Taylor type boundary condition is also performed, in
which homogeneous strain distribution is applied on the whole FE model, and then the stress-strain

interaction between neighboring grains are not considered. The material constants are also adopted
from Table 1.
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(b) G1:559 voxels (c) G2: 190 voxels (d) G3: 272 voxels

(e) G4: 210 voxels (f) G5: 329 voxels (g) G6: 334 voxels (h) G7: 104 voxels
z 111

') ~ ‘
X y 100 110

Fig. 3. Three-dimensional orientation map before tensile test. (b) — (h) show major seven large
grains (G1-G7) extracted from (a). The mapped volume and the voxel size are ¢ 200 um % z 175
um and x 6.7 pm X y 6.7 um x z 25 pm, respectively. The mapped volume has 3423 voxels. The
colors show the inverse pole figure of the tensile axis in the stereographic triangle.

elements in 1 voxel ~ Fig. 4. Finite element model of the polycrystalline
_ iron corresponding to the three-dimensional
Macroscopic orientation map as seen in Fig. 3(a). The model
tensile direction .
also consists of 3423 voxels and each voxel
comprises 3 elements (therefore the model has
10269 elements).

3. Results and discussion

Fig. 5 shows the inverse pole figures of the tensile axis in the stereographic triangle for the large
grains G1-G7 (a) from the 3DXRD observation, (b) from the analysis with Taylor type boundary
condition, and (c) from CPFE analysis. In the observation, all of the grains mainly rotate toward
<110> along the tensile axis, which is attributed to the slip system of BCC. Also in the both
analyses, most of the grains rotate toward <110> direction, which is in accordance with the
observation. The grain G4 however does not rotate toward <110> in the analyses, the reason of
which is unclear at present.

The observed orientation spreads are not found in the analysis with Taylor-type boundary
condition, since the interaction between neighboring grains, which gives rise to the intra-granular
inhomogeneous deformation, is not considered. On the other hand the spreads are found in the
CPFE analysis. For example the grain G6 rotates and spreads toward <110>—<111> side as well as
<110> corner in the analysis, which is in good accordance with the observation. The reasons of the
remaining difference are thought to be due to spacial resolution by the 3DXRD measurement and
not to considering {112}<111>and {123}<111> slip systems [20], which are considered in authors'
future work. Fig. 6 depicts the population of the rotation angles from the initial orientation in the
grain G6. It is found from the figure that the mean rotation angles and the dispersion increase as the
tensile strain increases.
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These results show that the consideration of inter-granular relationship plays a role to spread
intra-granular orientations. It is also found that the CPFE analysis qualitatively reproduces the
orientation changes observed by the 3DXRD method.

Macroscopic tensile strain
e 0.2%
e 4.0%

8.0%
° 10.7%

100 110

100 110 100 110

Fig. 5. Inverse pole figures of the tensile axis in the stereographic triangle for the grains G1-G7, (a)
from the experimental tensile test coupled with the 3DXRD observation, (b) from the crystal
plasticity analysis with Taylor type boundary condition, and (c) from CPFE analysis taking the
interaction with neighboring grains into consideration. The all voxels in the observation or all
integration points in the finite element analysis assigned to the grains are plotted for the all tensile
strains.
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Macroscopic tensile strain
W0.2%
W 4.0%
8.0%
M 10.7%

Fig. 6. Populations of rotation angles from the initial orientation in the grain G6. (a) experimental
tensile test coupled with the 3DXRD observation, (b) crystal plasticity analysis with Taylor type
boundary condition, and (c) CPFE analysis.
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4. Summary

Plastic behavior for polycrystalline iron examined by a modified 3DXRD method was analyzed by
CPFE analysis. A crystal plasticity analysis with Taylor-type boundary condition was also
performed. In the crystal plasticity analyses, the constitutive equation formulated by Huang [13]
and the {110}<111> slip system of BCC were adopted. The FE model for the microstructure of the
tensile test specimen was directly modeled from the measurements by the 3DXRD method. The
observed orientation change by tensile deformation toward the preferred orientation <110> along
the tensile axis was reproduced by the both analyses. The orientation spread and multidirectional
rotations in grains were meanwhile reproduced only by the CPFE analysis, in which the influence of
interaction between neighboring grains was taken into consideration.
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Simultaneous measurement of X-ray absorption and diffraction at elevated temperature was developed and carried out to examine
thermal decomposition of LiNig75C0g.15Al005Mgo.0502 (NCA-Mg) electrode charged at 4.2 V vs. Li™/Li with or without electrolyte.
Our measurement clearly displays accelerated reduction of NCA-Mg by the electrolyte in terms of the change in crystal structure
and the oxidation states of nickel and cobalt species. Reduction of nickel and cobalt species by XANES occurs at about 50°C lower
temperature than the structural collapse detected by XRD, which will be a key to understand the mechanisms for onset temperature

of the exothermic reactions.
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Lithium-ion batteries have to be operated in the limited condi-
tions in terms of temperature, voltage and current to achieve long
cycling-life and to overcome safety-concerns. We reported that ca-
pacity fading and resistance increase of the lithium-ion battery of
LiNiggCo015Al0050, with graphite occurring upon cycling espe-
cidly above 60°C are derived from the localized degradation of
LiNiggC0g15Al00502,%2 and hencethecycling life can beimproved by
Mg-substitution, i.e., LiNig75C00.15Al0,05Mgo.0s0> (NCA-Mg).® To-
ward large-sized power supply for automotive and stationary appli-
cations, understanding and improving the safety of lithium-ion bat-
teries are another significant challenge.*® Although thermal-runaway
mechanism of lithium-ion batteries is complicated, the exothermic
reaction of positive electrode with electrolyteisacritica contribution
to the battery-safety.5° Exothermic reactions have been proposed
to be associated with the solvent-combustion ascribed to structural
collapse of electrode materials with respect to the heats generated at
elevated temperatures,®”° while the mechanisms of onset tempera-
ture at which the exothermic reactions occur are still unclear.

Synchrotron technique gives us significant in-situ information on
(electro-)chemical reactions in the batteries with respect to X-ray
absorption fine structure (XAFS) and X-ray diffraction (XRD).>1+13
Independent in-situ or ex-situ techni queshave been combined to detect
the structural change of materials, while simultaneous in-situ XAFS
and XRD measurement isnecessary tofollow precisely theexothermic
reaction occurring at elevated temperature. In this paper, we propose
our new technique to examine thermal decomposition of NCA-Mgin
the absence or coexistence of electrolyte at elevated temperature. Our
measurement shows the proper-order of reaction-steps at elevated
temperature, and also describes a role of electrolyte on exothermic
reaction.

Experimental

500 mAh-class cylindrical lithium-ion cells of NCA-Mg with
graphite were fabricated, in which the positive electrode consisting
of 85wt% NCA-Mg, 10 wt% carbonblack, and 5 wt% polyvinylidene
fluoride (PVdF) binder was coated about 20 pm thick on both sides
of aluminum foil, and the negative electrode of 95 wt% graphite and
5 wt% PVdF binder was coated on both sides of copper foil. The cell
body of wound sheets of positive and negative electrodes separated
by polypropylene membrane was immersed in 1 M LiPFg ethylene
carbonate (EC) / dimethyl carbonate (DMC) / ethyl methyl carbonate
(EMC) (3/ 41 3, vIv) electrolyte. Then fabricated cells were charged
to 4.1V, namely 4.2 V vs. Li*/Li for the positive electrode, and the
electrode was taken out of the cellsin an Ar-filled glove box, washed
by DMC solution and dried under Ar atmosphere. Thus prepared
NCA-Mg electrodes were used for the measurement.

*Electrochemical Society Active Member.
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Simultaneous XAFS and XRD measurements were performed at
abeam line BL33XU in SPring-8,* and the beam energy of 8.0 keV
was used for in-situ XRD. Beam size at the sample position was 0.5
x 1.2 mm. The intensities of the incident and transmitted X-rays
were measured by ionization chambers at room temperature. Detailed
procedures for the measurement are described in a separate paper,*®
and other conditions are given in the later section.

Resultsand Discussion

Figure 1 displaysthe newly devel oped technique to achieve simul-
taneous measurement of XAFS and XRD at elevated temperature as
high as 450°C. The €electrode sheet with or without electrolyte was
sealed in Kapton sheet and was placed in the setup. Temperature for
the setup was controlled and monitored by heat guns with thermome-
ter, and XAFS and XRD were simultaneously collected from room
temperature to 450°C for every 50°C. K apton sheet was stable enough
to protect the electrode sheet even at 450°C. Figure 2a displays XRD
patterns for NCA-Mg electrode without electrolyte. At room tem-
perature, the XRD pattern for the charged NCA-Mg is typica of
a-NaFeO,-type layered structure with R3(over-bar)m space group,
and miller indexes in hexagonal setting are shown in thisfigure. Until
250°C, diffraction peaks slightly shift to lower angle because of ther-
mal expansion, while the sample has layered structure. XRD pattern
for the sample suddenly changes at 300°C, and then peak-broadening
and the change in diffraction angle are more obvious above 300°C.
During heating above 300°C, diffraction peaks of (102) and (104) in
hexagonal setting increase whereas those of (003) and (101) decrease,
suggesting structural change from layered to spinel-related structure
owing to structural collapse at elevated temperature. Miller indexes
based on a cubic lattice is also given in this figure. Similar trend was
aso reported by Bang et al. with respect to the temperature at which
structural change occurs.*®

Heat gun

_XRD detector
i Transmitted X-ray

Temperature controller

Figure 1. (Color online) Schematic illustration of the setup to control sample-
temperature for X-ray absorption and diffraction measurements.
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Figure2. XRD patterns for LiNig 75C0p.15Alp.05Mdo 0502 in a charged state
at 4.2V vs. Lit/Li in the (a) absence or (b) coexistence of electrolyte during
heating every 50°C from room temperature to 450° C, which were collected at
an energy of 8.0 keV.

Figure 2b shows XRD patterns for NCA-Mg with electrolyte to
clarify arole of e ectrolyte on the thermal decomposition. Small peaks
appear at 250°C in the vicinity of diffraction peaks of (003) and
(104) in hexagona setting, while major peaks are associated with
layered structure. Those new peaks increase during heating above
250°C, indicating two-phase coexistence of layered and spinel-related
structures for the structural change with electrolyte, which is derived
from accelerated reduction of NCA-Mg by the electrolyte.

Ni K-edge X-ray absorption near-edge structure (XANES) spectra
for NCA-Mg electrode in the absence or coexistence of electrolyteare
shown in Fig. 3a and 3b, and monotonous edge-shift is seen during
heating. Edge energies at half-step height, i.e., normalized absorbance
of 0.5, are displayed in Fig. 3c, which is often used to estimate the
oxidation state of nickel species.’® Edge energy of nickel metal is
assumed to be 0 eV for comparison, and that of NiO is aso shown
as areference. Oxidation states of nickel species at 450°C are almost
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Figure3. (Color  online)  Ni K-edge XANES  spectra  of

LiNio.75COO_15A|0.05M90.0502 in a charged state at 4.2 V vs. Lit/Li in
the (a) absence or (b) coexistence of electrolyte during heating every 50°C
from room temperature to 450°C, and (c) edge energies at half-step heights as
afunction of heating temperature. Edge energy of nickel metal is assumed to
be 0 eV for comparison, and that of NiO is also shown as areference.
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Figure4. (Color  online) Co K-edge XANES spectra of

LiNig75C00.15Al005Mgo 0502 in a charged state at 4.2 V vs. Lit/Li in
the (a) absence or (b) coexistence of electrolyte during heating every 50°C
from room temperature to 450°C, and (c) edge energies at half-step heights
as afunction of heating temperature. Edge energy of cobalt metal is assumed
to be 0 eV for comparison, and those of CozO4 and CoO are also shown as
references.

the same between two samples, which is close to NiO. About 50°C
differencein thetemperature at which the reduction of NCA-Mg starts
between the electrolyte presence and absence, i.e., 200°C and 250°C,
respectively, indicating reduction of NCA-Mg is accelerated by the
electrolyte.

Co K-edge XANES spectrafor NCA-Mg are shown in Fig. 4aand
4b. In the absence of electrolyte, edge shift to lower energy occursin
250-300°C and then the change in spectral shape, characteristic of Co
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K -edge spectra,’” is seen above 300°C, while coexistence of NCA-Mg
with electrolyte gives monotonous edge-shift to lower energy in the
entire temperature range. Edge energies of Co K-edge spectraat half-
step height are displayed in Fig. 4c assuming that of cobalt metal as
0 eV for comparison. The edge-shift temperature is the same between
Ni and Co K-edge spectra. Edge energies of Co;0,4 and CoO are also
shown as references. Edge energy for Co K-edge of NCA-Mg without
electrolyte at 450°C is close to that of Cos0,4, whereas reduction of
cobalt species in the coexistence of electrolyte proceeds more deeply
toward CoO above 350°C, which was also reported by MacNeil and
Dahn with respect to thermal decomposition of LigsC00,.6

Irrespective of electrolyte presence, reduction of nickel and cobalt
species in NCA-Mg by XANES is found to occur at lower temper-
ature of at least 50°C than the XRD structural-change, which will
be a key to understand the exothermic mechanisms, especially onset
temperature, occurring between electrode materials and nonagueous
electrolyte.

Conclusion

Simultaneous XAFS and XRD measurement at elevated temper-
ature was newly developed to examine therma decomposition of
NCA-Mg with or without electrolyte. Reduction of NCA-Mg with
electrolyte occurs at about 50°C |ower temperature than that without
electrolyte. Oxidation states of nickel species at 450°C are close to
that of NiO irrespective of electrolyte presence, and that of cobalt
species without electrolyte are associated with CosO,4. Reduction of
cobalt speciesis promoted by the el ectrolyte more deeply toward CoO.
Oxidation states of nickel and cobalt species detected by XANES
start to decrease at about 50°C lower temperature than the structural
change by XRD, and hence the onset temperature of the exothermic
reaction examined by differential scanning calorimetry (DSC) can be
compared with the simultaneous XAFS and XRD measurement to
understand which reaction-step is a key for exothermic reactions of
electrode materials with electrolyte. Such an approach is in progress
in our group.
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ABSTRACT: Various metal-doped p-type CaFe,O, photocathodes were 0.0 |
prepared in an attempt to improve the low quantum efliciency for
photoreaction. CuO and Au doping enhanced the photocurrent by expansion
of the absorption wavelength region and plasmon resonance, respectively. X-
ray diffraction (XRD) and X-ray absorption fine structure (XAFS) analysis
showed that doping with these metals further disturbed the originally
distorted crystal structure of CaFe,O,. In contrast, doping with Ag relaxed the
distorted crystal structure around the Fe center toward symmetry. Ag doping
resulted in improvement of the carrier mobility together with a red-shift of 1.0 i [

photoabsorption with Ag-doped CaFe,O, having a 23-fold higher photo-

current than undoped CaFe,O,.
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hotocatalytic reactions are widely used for solar energy
conversion' and environmental purification,” and they
require semiconductors which show efficient photoresponses
owing to their narrow bandgaps, high carrier densities, and
mobility. To realize efficient photocatalytic systems, reports on
combinations of p-type and n-type semiconductors for
photoelectrochemical devices® ® and photocatalysts’® have
been increasing. Although there have been many reports on
highly efficient n-type semiconductors, there have been
comparatively few studies on p-type semiconductors, most of
which consist of rare metals. Hence development of efficient p-
type semiconductors is crucial. Calcium iron oxide (CaFe,0,)
is an attractive p-type semiconductor which consists of only
abundant elements. CaFe,O, exhibits visible-light response
(bandgap = 1.9 eV) and a suitable conduction band edge (—0.6
V vs RHE)" for application to water splitting,'"'* photo-
decomposition of harmful organics,"®> and superhydrophilic
reactions.* However, the quantum efficiency of the CaFe,O,
electrode is relatively low, which is mainly due to its poor
mobility (ca. 107 V7' 57! cm?).'®
Metal doping into metal oxide has often been attempted to
induce a red-shift of the bandgap transition' and generate
acceptor levels in the bandgap due to enhanced p-type
character.'® Furthermore, if the atomic orbitals of the dopant
are hybridized with the narrow d band in the conduction band
(CB) or valence band (VB), bandgap modulation and an
enhancement of carrier mobility are expected.
Here, to explore a suitable dopant, we have prepared various
metal-doped CaFe,0, (M-CaFe,0,; M = Ag, Au, CuO, Pd, and

-4 ACS Publications  © 2014 American Chemical Society

10969

Ir) electrodes by radio frequency (RF) magnetron cosputtering
followed by postannealing at a low temperature. It was
confirmed that some metals enhance the photoelectrochemical
properties of CaFe,0,. The enhancement effects of the cationic
dopants were investigated in detail by structural analyses.

CaFe,0, and a metal were codeposited by RF magnetron
sputtering onto glass substrates coated with antimony-doped
tin oxide (ATO), a transparent conductive oxide. The
compositions of the films were adjusted by changing the
input RF powers for the metal target in the range of 0—300 W,
while that for CaFe,O, was fixed at 500 W. The film thickness
was adjusted to ca. 180 nm according to the sputtering time.
The deposited electrodes were postannealed at an optimum
temperature of 923 K in an O, gas flow for 2 h. The surface of
the films was confirmed to be flat as shown by the scanning
electron microscopy (SEM) image (Figure S1, Supporting
Information). Representative scanning transmission electron
microscopy (STEM) images (Figure S2e, Supporting Informa-
tion) revealed that metals were aggregated in the films after
annealing, while there were no aggregates before annealing
(Figure S2d, Supporting Information). It indicates that an
excess amount of metals for doping in lattices of CaFe,O,
aggregated during the annealing process.

Current—potential curves of the sputter-deposited films were
measured in an electrochemical cell containing O,-saturated 0.2
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M K,SO, aqueous solution equipped with Pt wire and Ag/AgCl
electrodes. In all of M-CaFe,0,’s, only Ag-CaFe,O, showed
dark current, which is a redox wave of Ag/Ag" by the elution of
aggregated Ag. After oxidation by chronoamperometry at 0.6 V
vs Ag/AgCl, the current disappeared, as shown in Figure S3
(Supporting Information). After this treatment, the color of the
film changed from dark brown to yellow (Figure S3, Supporting
Information), and voids due to the elution of Ag were evident
by STEM analysis (Figure S2f, Supporting Information).
Energy-dispersive X-ray (EDX) spectroscopy measurements
indicated the residual amount of Ag was less than the detectable
limit (<0.5 atom %). After repeated washing of the electrodes
with distilled water, photocurrent—voltage curves were
measured with fresh electrolyte.

Figure 1 shows current—potential curves for the Ag, CuO,
Au, and undoped CaFe,0, electrodes under chopped light

0.0

o
(¥
AN}

Current / mA
=)
-

e PR W AT T T O T T A S O T I O

06 -04 -02 00 0.2 0.4 0.6
Potential / V vs. Ag/AgCI

Figure 1. Current—potential curves measured in O,-saturated 0.2 M
K,SO, solution under chopped light irradiation (300—800 nm) for Ag
(35 W)-CaFe,0, (red line), CuO (300 W)-CaFe,0, (blue line), Au
(50 W)-CaFe,0, (green line), and CaFe,O, (black line) electrodes.
All electrodes were postannealed at 927 K, and the film thickness was
fixed at ca.180 nm.

irradiation. These films exhibit typical cathodic photocurrents
that correspond to O, reduction, which indicates that M-
CaFe,0,’s are also p-type semiconductors. Ag (35 W)-CaFe,0,
(red line) showed the highest photoactivity. The photocurrent
at 0.0 V vs Ag/AgCl was 23 times higher than that for CaFe,0,
(black line). Other Ag-CaFe,O,’s prepared by RF sputtering of
a silver target in the range of 20—60 W also showed a higher
photocurrent than CaFe,0, (Figure S4a, Supporting Informa-
tion). CuO-CaFe,0, deposited by cosputtering with a RF
power of 50—300 W for CuO also exhibited 1.3—2.9 times
higher photocurrent than that of CaFe,O, at 0 V (Figure S4b,
Supporting Information). The photocurrent for Au (S0 W)-
CaFe,0, was 1.7 times higher than that of CaFe,0,, although
those for the Au electrodes sputtered at 15—37 W were lower
(Figure S4c, Supporting Information). In contrast, doping with
Pd and Ir did not enhance the photocurrent of CaFe,O,
(Figures S4d, e, Supporting Information). Time courses for
the photocurrents with a bias of 0 V are shown in Figure S§
(Supporting Information). Although the photocurrents for
CuO-CaFe,0, and Au-CaFe,0, decreased, that of Ag-CaFe,0,
was stable.

Figure 2 shows UV—vis absorption and incident photon to
current efficiency (IPCE) spectra for CaFe,0, doped with Ag,
CuO, and Au and undoped CaFe,O, films. The absorption
edge of CaFe,0, (ca. 650 nm, black line) was shifted to the
longer-wavelength region by doping with Ag and CuO (red and
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Figure 2. IPCE spectra (data points; left axis) and UV—vis absorption
spectrum (lines; right axis) for Ag (35 W)-CaFe,0, (red), CuO (300
W)-CaFe,0, (blue), Au (50 W)-CaFe,O, (green), and CaFe,0O,
(black) electrodes. IPCEs were measured at 0.0 V vs Ag/AgCl with
monochromatic light irradiation. The film thicknesses of all electrodes
were fixed at ca.180 nm.

blue lines, respectively). The Au-CaFe,0, film showed not only
a red-shift but also an absorption peak around 500—800 nm
(green line) which is attributed to the plasmonic absorption of
Au nanoparticles.

The IPCE spectra also shifted toward the longer-wavelength
region, which corresponds to the red-shift of the absorption
edge with doping. The photocurrent of CaFe,0, was obtained
at less than 600 nm, while that of Ag-, Au-, and CuO-CaFe,0,
was observed at 720 nm (Figure S6, Supporting Information).
Therefore, it is speculated that cationic Ag, Cu, and Au may be
introduced into the CaFe,0, lattice to create a new level
between the VB and/or CB in the bandgap. In the case of
CuO-CaFe,0,, enhanced photoresponse was observed at
longer wavelengths of 460—800 nm. The improvement of
photocurrent by full-arc irradiation in Figure 1 is considered to
be due to the improved photoresponse between 460 and 800
nm. However, the IPCE below 420 nm is lower than that for
CaFe,0,, which indicates that CuO doping has not only a
positive effect by the bathochromic shift but also a negative
effect in the generation of electron and hole trap sites." In the
case of Au-CaFe,0,, the IPCE was lower than that of CaFe,O,
below 600 nm. A decrease of photocurrent should also be
caused by the generation of trap sites with Au doping.
However, this is contradicted by the 70% increase in
photoresponse with full-arc irradiation (Figure 1). This result
indicates that the improved photocurrent for Au-CaFe,O,
requires multicolor irradiation, i.e., excitation to both bandgap
and Au plasmons. It is a possibility that the improved
photocurrent may be due to localized surface plasmon
resonance (LSPR) by Au plasmons.'” Photoexcitation of the
LSPR peak is known to form a locally enhanced electric field in
the proximity of metal nanoparticles, which can then enhance
the photoexcitation of chromophores near the metal nano-
particles. In the case of Au-CaFe,0,, the electric field induced
by photoexcitation of the LSPR peak for Au nanoparticles (4 >
500 nm) may enhance the photoexcitation of CaFe,0, (4 <
600 nm). Despite that Au acts as a trap site, the photocurrent
by full-arc irradiation may be increased. In contrast, the IPCE
for Ag-CaFe,0, was much higher than that for CaFe,O, over
the entire wavelength region. Therefore, doping with Ag is
effective not only for the absorption red-shift but also for an
improvement of the photoresponse in the range of 340—760
nm. As reasons for photocurrent enhancement, Ag doping may

dx.doi.org/10.1021/am502500y | ACS Appl. Mater. Interfaces 2014, 6, 10969—10973
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Figure 3. (a) Crystal structure of CaFe,0O, (Ca, blue; Fe, brown; O, red), (b) XRD patterns, and XANES and k*-weighted FT-EXAFS spectra for Fe
K-edge (c and d, respectively) and that for Ca K-edge (e and f, respectively) of Ag-CaFe,0, (red), CuO-CaFe,O, (blue), Au-CaFe,0, (green), and

CaFe,0, (black) electrodes.

promote reaction with O, at the surface or improve bulk
properties such as the carrier mobility.

To investigate the effect of Ag-doped sites and Ag particles
for the reaction, a CaFe,0, electrode loaded with Ag
nanoparticles [Ag particle/CaFe,0,/ATO] and a Ag-doped
CaFe,0, electrode layer [Ag-CaFe,0,/CaFe,0,/ATO] were
prepared. Photoinduced current—potential curves of these
electrodes are shown in Figure S7 (Supporting Information),
where the photocurrents of both electrodes were degraded.
These results indicate that Ag-doped sites and Ag particles do
not act as reduction sites to enhance the photocurrent in Ag-
CaFe,0,.

To examine the bulk properties of Ag-CaFe,O,, the
dependence of photocurrent on the film thickness was
investigated. Photocurrent—voltage curves of 100—500 nm
thick Ag-CaFe,0, and CaFe,0, films are shown in Figure S8
(Supporting Information). For CaFe,O,, the best photocurrent
obtained at —0.25 V vs Ag/AgCl was for the 100 nm film and
then decreased with increasing film thickness. The short carrier
diffusion length in CaFe,O, resulted in poor photoelectro-
chemical properties. This is disadvantageous for efficient light

10971

absorption because the majority of incident photons is
transmitted through the thin film. In contrast, the optimum
thickness of the Ag-CaFe,0, film was 230 nm, and an efficient
photocurrent was observed even at 500 nm. Therefore, more
photons were absorbed in the thicker Ag-CaFe,0, films, which
can be explained by more photogenerated holes reaching the
transparent electrode with improved carrier mobility. The
enhancement of carrier mobility by Ag doping was estimated to
be 4.6 times (Supporting Information). Consequently, the
enhancement of the photoresponse with Ag doping is
considered due to an improvement of the carrier mobility in
the bulk. A detailed crystallographic analysis was then
conducted to investigate the factors for improvement of the
bulk properties with doping.

Figure 3b shows XRD patterns for Ag-, CuO-, and Au-doped
CaFe,0, and undoped CaFe,0, electrodes. The undoped
CaFe,0, electrode has two intense peaks assignable to (200)
and the overlap of (040) and (320), in addition to several weak
peaks. Ag-CaFe,0, also had intense peaks similar to that for
CaFe,0,. The intensity of the (200) diffraction peak for Ag-
CaFe,0, was decreased slightly, while the other several peaks
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were increased and shifted to lower angle by A26 = 0.02—0.03°
(Figure S10, Supporting Information). This indicates that
doping with Ag induces a change of the crystal orientation in
the film structure and the lattice spacing. In contrast, all of the
peak intensities for the Au- and CuO-doped electrodes were
decreased, and other peaks assignable to Au (26 = 38.2°) and
CuO (26 = 38.9°) were observed. Films doped with Pd and Ir
also showed a significant decrease in the CaFe,O, peaks and
the appearance of metallic phase dopant peaks.

XAFS spectra for the K-edge of Ca and Fe were measured to
probe the short-range structure.'® However, we could not
obtain information on Ag because the dopant amounts were
below the detection limit (less than 0.5 atom %). Figure 3c
shows Fe K-edge X-ray absorption near edge structure
(XANES) spectra for metal-doped CaFe,O,. Pre-edge peaks
and absorption peaks were observed around 7109 and 7127 eV,
respectively. The absorption maxima of Ag-CaFe,O, were
shifted to lower energy than that of CaFe,O,, which indicates
that the electronic structure of Fe became reductive by Ag
doping. The pre-edge peak of Ag-CaFe,0, is lower than that of
CaFe, 0, and is attributed to forbidden transitions such as 1s —
3d, which is allowed by degradation of the ligand-field
symmetry around Fe due to p-character mixing with d orbitals.
Therefore, the difference in the pre-edge peak indicates that Ag
doping induces improvement of the symmetry around the Fe
atom in CaFe,O,. In contrast, Au and CuO doping caused
disturbance of the symmetry.

Figure 3d shows the Fourier transforms (FTs) of k*-weighted
extended X-ray absorption fine structure (EXAFS) spectra,
which were collected for specific nearest-neighbor interatomic
distances. The FT-EXAFS data showed three major peaks.
CaFe,0, has a distorted spinel structure (Figure 3a)," in which
each Fe atom is surrounded by six O atoms in octahedral
coordination. The first shell peak of the FT-EXAFS signal at ca.
1.6 A is assigned to families of O atoms. The second shell peak
at ca. 2.7 A is assigned to single scattering by Fe—Ca and Fe—
Fe atoms, while the third shell peak at ca. 3.2 A represents
contributions from both Ca, Fe, and O atoms. In the case of
Ag-CaFe,0O, the FT magnitude of the first peak was higher
than that of CaFe,O,, which also indicates improvement of the
symmetry around Fe. The peak of the first shell was slightly
shifted to longer interatomic distance with Ag doping. In
contrast, the first shell shifted shorter, and the FT magnitude
was lowered with Au and CuO doping.

The Ca K-edge XANES and FT-EXAFS spectra for metal-
doped CaFe,O, are shown in Figures 3e and 3f, respectively.
These spectra contain much noise because the energy of the Ca
K-edge is weak. The difference in the pre-edge and the
absorption edge energy by doping could not be recognized.
The FT-EXAFS data showed three major peaks. The first shell
between 1.7 and 2.0 A is attributed to single scattering by the
surrounding eight O atoms. The other shells contain various
scattering by Ca, Fe, and O atoms. The peak intensity of the
first shell for Ag-CaFe,0, is higher than that for CaFe,O,,
which indicates the symmetry around Ca is also improved by
Ag doping. In contrast, the first shell peak was more split and
lowered by Au and CuO doping, which is considered to be
because the symmetry of the Ca—O bond is lowered.

Decreasing symmetry is closely related to carrier mobility
because mobility is highly dependent on the overlap of atomic
orbitals. The CB minimum of CaFe,O, consists of the Fe 3d,
while the VB is mainly composed of Fe 3d and O 2p.*%*'
Therefore, the orbital overlap of the 3d orbitals of Fe with the

2p orbital of O®” is important for the carrier mobility. The
overlap must be significantly reduced by decreasing symmetry
around Fe because of the narrow and anisotropic 3d orbital.
Therefore, the low mobility is closely related to the distorted
lattice structure. Doping with Ag induces an improvement in
the symmetry around the central Fe atom. The structural
improvement may also induce high mobility, which is
considered to be the main reason for the significantly high
photocurrent. These results introduce a new strategy for the
formation of highly efficient semiconductor materials. This
structural change by Ag doping may be applicable to other
distorted oxide semiconductors.

In conclusion, various metal-doped CaFe,O, semiconductors
with p-type conductivity were produced by RF magnetron
cosputtering. Doping of CuO, Au, and Ag resulted in an
enhancement of the photocurrent. Although CuO and Au
doping enhanced photocurrent by expansion of the absorption
wavelength and plasmon resonance, respectively, the doping
decreased the symmetry around the Fe center and the
crystallinity of CaFe,O,. In contrast, Ag doping relaxed the
distorted crystal structure of CaFe,O, together with a red-shift
in photoabsorption. As a result, Ag-doped CaFe,O, exhibited
23 times higher photocurrent than undoped CaFe,O,. Ag-
CaFe,0, would be economically desirable as photocatalysts for
environmental purification™ and suzperhydrophilic reactions'*
and solar energy conversion”'"'” by conjugating n-type
semiconductor since it is composed of naturally abundant
elements.
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ABSTRACT: The dispersion of perfluorinated sulfonic acid ionomers in catalyst inks is an
important factor controlling the performance of catalyst layers in membrane electrode
assemblies of proton exchange membrane fuel cells (PEMFCs). The effect of water/alcohol
composition on the dispersion of H-Nafion in water/1-propanol and water/ethanol
solutions was studied by dynamic light scattering (DLS), small-angle X-ray scattering
(SAXS), and '°F nuclear magnetic resonance ('’F NMR) spectroscopy. Hydrodynamic radii '
calculated from DLS decay profiles and the radii and interparticle distance of rod-like ~ 4 :
particles derived from SAXS profiles showed almost the same dependence on alcohol 1 l (/\ )
concentration. 1-Propanol was more effective than ethanol to induce changes in the 7" . i :
characteristic lengths of the rod-like particles. The motional narrowing in the F NMR . - ‘|\11 ’
spectra by addition of 1-propanol indicates selective solvation of the rod-like particles. We - 20 7m =% ~50 nm

suppose this might have decreased their radii and induced their elongation, which eventually ~3nm

led to extension of the ordered regions as observed in the hydrodynamic radii. Our study

helps to clarify the dispersion of Nafion in aqueous alcohol solutions, which has implications for the performance of PEMFCs.

1. INTRODUCTION

Perfluorosulfonic acid (PFSA) ionomers such as Nafion have
been widely used as proton-conducting materials in polymer
electrolyte membrane fuel cells not only as the membrane-
separating anode and cathode but also the ionomer in the
catalyst layer." The catalyst layer is prepared by drying a catalyst
ink containing catalyst and ionomer particles, so it is important
to understand their dispersion and interaction in the ink to
improve the properties of the resulting catalyst layer.””>

For ionomer dispersion, we can refer to grevious studies on
Nafion in polar solvents." ® Aldebert et al.” claimed that rod-
like particles of Nafion are homogeneously dispersed in polar
solvents based on the concentration dependence of interference
peaks in small-angle neutron scattering (SANS) and small-angle
X-ray scattering (SAXS) profiles. The radii of the rod-like
Nafion particles depended on interfacial energies rather than
the dielectric constants of the solvents, because each particle
was assumed to be an aggregate of several polymer chains
forming a core with their hydrophobic perfluorinated back-
bones and sulfonates located on its surface.'® Several analytical
procedures of small-angle scattering profiles gave fairly
consistent values of around 20—25 A for the radii of Nafion
particles dispersed in various polar solvents.'" PFSA ionomers

-4 ACS Publications  © 2014 American Chemical Society

with short pendant chains also formed rod-like particles with
slightly smaller radii of around 15—17 A in polar solvents."”
The degree of solvent penetration into the rod-like particles
was probed by electron spin resonance measurements of spin-
probe molecules, and a fringed rod model was proposed to
explain the interaction of the rod-like particles at higher
concentration."*™'® Transmission electron microscopy (TEM)
images of Nafion observed at low temperature show wormlike
objects with a length of around 30 nm, which is in good
agreement with that estimated from small-angle scattering
measurements. '’

However, recent studies on the PFSA jonomer dispersions
show results which seem inconsistent with the traditional rod-
like particle model. TEM images of Nafion solutions by freeze-
dried specimen show larger aggregates of submicron
scale.'®~*° Dynamic light scattering (DLS) measurements of
Nafion solutions also give hydrodynamic radii ranging from 0.1
to 10 um, so these larger values were attributed to secondary
aggregation of the fringed rods in protic solvents.”'** In

Received: July 8, 2014
Revised: ~ November 21, 2014
Published: November 24, 2014

dx.doi.org/10.1021/jp506814m | J. Phys. Chem. B 2014, 118, 14922—-14928


pubs.acs.org/JPCB

The Journal of Physical Chemistry B

5, (2014)

contrast, Nafion in aprotic solvents forms smaller particles with
diameters of <100 nm according to static light scattering (SLS)
experiments,18 suggesting Nafion aggregation is more sensitive
to solvent properties than the shape and size of the rod-like
particles. Recently, Welch et al.>* claimed that the shape and
size of primary particles of Nafion are more drastically affected
by solvents than previously assumed. Their SANS profiles of
Nafion in water/2-propanol showed significant swelling of the
particles to >200 nm, while TEM images of the same system
published by Ngo et al.'’ show aggregates of <100 nm.

It seems there is still no consistent understanding of the
dispersion of PFSA ionomers in various polar solvents at
different length scales from the shape and size of the primary
particles to formation of their aggregates. Most previous papers
have focused on either the primary particles or aggregates, and
there are few studies discussing the relationship between these
scales. Thus, here we used DLS, SAXS, and F NMR
spectroscopy to see how conformational changes in the
primary particles of Nafion probed by NMR and SAXS affect
its aggregation evaluated by DLS. Water/alcohol mixtures were
used not only because they are the most fundamental systems
to understand the effect of selective solvation on structural
development but also because they are actually employed in
catalyst ink solutions.

2. EXPERIMENTAL METHODS

Nafion PFSA polymer dispersion (D2020, DuPont Fuel Cells,
Wilmington, DE; Nafion (EW 1100 g mol™") 21.9 wt %, water
32.6 wt %, 1-propanol 45 wt %, others 0.5 wt %) was diluted
with purified water (Kishida Chemical, Osaka, Japan, deionized,
SiO, <0.05 ppm) and either 1-propanol (Kishida Chemical,
99.5%) or ethanol (Kishida Chemical, 99.5%) to prepare
Nafion solutions with different proportion of water and alcohol
as summarized in Table 1. Reagents were used without further

Table 1. Solvent Composition® Water/Alcohol Solutions of
Nafion

water/1-propanol water/ethanol/1-propanol

98/2 98/0/2

90/10 88/10/2
76/24 72/25/3
48/52 43/53/4
16/84 13/81/6

“Mole fraction, %.

purification. Although solutions prepared by addition of ethanol
to the original solution contain a small amount of 1-propanol,
they are hereafter denoted as water/ethanol solutions for
convenience except for cases where solvent composition is
specified. The Nafion concentration in all solutions is 30 g
dm™ unless otherwise stated.

DLS was performed with a DLS/SLS apparatus (ALVS000,
ALV, Germany). Sample temperature was maintained at 25 +
0.03 °C. The light source was a 22 mW He—Ne laser (1 =
632.8 nm). In the DLS measurements, intensity correlation
functions were obtained for 60 s at 90°. The distribution
functions of translational diffusion coeflicients were obtained by
the inverse Laplace transform of each correlation function,
using the CONTIN algorithm.*® The distribution function of
hydrodynamic radii, Ry, was calculated with the Stokes—
Einstein equation, using the viscosity and refractive index of the
solvent.

14923

41

SAXS profiles were measured at the BL33XU beamline of
SPring-8, Hyogo, Japan. The X-ray beam was monochromat-
ized to 0.827 A with a two-crystal monochromator. Sample
solutions in polyimide tubes (2 mm o.d.) were irradiated with
an X-ray beam collimated to a height of 0.3 mm and width of
0.4 mm for 1 min per sample. Scattered photons were detected
with a two-dimensional semiconductor detector (PILATUS-
300 K, 487 X 619 pixels, pixel size 0.172 X 0.172 mm, Dectris,
Switzerland) with sample-to-detector distances of 4.5 and 0.05
m. The measured data were plotted as relative scattering
intensity profiles after corrections for dark current, background,
transmittance, and solid angle.

NMR spectra of '°F nuclei were measured with an NMR
spectrometer (ECA-500, JEOL, Japan) with a superconducting
magnet of 11.747 T, which corresponds to a resonance
frequency of 470.62 MHz for '°F. The sample was transferred
to a glass tube (S mm o.d.) and free induction decay signals
after each 7/4 pulse (3.7 ps) were collected at 20 °C at
intervals of S s and then Fourier transformed to obtain NMR
spectra. Baseline correction of the spectra was performed
manually to facilitate comparison of peak intensities. The peak
from the backbone CF, units was set to —123 ppm in all
spectra.27

3. RESULTS

3.1. DLS. Figure 1 shows intensity—intensity time
autocorrelation functions of water/l-propanol and water/
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Figure 1. DLS autocorrelation function decay profiles of H-Nafion in
water—alcohol solutions with different compositions: (a) water/1-
propanol and (b) water/ethanol.
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ethanol solutions of Nafion. In all the cases, the autocorrelation
functions decay to 1% within 1 s. For the polyelectrolyte
solutions, there are fast and slow decay components in the DLS
decay curves. Although two such components are clearly
identified for the water/1-propanol 90/10 and 76/24 solutions,
the fast component is absent and only the slow relaxation
component is observed in other cases. In previous literature, the
presence of the fast relaxation mode in the decay of the
autocorrelation functions of salt-free Nafion solutions depends
on various factors such as solute concentration, solvent species,
and composition.”** Thus, we discuss only the changes in the
decay constants of the slow relaxation mode that is observed in
all the sample solutions.

The decay profiles of the autocorrelation functions of the
sample solutions diluted with water alone, i.e., water/1-
propanol 98/2 in Figure la and water/ethanol/1-propanol
98/0/2 in Figure 1b, show the fastest decay. Addition of either
1-propanol or ethanol causes the autocorrelation functions to
decay more slowly, although the effects of 1-propanol and
ethanol are slightly different. The decay is the slowest at the
mole ratio of either 90/10 in water/1-propanol or 72/25/3 in
water/ethanol/1-propanol, and the decay constants become
shorter as the fraction of 1-propanol or ethanol increases. These
changes in decay constants are shown in Figure 2 as

25 T T T T

Rn (1078 m)

0 1 L L L
0 02 04 06 08 1

Mole fraction of alcohol

Figure 2. Hydrodynamic radius R; calculated from self-diffusion
coefficients of DLS decay profiles: (solid circles) water/1-propanol
and (open squares) water/ethanol. Each sample was measured five
times to calculate average and error.

hydrodynamic radii plotted against the total mole fraction of
alcohols in the solvents. The mole fraction of alcohol that gives
the largest hydrodynamic radius is higher for ethanol than 1-
propanol. In other words, 1-propanol is more effective than
ethanol to induce certain inhomogeneity in the Nafion solution,
while the spatial extent of the inhomogeneity expressed as
hydrodynamic radii is higher for ethanol than 1-propanol.
Changes in the decay of the autocorrelation functions caused
by increasing mole ratio of alcohol to Nafion solution have
already been observed in the case of water and 2-propanol
solutions by Ngo et al,” although Nafion concentration was far
more dilute (0.6 g dm™) than in the present case (30 g dm™).
Hydrodynamic radii were the largest for the solutions
containing 45—55 wt % (20—27 mol %) 2-propanol, although
their estimated values of 120—180 nm are about 10 times
smaller than the present values. We suppose that the smaller
hydrodynamic radii determined by Ngo and co-workers
compared within this work are mainly caused by the much
lower concentration of Nafion in their study. The concentration
dependence of Nafion from 1 to 50 g dm™> was briefly studied
for water/1-propanol 98/2 and 16/84 solutions. Estimated

hydrodynamic radii increased nearly 10 times with Nafion
concentration in both solutions, and 16/84 solutions always
showed larger Ry than 98/2 solutions.

3.2. SAXS. Figure 3 shows SAXS profiles of Nafion in
water/alcohol solutions with different compositions. The SAXS
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Figure 3. SAXS profiles of Nafion in water—alcohol solutions: (a)
water/1-propanol and (b) water/ethanol. Profiles are vertically shifted
to avoid overlap.

profiles of the aqueous solutions (water/1-propanol 98/2 and
water/ethanol/1-propanol 98/0/2) show distinct maxima at
Gmax X 0.023 A7', where q = (47/4) sin 0 is the magnitude of
the scattering vector. On the higher g side of this maximum, the
profile shows approximately g~ dependence up to q ~ 0.1,
which then changes to approximately q~* dependence. Upon
increasing the mole fraction of 1-propanol to 10% (water/1-
propanol 90/10), the SAXS profile at ¢ < 0.1 A™' shifts to
higher g and lower I(q) values with q,,,, = 0.032 A™/, as shown
in Figure 3a. However, when the fraction of 1-propanol is
increased further, the maximum shifts toward smaller g with
considerable broadening. SAXS profiles of water/ethanol
solutions are very similar to those of the water/1-propanol
solutions, as shown in Figure 3b, except that the scattering
maxima shift to larger g value until the mole fraction of ethanol
reaches 25%.

The SAXS profiles (g = 0.04—0.2 A™") of Nafion in water/1-
propanol were fitted by scattering curves of cylindrical objects,
as shown in Figure 4a. Their radii were adjusted to reproduce
changes in q dependence at 0.1-0.2 A™! from q~' to g% The
length of the cylindrical object may also be deduced in principle
from the onset of changes in q dependence of I(g) from ¢ to
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Figure 4. Curve fittings of SAXS profiles of Nafion in water/1-
propanol solutions. (a) I(q) profiles and simulated curves assuming
cylindrical objects. Profiles were vertically shifted to avoid overlap. (b)
I(q) X q profiles fitted with Gaussian functions to locate g,,,,.

q~" at the smaller q. Unfortunately this region was obscured by
scattering maxima because of high solute concentration, so the
cylindrical objects were assumed to be infinitely long in the
fitted curves in Figure 4a.

We next identified the location of the scattering maxima in
the I(q) profiles. The peaks were fairly broad, so it was difficult
to obtain reliable values directly from the I(q) profiles. Because
scattering maxima arise from structure factors S(g), their
approximate profiles were obtained by assuming that the form
factor P(q) was proportional to g~' as described above and thus
S(q) =~ I(q)/P(q) ~ I(q) X q. The simulated S(q) of Nafion in
water/1-propanol are shown in Figure 4b, with maxima fitted
with Gaussian functions. It should be noted that a secondary
maximum appears at ~0.06 A™' only for the 98/2 water/1-
propanol mixture. The measured and simulated SAXS profiles
of Nafion in water/ethanol mixtures are shown in the
Supporting Information.

The radii of the cylindrical objects derived from the fitted
curves in Figure 4a for Nafion in water/1-propanol are plotted
against alcohol fraction in Figure Sa. The radius decreases from
1.4 to 0.9 nm as the mole fraction of 1-propanol increases from
2% to 10% or 24%. In contrast, the minimum value was
obtained for the alcohol (ethanol + 1-propanol) mole fraction
of 57%. In the case of water/ethanol solutions, the radius
decreases as the mole fraction of ethanol in the solvent
increases.

Figure Sb shows interparticle distances of the rod-like
particles estimated from the maxima of the structure factors
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Figure S. Dependence of characteristic lengths of Nafion in water—
alcohol mixtures on alcohol fraction: (circles) water/1-propanol;
(squares) water/ethanol. (a) Radii of rod-like objects from fitting I(q)
profiles; (b) interparticle distance of rod-like objects dyoy = 27/ qpaw
and (c) surface tension of water—alcohol mixtures (ref 28).

dmax depicted in Figure 4b as d,, = 27/, The changes of
dmax With alcohol fraction are almost parallel to those of the
radii of the cylindrical objects presented in Figure Sa. For
water/1-propanol solutions, the mole fraction giving the
smallest R and d,,, values is ~0.1, while it is ~0.5 for water/
ethanol solutions.

In previous studies, the radii of the rod-like particles of
Nafion in different solvents have been explained by the
interfacial energy between the solvent and air or polytetra-
fluoroethylene polymer.'® Figure Sc shows the surface tension
of water/1-propanol and water/ethanol mixtures at 25 °C,
which decreases rapidly as alcohol fraction increases.”® 1-
Propanol reduces the surface tension more than ethanol, which
is consistent with the changes in estimated radii shown in
Figure Sa. Pure 1-propanol and ethanol show almost identical
surface tensions, which can explain the smallest radii of the rod-
like particles in the water/l-propanol and water/ethanol
solutions at high alcohol fraction.

The scattering maxima in the SAXS profiles of the samples
with high water fraction are caused by interference between the
rod-like particles with a certain ordered structure in solution,
such as a two-dimensional hexagonal array.”'* For a model of
infinitely long cylinders, the radius can be estimated from d,,,
and the volume fraction ¢ of the ionomer is

1/2
R=( : ) P

73 (1)

By assuming the density of the ionomer is 2.1 g cm™,

corresponding to ¢ = 1.4% for the 30 g dm™> solutions, the
calculated radii of the rod-like particles are 1.3—1.8 nm, which
are slightly larger than the values shown in Figure Sa. While
Loppinet et al.'" obtained slightly larger radii for Li-Nafion
particles in water (2.4 nm) and ethanol (2.0 nm) with this
procedure, the values recently reported by Xu et al.* are slightly
smaller (1.5 nm) and closer to our results. In any case, although
the absolute values of the radii of the rod-like particles are
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different, the present study confirms the reported observation
that their radii are larger in aqueous solution than in alcohol
ones.

3.3. NMR. Figure 6 illustrates '°’F NMR spectra of Nafion in
water/1-propanol. The measured spectra are very similar to
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Figure 6. '°F NMR spectra of Nafion in water/1-propanol solutions of
different composition. Each spectrum is normalized against the
strongest peak. Spectra are plotted with shifted baselines to avoid
overlap.

those in previous studies of Nafion in I-propanol®’ or
ethanol,”**° and show peaks at around —81 (CF;, OCF,),
—118 (SCF,), —123 (backbone CF,), —140 (backbone CF),
and —146 ppm (side chain CF). Each spectrum in this figure is
normalized to its strongest peak at either —123 or —81 ppm. In
the spectrum of the water/1-propanol 98/2 mixture, the peak
of the backbone CF, at —123 ppm is the strongest and the
strongest side chain peak at —81 ppm does not show resolved
structure but only a shoulder at —80 ppm. At higher 1-propanol
fraction, this peak at ca. —81 ppm splits into several sharp
peaks; the strongest singlet at —81 ppm is assigned to CF; and
the multiplet at ca. —80 ppm is assigned to OCF, in the side
chain. The peak at —146 ppm from the side chain CF to which
CF; is attached changes in parallel with the CF; peak; the peak
becomes narrower and its relative intensity is almost constant
throughout as the mole fraction of 1-propanol changes above
0.1. These changes imply motional narrowing of the side chain
caused by solvation of the hydrophobic perfluorinated polymers
by the alkyl group of 1-propanol. In contrast, changes in the
peaks from the OCF, and SCF, units at —80 and —118 ppm,
respectively, are more gradual and are strongest in the solution
with the highest 1-propanol fraction. Because these units are
closer to the negatively charged sulfonate located at the end of
the side chain, water molecules around them are more gradually
replaced by 1-propanol compared with the case for the CF and
CF; groups closer to the backbone. As for the backbone peaks,
the CF peak at —140 ppm becomes narrower as the mole
fraction of 1-propanol increases. Changes in the strongest
backbone CF, peak at —123 ppm are less obvious, although the
line width becomes slightly narrower at higher 1-propanol
fraction.

4. DISCUSSION

We used two scattering methods to probe structural
information about scattering objects at different length scales
of Nafion dispersed in water/1-propanol and water/ethanol

mixtures by changing the mole ratio of water and alcohol. It is
noteworthy that the characteristic lengths obtained by the two
methods, ie, radii and mutual separation of the rod-like
particles from the SAXS profiles and the hydrodynamic radii
from the DLS decay curves, approach the largest or smallest
values, respectively, at the same mole fraction of ~0.1 for 1-
propanol and >0.3 for ethanol. Thus, it is anticipated that
certain physical principles might be relevant for both of these
parallel changes in characteristic lengths.

As noted above, changes in the radii of the rod-like particles
are explained by the interfacial energies of the water—alcohol
mixtures. Because the particle volume is considered to be
unaffected by the solvent composition at ambient temperature
and pressure, the rod-like particles become longer as their radii
decrease.'’ If one assumes that highly dispersed Nafion has M,
~ 2.5 X 10° g mol™ *"*? and a density of 2 g cm™, calculated
rod lengths are 30 and 66 nm for radii of 1.5 and 1.0 nm,
respectively. Thus, the smaller interparticle distance at higher
alcohol fraction is associated with thinner, elongated rod-like
particles. It should be noted that at a concentration of 30 g
dm™>, the interparticle distance in a homogeneous distribution
of particles is estimated to be 24 nm. This value is smaller than
the estimated lengths of the rod-like particles in water—alcohol
mixtures with alcohol fraction >0.1 and consequently they are
expected to exhibit orientational order to some extent, as
already assumed in our use of the hexagonal array model. In
addition, recent theoretical studies point out the possibility of
the electrostatic interaction between charged rod-like particles
to become attractive in salt-free solutions.>>>* These effects
explain the observed decrease in interparticle distance as the
alcohol fraction in the solvent mixtures increases.

Interparticle distances smaller than the average value of the
homogeneous distribution mean there is inhomogeneous
spatial distribution of the rod-like particles. Loppinet et al.''
analyzed their results with a homogeneous distribution of the
particles with a limited extent of local order and rejected the
two-state structure model. The two-state model assumes
ordered and disordered regions are present,’ and it seems
plausible to explain the larger structures observed by SANS and
DLS. However, it is still unclear how the size of the clusters in
the ordered regions is governed in the two-state structure
model. For sodium polystyrenesulfonate (NaPSS) in water,
SANS profiles at very small angle gave estimated radii of the
ordered domains of 40—100 nm.** Hydrodynamic radii
estimated from slow diffusion coefficients measured by DLS
were 100—400 nm, which were larger but of the same order as
those determined by SANS analyses.””*® In the present case,
the rod-like shape of the particles might have introduced
orientational order and stronger attractive interaction, which
would eventually have resulted in more extended clusters in the
ordered regions than in the case of NaPSS in water.
Introduction of alcohol causes the rod-like particles to elongate
because of selective solvation by alcohol. As a result, the
attractive electrostatic interaction between particles is enhanced
and consequently the average interparticle distance is
decreased. It is also expected that the area of the ordered
region is enlarged when the attractive interaction is stronger, as
observed in the estimated hydrodynamic radii in Figure 2.
However, the shape of the rod-like particles gradually becomes
obscured by solvent penetration as alcohol fraction increases
further, as proposed in the fringed rod model.'*7'® These
changes might have weakened the attractive interaction and
consequently the ordered region becomes smaller.
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At the polymer concentration range used in this study, the
estimated interparticle distances indicate that the rod-like
particles do not form dense aggregates in the ordered regions.
Such aggregates observed in the TEM images of the Nafion
solutions are probably formed during preparation of freeze-
dried samples. However, the TEM images seem to reflect
changes in the shape of the rod-like particles in the ordered
regions with solvent composition. For example, in a reported
series of TEM images of Nafion in water/isopropanol mixture
solvents, spherical primary particles change to rod-like and their
aggregates become larger as isopropanol fraction increases."
The aggregates become smaller as both the number and size of
the primary particles decrease as the isopropanol fraction
increases further. These changes in the size and shape of the
primary particles with solvent composition are the same in the
present case.

However, SANS profiles suggested the presence of highly
swollen clusters (>200 nm) in water/2-propanol solution,”
which does not seem compatible with the TEM images. This
SANS analysis was based on a model proposed by Hammouda
et al®” that includes a term describing local polymer—solvent
interaction to reproduce scattering maxima, which appeared at
around g = 0.035 A™' and disappeared at higher alcohol
fraction. Their SANS profile of an aqueous solution showed
steeper decrease at ¢ > 0.1 A™" than the profiles of the water/2-
propanol solutions. These characteristics were also observed in
the SAXS profiles of Nafion in water/alcohol mixtures shown in
Figure 3. We suppose that the SANS profiles of Nafion in
water/2-propanol can be analyzed by assuming rod-like
scattering objects, and their sizes and interparticle distances
would be very similar to those found in the present case.

5. CONCLUSIONS

Dispersion of H-Nafion in water/1-propanol and water/ethanol
solutions was studied by DLS, SAXS, and “F NMR
spectroscopy. The hydrodynamic radii of the ordered regions
determined by DLS and the radii and interparticle distances of
the rod-like particles evaluated by SAXS showed almost parallel
changes with water/alcohol composition. Selective solvation of
the particles by alcohol was revealed by motional narrowing of
the peaks in the '’F NMR spectra, and this was assumed to
have induced elongation of the rod-like particles and
consequently the development of ordered regions. Further
studies are planned to clarify the presence of ordered regions
and estimate their size by small-angle scattering at g < 0.01 A~
as well as direct observation by nanoparticle tracking analysis
and fast atomic force microscopy.
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