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Abstract The structure of hydroxyapatite (HA) nanopowder has been determined
by theta-scan precession electron diffraction (TS-PED) and Rietveld ana-
lysis. To evaluate the usefulness of the TS-PED technique, this result was
compared with that of the Rietveld analysis using conventional electron
diffraction (ED) and normal precession electron diffraction (PED). The
intensity ratios of the (002) to (121) reflections (I002/I121) obtained
by both PED data were in better agreement with the reference X-ray
diffraction (XRD) data than that obtained by the conventional ED data.
Although the lattice parameters of HA determined by the TS-PED data
were slightly deviated from the reference XRD data, the a/c-axis ratio had
the best agreement with the reference XRD data. The reliability factors
(Rp, Rwp and χ2) of TS-PED refinement results were substantially
improved, when compared with the values obtained by the conventional
ED data. These results demonstrate that TS-PED technique could be a
useful analytical method for structure determination of nanopowder.
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Introduction

X-ray crystallography has been well adapted to the
structure analysis of large single crystals. However,
in the current research trend and application
toward nanosized materials, X-ray diffraction (XRD)
technique frequently encounters its limitation for
structure solution due to insufficient intensity data.
From this perspective, electron crystallography
could be a powerful tool for structure determin-
ation of nanosized materials because of the stron-
ger interaction between electrons and matter than
the one observed in X-ray. Electron crystallographic
techniques using the conventional electron

diffraction (ED) have recently been applied suc-
cessfully to the nanosized crystalline materials
[1–3]. Nevertheless, electron crystallography has
some inherent problems, among which the dynam-
ical effects of ED for larger crystalline materials
(>50 nm) are the most serious problem for structure
solving. As a solution for this problem, the preces-
sion electron diffraction (PED) technique turned
out to be powerful in obtaining intensities of all
reflections closer to the kinematical diffraction con-
ditions [4]. Several crystal structures of advanced
materials (such as inorganics, metal alloys,
complex oxides and organics) have been solved
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and refined using the PED technique [5–11].
However, this technique has been predominantly
applied to single crystals and rarely applied to
nanopowder. Recently, Prodan and Ciupina [12]
reported their results of PED application to poly-
crystalline materials without a detailed discussion
about structure determination and usefulness of the
PED technique.
In this study, we tried to determine the crystal

structure of hydroxyapatite (HA) nanopowder using
different PED techniques. The HA nanopowder,
which was used as a test material, has attracted
wide interest as a potential structural ceramics for
medical implant. The three-dimensional (3D) struc-
ture of large HA crystals (>500 nm) was determined
using XRD and high-resolution transmission elec-
tron microscopy (HRTEM) [13]. For nanosized HA
crystals, however, it is difficult to extract 3D struc-
ture information using XRD or HRTEM because of
their poor crystallinity, structural complexity and
sample aggregation [14]. In this study, we have
reported the results of the Rietveld analysis of the
HA nanopowder and discussed the usefulness of
PED techniques for structure determination of
nanopowder in general.

Experimental

Electron powder diffraction

Material for this study was obtained from a com-
mercial HA nanopowder (ALDRICH, AL574791,
99.999%, metal basis synthetic). The crystal struc-
ture of HA, Ca5(PO4)3(OH), has a hexagonal sym-
metry, P63/m (#176), and lattice parameters
a = 9.417(2) Å and c = 6.875(2) Å [15] (see the sup-
plementary data online Fig. S1). Samples for elec-
tron microscopy were prepared by diluting HA
nanopowder in alcohol, and the suspension was
dropped on an ultra-thin carbon-supported Cu grid
(Ted Pella, Inc.).
Conventional ED and PED patterns were col-

lected using the 2k CCD camera (USC1000, Gatan)
on JEM-2100F (JEOL Ltd) operating at 200 kV. All
ED patterns were acquired using different exposure
times and checked whether the most intense reflec-
tion was saturated or not. They were acquired with
a nearly parallel incident beam employing the C2
aperture of 10 µm. All PED patterns were obtained

at a precession angle of 2.3° with the ‘Spinning Star’
precession unit (NanoMEGAS Ltd). Theta-scan (TS)
PED patterns were obtained by collecting a series
of PED patterns with different scattering ranges by
controlling the projector shift deflector of the TEM.
The intensity profiles of the conventional ED and

PED patterns were extracted using program ELD
[16] and analyzed with program FULLPROF [17] for
Rietveld analysis [18].

X-ray powder diffraction

XRD of the HA nanopowder sample was obtained
with Dmax2200 (Rigaku Ltd) utilizing graphite-
monochromated Cu Kα radiation. The 2θ ranges
were from 5° to 140° in the step of 0.02°. The total
acquisition time was 24 h, and 7000 data points
were collected. The obtained XRD data were sub-
jected to Rietveld analysis using General Structure
Analysis System [19].

Results

Theta-scan precession electron diffraction

To examine the sample size and distribution, the
bright-field TEM image of the HA nanopowder and
the corresponding ED pattern was obtained
(Fig. 1a). The average size of the HA nanopowder
was �98.6 nm, and the size distribution was shown
in Fig. 1b.
For accurate determination of the crystal struc-

ture, ED patterns were obtained by several acquisi-
tion conditions. In general, small camera length
(<250 mm in our TEM) allowed collection of higher
order reflections by increasing the field of view of
the CCD camera, but it gave rise to overlapping
of reflections due to the reduced pixel resolution of
the CCD camera. As many d-spacings in the HA
structure were in close proximity, overlapping of
the diffraction peaks was quite severe.
To overcome this problem, ED patterns were

acquired by shifting the transmitted beam to the
edge of the CCD camera. It brought about an in-
crease in the resolution of ED patterns. For the ac-
quisition of higher pixel resolution and evaluation
of precession effects, conventional ED and normal
PED patterns were obtained at a camera length of
600 mm which was chosen for the maximum en-
largement of the ED pattern with 0.7 Å resolution
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inside the 2k CCD as shown in Fig. 2a and b.
However, when compared with the experimental
XRD data (7000 points), its pixel resolution or data
points (2000 points) need to be extended or
increased for more reliable structure determination.
To enhance both pixel and resolution of ED pat-

terns, TS-PED patterns were collected (Fig. 2c) at a
larger camera length of 1200 mm. To maintain the
same resolution as the normal PED pattern, a series
of PED patterns with different scattering ranges
were obtained by controlling the projector shift
deflector. Furthermore, TS-PED patterns were
acquired from each range with different exposure
times from 5 s to >20 s. In this way, the limited
dynamical range of the CCD camera could be com-
pensated such that weak reflections were recorded

with longer exposure times, while strong reflections
were recorded with shorter exposure times. The in-
tensity profiles of ED patterns were extracted using
the ELD application. Thereafter, three intensity pro-
files were merged to obtain a complete intensity
profile by applying the scale factor which was cal-
culated by referring the common reflections in each
intensity profile.
The overlay on all ED patterns showed the

average intensity profile which was used to deter-
mine the HA crystal structure. It could be clearly
observed that severe spotty reflections in conven-
tional ED patterns became more continuous and
uniform rings in all PED patterns.

Intensity ratio I002/I121

To check the precession effect on the diffracted
intensity, we compared the intensity profiles of ED
patterns recorded by conventional ED and PED
techniques. The d-values of the intensity profile
were converted to XRD 2θ ranges (Fig. 3). The
intensity of the (002) reflection is very important in
the HA structure because it usually indicates

Fig. 1. (a) Bright-field TEM image of the HA nanopowder. The
corresponding ED pattern was displayed in the inset. (b)
Distribution of particle sizes measured from the TEM image and
fitted to lognormal function.

Fig. 2. ED patterns of the HA nanopowder: (a) conventional ED
pattern, (b) normal PED pattern and (c) TS-PED pattern. The ED
patterns in (a) and (b) were recorded with the same camera length
of 600 mm for evaluation of precession effects. The TS-PED pattern
was recorded at larger camera length of 1200 mm and the
theta-scan technique was used to secure the same resolution as
other ED patterns. The overlay on the ED shows the average
intensity profile that was used to determine the crystal structure.
While the conventional ED pattern is marked by severe spotty
reflections, the spotty reflections are reduced and become
continuous rings in PED patterns.
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texture characteristics of HA nanocrystals in bone
and bone-related materials [20–22]. As shown in
Fig. 3, the intensity ratio of (002) reflection to (121)
reflection I002/I121 obtained using PED was more re-
liable than that obtained using conventional ED.
A more detailed comparison of data quality was

presented in Table 1 that showed I002/I121 values
obtained from the XRD and three different ED data
as well as full-width at half-maximum (FWHM)
values of the (002) and (121) reflections. It can be
noted that the intensity ratio (0.48) measured by
the PED data agrees well with the reference XRD
data (0.49), when compared with the conventional
ED data (0.84). This result clearly demonstrates
that PED produces less dynamically affected inten-
sities than the case in conventional ED.
On the other hand, the FWHM values of the (002)

and (121) reflections of normal PED did not
improve, when compared with those of the conven-
tional ED due to imperfection of the descan align-
ment of the precession unit and peak overlapping.

However, application of TS-PED resulted in sub-
stantial improvement in the FWHM value of the
(002) reflection from 1.02° to 0.61°.

Structure analysis of the HA nanopowder

Rietveld analysis was carried out to obtain struc-
tural parameters and reliability factors for all ED
data, using the program FULLPROF modified with
atomic scattering factors for electrons [23]. Figure 4
shows the result of Rietveld analysis of the TS-PED
data. The d-values of the intensity profile were con-
verted to 2θ angles for the electron wavelength in
this Rietveld analysis process.
To test the usefulness of PED techniques for

structure determination, the refinement results of
experimental XRD and three different ED data were
compared (Table 2). While the refinement of
TS-PED data yielded the lattice parameters,
a = 9.264 Å and c = 6.775 Å, which were slightly
deviated from the reference XRD data, the a/c-axis
ratio (1.367) of the lattice parameters determined
with the TS-PED data had the best agreement with
the reference XRD data. The lattice parameters

Fig. 3. Intensity profiles of experimental XRD data and three
different ED data. Fig. 4. Rietveld analysis result of TS-PED data. The positions of the

Bragg reflections were indicated by vertical bars. The difference
between the observed intensities (dots) and the calculated
intensities (solid line) from the refined model was shown in the
lower part of the diagram.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Comparison of the intensity ratio and FWHM values of
main reflections derived from three different ED data with those
obtained by XRD data

Intensity ratio

(I(002)/I(121))

FWHM
a

(002)

reflection

(121)

reflection

XRD (ref.) 0.49 – –

XRD (exp.) 0.39 0.29 0.36
Conventional ED 0.84 1.02 1.08
Normal PED 0.48 1.18 1.67
TS-PED 0.48 0.61 1.40

aFWHM determined from Rietveld analysis gives a 2θ peak
broadening (in X-ray scattering angle).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Results of structure determination derived from three
different ED data are compared with those obtained by XRD data

Lattice parameters Reliability factors

a (Å) C (Å) a/c
Rp

(%)

Rwp

(%)

Rexp

(%) χ2

XRD (ref.) 9.417(2) 6.875(2) 1.370 – – – –

XRD (exp.) 9.415(2) 6.882(1) 1.368 6.62 8.85 5.65 2.45
Conventional ED 9.354 6.855 1.365 18.3 20.0 6.60 9.16
Normal PED 9.395 6.832 1.375 11.5 11.7 5.00 5.50
TS-PED 9.264 6.775 1.367 14.1 14.3 5.87 5.95
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obtained from ED data depend on the ED calibra-
tion for each camera length, while the a/c ratio of
the lattice parameters is more independent of the
calibration, which indicates that the accuracy of
lattice parameters determined by TS-PED data is
superior to that obtained by other ED data. The reli-
ability factors Rp, Rwp and χ2 obtained from
TS-PED data were 14.1%, 14.3% and 5.95, respective-
ly, which were much better than those from con-
ventional ED data (Rp, 18.3%; Rwp, 20.0%; χ

2, 9.16).
Finally, the refined atomic coordinates together

with the thermal parameters B (Å2) are presented
in Table 3. Although the R-factor for structure
determination was the best in the result with
normal PED data, the atomic coordinates deter-
mined by TS-PED data agreed more accurately
with the XRD result than those by other ED data
(see the supplementary data online Table S1). In
addition, the thermal parameters for all atoms were
refined more reasonably without negative values in
the TS-PED refinement result.

Discussion

Electron powder diffraction for structure

analysis

In general, nanosized crystalline materials that have
various shapes and structures, such as nanopowder,
rod, sheet and disk could easily be aggregated and
stacked out on the TEM grid. In these cases, it is
very difficult to obtain 3D diffraction data from a
single nanoparticle owing to sample overlapping
during specimen tilting. To overcome this problem,
Kolb et al. [24–25] recently developed a new ED
technique for automatic 3D data acquisition from a
single nanoparticle. This technique, however,
requires an automation system and a time-

consuming procedure to determine the average
structure from overall nanocrystallites. On the con-
trary, the electron powder diffraction of nanopow-
der allows 3D diffraction data from a number of
randomly oriented nanoparticles with the same
principle as powder XRD. Because of the stronger
interaction of electrons with matter, the acquisition
time of ED patterns for 3D diffraction data from
small sample amount could drastically be reduced
(<30 s), when compared with the XRD method (24
h in our experiment). However, there are practical
problems related to the data quality in conventional
ED technique, such as intensity ratio, FWHM and
usable resolution, which affect reliability of the
refined structure.

Electron beam precession

Incorrect intensity ratio in ED data partly originates
from insufficient particle numbers of the illuminat-
ing area, which results in discrete diffraction rings
due to a lack of their random orientation distribu-
tion. In addition, the strong spot intensity taken
from the larger crystallites near the zone-axis influ-
ences the average intensity of each reflection more
severely. The PED technique produces more con-
tinuous diffraction rings because more reflections
are collected with precession angles (1–3°) for the
same illuminating area (same particle numbers),
and it minimizes the dynamical effects for the
larger crystallites by the beam precession mode
(see the supplementary data online Fig. S2). Thus,
the results of the PED data have higher uniformity
and reliability than those obtained by conventional
ED data.

Theta-scan technique

In our conventional ED results, FWHM values that
are related to peak broadening and used as a criter-
ion for data quality were very poor, when compared
with those of XRD data as shown in Fig. 3. The
FWHM value was even worse in normal PED data
against our expectation. In ED application, the 2D
area detector is used to acquire ED patterns unlike
the point detector in XRD. Therefore, it is very im-
portant that the average intensity profiles must be
extracted from each ring reflection without any dis-
tortion. However, there is a limitation of the descan

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3. Refined atomic coordinates and thermal parameters
obtained from TS-PED data

Atoms x y Z B (Å
2
)

Ca1 2/3 1/3 −0.00402 1.65472
Ca2 −0.01043 0.23365 0.25 1.57127
P 0.37726 0.39858 0.25 3.51706
O1 0.46506 0.31919 0.25 3.49119
O2 0.45436 0.57942 0.25 0.36005
O3 0.21158 0.29793 0.09154 7.58413
O4 0 0 0.18055 17.91892
H 0 0 0.06080 (fix) –

K. Song et al. Application of TS-PED to structure analysis of HA 13
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alignment of the precession unit. The ring-shaped
diffraction beam with a precessed angle must be
completely compensated to a stationary focused
beam in the descan alignment mode (see the sup-
plementary data online Fig. S3). However, it is ex-
tremely difficult to obtain the perfect diffraction
data owing to several lens aberrations, namely
spherical aberration and 3-fold astigmatism on the
TEM. Thus, the peak broadening in polycrystalline
ring patterns would be more severe in PED mode
than the conventional ED mode [26]. In this study,
we applied the TS-PED technique to overcome this
problem. As a result, FWHM was improved from
1.18° to 0.61° because of the enhanced pixel reso-
lution, although this value is still higher than that of
XRD data. It is expected that the FWHM could be
further improved by employing a higher quality
detector, such as 4k or higher (8 and 10k) CCD de-
tector or image plate. It is also expected that the
peak broadening due to the descan misalignment of
the precession unit could be corrected by software
compensation in a new digital precession unit
‘DigiSTAR’ [27], because the software control of the
‘DigiSTAR’ allows better focalization of the primary
and diffracted electron beam during the scan and
descan process of beam precession.

Useable ED resolution

Another consideration is the usable data resolution
for structure determination by electron powder dif-
fraction. Although we had collected ED data with a
resolution of 0.7 Å, we used the resolution of 0.9 Å
in our best refinement result while that of XRD data
was 0.8 Å. For this reason, Cascarano et al. [28]
recently reported that the difference in atomic scat-
tering power between electron and X-ray should be
considered for structure analysis using ED. The
atomic scattering curve for ED decreases more
rapidly with scattering vector (s) than the corre-
sponding X-ray curves. Therefore, the measurement
errors in higher scattering angle (higher resolution
data) are expected to be larger than those of XRD.
In this respect, our best refinement results (used
data resolution) could have been possibly influ-
enced by the characteristic of atomic scattering
power in electrons.

Conclusion

In this study, we evaluated the usefulness of
TS-PED technique for structure analysis of the HA
nanopowder. The average intensity profiles of elec-
tron powder diffraction were collected more reli-
ably by TS-PED owing to the precession effect and
higher peak resolution. When compared with con-
ventional ED results, the structural reliability
refined by applying TS-PED was improved signifi-
cantly in spite of small numbers of nanopowder
and the drawbacks of our precession unit.
Finally, it was demonstrated that TS-PED tech-

nique could be a useful analytical method for struc-
ture determination utilizing electron powder
diffraction. TS-PED could be an alternative solution
to overcome the limitations of XRD and convention-
al ED for the study of nanosized crystalline materi-
als, especially when combined with a digitalized
precession unit and energy-filtering function.
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Supplementary data are available at http://jmicro.
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