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X rays have been widely used for nondestructive analysis of nano-scaled materials for a long time; however,
the effects of x-ray radiation have been less extensively discussed. In this work, by means of the in-situ x-ray
diffraction and the ex-situ high-resolution electron microscopy, we have quantitatively investigated the x-ray
effect on the oxidation behavior of Cu nanoparticles prepared by the vapor condensation method. Clear
evidence shows that the x-ray irradiation increases the oxidation thickness as well as the oxidation rate. The
results are of critical importance not only for the oxidation studies but also for the nanomaterial researches
with x-ray related equipment.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

X rays have been widely used for nondestructive analysis of
materials for a long time. However, the effects of x-ray radiation on
materials have been less extensively discussed in comparison with
those of the high energy photons or particles, e.g., 'y-rays or neutrons,
which can give great damages in solids [1]. The most well known x-
ray effect is the generation of color centers in a series of simple ionic
solids [2] and also oxides [3]. Recent detailed investigations have
found that some specific physical and chemical phenomena in
materials are rather sensitive to the x-ray radiation. For instance,
even a short exposure to low energy x rays such as AlK, or MgK,
(generally used in x-ray photoelectron spectroscopy) induces changes
in the oxidation rate and the oxide amount as well as in the energy
states of oxides [4-6]. In this report, we found that the x-ray sources
often used in the x-ray diffraction (XRD) experiments have a strong
effect on the oxidation of Cu nanoparticles. Our results are of critical
importance not only for oxidation studies but also for the nanomater-
ial researches with XRD.

2. Experimental procedures

The Cu nanoparticles with a mean size of ~22 nm were prepared
employing a vapor condensation method under which a vapor from a
high purity Cu ingot (99.9999%) melted at 1583 K is cooled with
purified helium at 4 kPa. They were carried with a helium stream
through a stainless tube and deposited on an MgO(100) substrate that
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was placed inside a vacuum chamber on an x-ray diffractometer. X rays
from a Cu rotating anode at 45 kV and 300 mA were utilized as the
radiation source for this experiment. The white x-ray beam passes
through a carbon window of the chamber to irradiate the substrate
surface fixed at a 2° grazing-incidence angle. The diffracted beam from
the particles was monochromatized to Cuk, by a HOPG crystal before
detection by a scintillation counter. In our previous works [7,8], the
instrumental performance has been quantitatively verified.

Just after the deposition, the initial condition of the Cu nanopar-
ticles was checked by an XRD scan under 10~* Pa for ~1 h, that has
proved less detectable level of the surface oxide. The specimen
chamber was then filled with dry air up to 93 kPa to initiate the
oxidation. After 50 h exposure without x-rays, we started a contin-
uous irradiation of the x-ray beam during which we repeated XRD
scans (~1h per scan) for 60 h. The foregoing measurements were
accomplished while keeping the specimen temperature at 298 K. The
same procedure was also performed at 323 K.

For the high-resolution electron microscopy (HREM) observation,
the Cu nanoparticles were deposited on two amorphous-carbon
microgrids. In the same manner as the XRD experiment, two specimens
maintained at 298 K were first oxidized at 93 kPa for 50 h without x
rays. One specimen was then transferred to the microscope for the
observation and afterward exposed to x rays at 93 kPa for another 50 h.
Meanwhile, another specimen was kept under dry air at atmospheric
pressure (101 kPa) for another 50 h without X rays. Finally, these two
specimens were observed together with HREM. We used a JEOL JEM-
2010 (LaBg filament) with a 0.194 nm point-to-point resolution.

3. Results and discussion

Fig. 1 shows the volume fraction of the Cu oxide (Cu,0) grown at
298 and 323 K as a function of the dry air exposure time at 93 kPa. The
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Fig. 1. The volume fractions of Cu,O on the Cu nanoparticles at 298 and 323K as a
function of 93 kPa dry air exposure time. The x-ray diffraction measurements were
started after the 50 h exposure. Note that it takes about 1 h to obtain a data point. The
white x rays from a Cu rotating anode at 45 kV and 300 mA were employed as the
radiation source.

oxidation of Cu nanoparticles at 298 K shows a self-limiting behavior
ruled by the direct-logarithmic law [9]. As can be seen in Fig. 1, the
volume fraction of oxidized Cu at 298 K drastically increased from
~19% up to ~25% just after the ~1.5 h x-ray irradiation and then slowly
increased to a saturated value of ~27% during the 60 h irradiation. The
Cu,0 volume increase caused by the x-ray irradiation was estimated
to be about 40%. The dashed line to connect the first and the second
data points is drawn with the logarithmic rate equation found in our
previous study [9].
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Fig. 2(a) shows a partial HREM image of an icosahedral Cu
nanoparticle that possesses only (111) surfaces. As clearly seen in
this figure, the epitaxial growth [10] of Cu,O(111) with a 0.25 nm
lattice spacing on Cu(111) with a 0.209 nm spacing was also observed
in our particles. We derived the oxide thickness distribution from
HREM pictures of the particles oxidized at 93 kPa for 50 h without x
rays, as shown in Fig. 2(b). The average oxide thickness obtained from
Fig. 2(b) was 6.6 ML. We confirm no change in the thickness even after
the additional 50 h exposure at 101 kPa, since the room-temperature
oxidation of the Cu nanoparticles show the strong self-limiting
behavior as revealed in our previous study [9].

Fig. 2(c) shows the thickness distribution of the particles in Fig. 2(b)
after additional 50 h exposure at 93 kPa under x-ray irradiation. The
average thickness was found to be 7.6 ML. It is clear that the
presence of x rays leads to a 1 ML increase in the average thickness.
Thus, we could confirm the x-ray irradiation effect also via the
HREM observations. The estimated increase in the Cu,0 volume was
~20%, which is somewhat smaller than the observed value from
XRD. Other researchers have also reported the great effects of
photon irradiations on the oxidation of metals. For instance, Cabrera
demonstrated an 80% increase (from ~2.5nm to ~4.5 nm) in the
oxide thickness of Al,O5 at room temperature after an exposure to
UV for ~5 days [11]. X rays increase the dissolution rate of copper in
KCN solution up to ~30% [12].

On the other hand, the oxidation of Cu nanoparticles at 323 K
shows a non-self-limiting behavior described by a modified parabolic
rate law [6]. However, as can be seen in Fig. 1, we could not find any
drastic changes in this figure. Presumably, this change was too fast to
be recorded by the present XRD scan. Here, we assumed the same rate
of the irradiation effect at 298 K (i.e., a 40% increase) to draw a dashed
line based on the modified parabolic rate law, as shown in Fig. 1. The
oxidation of a spherical particle follows the following equation: [1 +
(z—1)x]*P + (z—1)(1 —x)*2 =2z +2(1 — 2)kt/r§ where z is the Cu,0
volume formed per unit Cu volume (1.64), x the fraction of oxidized
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Fig. 2. (a) A partially enlarged HREM image of an icosahedral Cu nanoparticle (~17 nm) with Cu,0(111) surface oxide layers (7 ML). (b) The Cu,0 thickness distribution obtained
from the particles oxidized at 298 K with 93 kPa dry air exposure for 50 h without the x-ray irradiation, and (c) the thickness distribution after the additional exposure for 50 h under
the x-ray irradiation. The average thicknesses were found to be (b) 6.6 ML and (c) 7.6 ML.


image of Fig.�2

1824 C.-H. Chen, K. Koga / Materials Letters 65 (2011) 1822-1824

1.6400

1.6396

1.6392

1.6400 ¢

1.6380

[1+(z-1 PR+ (z-1)(1-x)>°

1.6360

1.6340

Time (hr)

Fig. 3. Plots of [1+ (z—1)x]*2+ (z—1)(1—x)*? versus the 93 kPa dry air exposure
time at 323K in case of (a) 22 nm particles and (b) 11 nm particles. The x-ray
irradiation, i.e. the x-ray diffraction measurement, was started from the exposure time
of (a) 50 h and (b) 0 h.

Cu, k the rate constant, t the oxidation time, and rg the initial particle
radius [13]. From the plot of [1+ (z— 1)x[*?+ (z—1)(1 —x)*? versus
t, the rate constant k can be obtained from its slope. Fig. 3(a) shows this
plot in the present sample. For comparison, we showed the case of Cu
nanoparticles (11 nm) oxidized at 323 K under the x-ray irradiation
through the whole oxidation process in Fig. 3(b). In contrast to the
straight line fitted to derive a rate constant of 2.9x 10~ 7 nm? s~ ! [9] in
Fig. 3(b), we clearly find a gradual change in the rate constant from
9.1x1078t0 25%x 10~ 7 nm? s~ ! in Fig. 3(a). The final rate constant is
very close to the value from Fig. 3(b). This result clearly indicates that
the x-ray irradiation enhances the oxidation rate.

Since the parabolic law is based on the ion diffusion mechanism, the
x-ray effect at 323 K might directly be related to an increase in the
concentration of copper vacancies or their diffusion coefficient.

Recently, it has been reported that x rays [8] or electrons [14] induce
the dissociation of adsorbed oxygen. In our case also, the dissociative
adsorption of O, might play an important role in increasing the Cu
vacancies to accelerate the oxidation. Let us assume the linear gradient
in the vacancy concentration in the oxide from ng to n; towards the
surface, that leads to the parabolic oxidation with a rate constant of k;
as described in classic oxidation theory. As the specimen is exposed to x
rays to induce the oxygen dissociation, the surface vacancy concentra-
tion immediately rises up to a new steady value (n) whereas the
vacancy concentration in the oxide is remained unchanged. It will then
take a time to establish a new linear concentration gradient between ng
and ng due to the diffusion process of defects. In connection with that,
the rate constant will thus increase from k; to higher final value of k;.
The model may explain the present observations in Figs. 1 and 3(a).

4. Conclusions

In this work, we have clearly observed the x-ray effect on the
oxidation of nano-scaled materials which has less been discussed
before. The data presented here will benefit material science
researchers using x rays and provide a deeper understanding of the
oxidation phenomena.
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