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Pulsed laser ablation in liquids (PLAL) is a versatile route to stable colloids without the need for stabilizing agents. The use of
suspensions instead of bulk targets further simplifies the experimental set-up and even improves the productivity. However, the
utilization of this approach is hindered by limited knowledge about the underlying mechanisms of the nanoparticle formation.
We present the synthesis of copper(I) iodide nanoparticles via ns-pulsed laser irradiation of Cul powder suspended in water or
ethyl acetate. A thorough study of the nanoparticle size by transmission electron microscopy reveals a log-normal distribution
with a mean diameter of 31 nm (& 11 nm) in water and 18 nm (£ 7 nm) in ethyl acetate. The duration of the laser irradiation
appears to have only a minor influence on the size distribution. Selected area diffraction and electron energy-loss spectroscopy
verify the chemical composition of the generated Cul nanoparticles. While comparable precursors like CuO and Cu;N follow
a reductive ablation mechanism, a fragmentation mechanism is found for Cul. With a productivity of 1.7 ug/J this pulsed laser

fragmentation in liquids (PLFL) proves to be an efficient route to colloidal Cul nanoparticles.

1 Introduction

Laser ablation of solids is a well known method for the gen-
eration of clusters and small particles.! A major development
in this field was the pulsed laser ablation in liquids (PLAL).
Here, the ablation target is immersed in a liquid.?> The step
from a low pressure environment to the liquid comes with
several changes in the ablation process. As the laser initiated
plasma is formed, the liquid confines its expansion. This re-
sults in a higher pressure and temperature inside the plasma
and even in the formation of shock waves.>* This is seen as
the reason for the higher ablation efficiency of PLAL com-
pared to ablation in air or vacuum. As the hot plasma is in
direct contact with the surrounding liquid, chemical reactions
can occur at the interface. This may give access to the synthe-
sis of new materials.® The generated particles are often cov-
ered by a carbon layer which originates from the decompo-
sition of the organic immersion liquid.® In many cases, this
results in an undesirable blocking of the particle surface. But
in other cases, it may improve the colloidal stability or even
enhance the catalytic activity.” After each laser pulse, the sur-
rounding liquid results a fast cooling of the ablated material,
giving access to metastable materials.® The most important
consequence of performing the ablation in a liquid is the for-
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mation of stable colloids. As colloids can be handled like
chemical solutions, handling is safe and convenient.

Colloidal solutions may also be synthesized by various
other methods. However, most of these rely on additional sta-
bilizing agents.® Thus, for applications where additives are not
tolerable, PLAL is the superior alternative. 10,11

In addition to the ablation of solid targets, the use of pow-
ders suspended in a liquid is also possible. It further simplifies
the experimental set-up and even leads to new materials. The
nanoparticle generation by laser irradiation of a suspended
powder can lead to higher productivity, which becomes useful
if higher laser powers are not available or desirable. The first
report on this approach describes the laser irradiation of a cop-
per(II) oxide powder suspended in 2-propanol. '? Interestingly,
the irradiation of CuO results in the formation of metallic cop-
per nanoparticles. Recently, it has been shown that this re-
ductive ablation process appears to be a general phenomenon,
as it is observed for several copper containing precursors. '3
In the first step a plasma is formed at the pm-sized precursor
powder and thereby the copper atoms are ablated. The cop-
per atoms and ions nucleate and form small primary particles
with a diameter between 1 and 5 nm. In a second step these
primary particles coalesce to larger nanoparticles with a diam-
eter of about 20 nm. This two step process leads to a bimodal
size distribution. Besides this reductive ablation process there
is a second possible route to obtain nanoparticles from pm-
sized powders. Here, the precursor powder is fragmented by
the laser light under preservation of chemical composition. In
distinction to PLAL the latter mechanism can be classified as
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pulsed laser fragmentation in liquids (PLFL). In order to gain
insights into the characteristics of the involved processes, our
work is focussed on the PLFL of um-sized copper(l) iodide
powder suspended in ethyl acetate.

Besides the mentioned mechanistic considerations, a sim-
ple route to synthesize Cul nanoparticles is of general interest
because of the large exciton binding energy of Cul. ' In addi-
tion, the formation of stable Cul colloids by PLFL is an easy
way to evenly distribute Cul in solvents where the solubility
of Cul is low. This may be useful for copper catalysed organic
reactions. 1316

2 Experimental Section

Copper(I) iodide (99%, Riedel-de Haén, Germany) and ethyl
acetate (99.5%, Roth, Germany) were used without further
purification. An environmental scanning electron microscope
(ESEM) TM-1000 (Hitachi, Japan) equipped with a back scat-
tered electron detector and set to an accelerating voltage of
15 kV was used to determine the particles size distribution of
the Cul powder.

The pulsed laser fragmentation was performed with a g-
switched Nd:YAG laser Ultra (Quantel, France). The 2nd har-
monic (532 nm, 45 mJ/pulse, 6 ns) was used without further
focusing the beam. The resulting beam had a diameter of ap-
proximately 3 mm and a laser fluence of up to 0.64 J/cm?.

19 mg Cul powder (0.1 mmol) was suspended in 7.8 mL
ethyl acetate or deionised water and vigorously stirred dur-
ing the laser irradiation. The used polypropylene vessels were
completely filled with the suspension and closed by pressing a
glass slide to the opening. Care was taken that no gas bubbles
remained in the reaction vessel. The laser beam entered the
suspension from the top through the glass slide. The irradia-
tion was performed with 20 Hz for treatment times from 20 s
up to 10 min resulting in 400 to 12000 laser pulses. In order to
separate the resulting colloid from the precursor powder, the
suspension was allowed to sediment for 1 h. Alternatively, the
suspension was centrifuged for 5 min with a moderate speed
of 2500 rpm.

Transmission electron microscopy (TEM), energy-filtered
transmission electron microscopy (EFTEM), and electron
energy-loss spectroscopy was performed with a Libra 200FE
TEM (Zeiss, Germany) equipped with an Omega-type energy
filter and an Ultrascan CCD camera (Gatan, U.S.A.). The ac-
celerating voltage was set to 200 kV. 20 uL of the colloid were
dropped onto carbon-coated copper grids (CF200-Cu, Elec-
tron Microscopy Sciences, U.S.A.) or silicon nitride mem-
branes (DuraSiN, Electron Microscopy Sciences, U.S.A.). An
energy-selecting slit was used to exclude electrons which suf-
fered inelastic scattering. This zero loss energy filtering was
applied to improve the image contrast of the TEM images.

In order to improve the accuracy of the lattice constant mea-
surements, the electron diffraction patterns were calibrated us-
ing an Au standard sputtered onto each TEM grid.

EFTEM images were taken with an automated routine pro-
viding spatial drift correction.!” The width of the energy se-
lecting slit was set to 20 eV. For the iodine map the My 5 edge
at 631 eV was used and 3 pre-edge images were recorded. In
order to reach a signal to noise ratio greater than 6, 20 images
were taken and averaged for each energy.

EELS data were collected with a four-fold hardware bin-
ning and with a filter entrance aperture equivalent to a sample
area with a diameter of 125 nm. In order to improve the signal-
to-noise ratio and avoid artefacts, up to 100 spectra were accu-
mulated at different areas of the CCD. The EEL spectra were
background-corrected by subtraction of a power law function
fitted to the pre-edge region. In addition, the core edge spec-
tra were deconvolved with the corresponding low loss spectra
with the GSM 1.8 software (Gatan, U.S.A.).

Flame atomic absorption spectrometry was used to deter-
mine the yield and the productivity of the PLFL of the Cul
suspensions. An aliquot of the colloid was heated until the
ethyl acetate was completely evaporated. Subsequently, the
sample was dissolved in concentrated nitric acid at elevated
temperatures and diluted with deionized water. The copper
content was measured with an AAnalyst 200 (PerkinElmer,
U.S.A).

In order to determine the particle size distributions, the
diameter of at least 700 individual particles were mea-
sured with the ImageJ 1.48k software (National Institutes of
Health, U.S.A.). The minor axis was measured in case of
non-spherical particles. The data was fitted to a cumula-
tive log-normal distribution: F(d;u, o) =0.5(1+erf((In(d) —
w)/(6+/2))). The adjusted coefficient of determination (R?)
was at least 0.99 for each fit. In the present paper, the “size”
of the particles always refers to the mean value of the diame-
ter (d) = eht0?/2 gained from the log-normal fits, while the
values in the brackets represent the corresponding standard de-
viations s = (d) (e‘j2 —1)!/2. The plotted size distributions are
the normalized probability density functions of the fits.

The analytical disc centrifuge measurements were per-
formed at 20000 rpm with a DC24000 disc centrifuge (CPS
Instruments, U.S.A.).

3 Results and Discussion

Pulsed laser fragmentation in liquids (PLFL) of copper(I) io-
dide powder in water or ethyl acetate reduces the particle size
by about three orders of magnitude. Thus, nanoparticles are
generated from pm-sized precursor particles.

Fig. 1a shows an ESEM image of the precursor powder. The
size of these particles is (d) = 16.8 um (s = 5.2 um). Af-
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Fig. 1 PLFL of Copper(I) iodide (a) ESEM image of the Cul
precursor powder (b) TEM image of Cul nanoparticles generated in
water, (¢) TEM image of the Cul nanoparticles generated in ethyl
acetate, (d) HR-TEM image with FFT images of the depicted areas.

ter 12000 laser pulses in water the resulting irregular shaped
nanoparticles have a size of (d) = 30.9 nm (s = 11.0 nm) as
shown by TEM (Fig. 1b). Particles generated in ethyl acetate
have a size of (d) = 18.4 nm (s = 7.0 nm) (Fig. 1c). The syn-
thesized nanoparticles are crystalline as it can be seen in the
high resolution TEM image (Fig. 1d). Particles are single- as
well as polycrystalline. This holds true for the fragmentation
in water, as well as in ethyl acetate.

Fig. 2 Selected area diffraction images showing the sphalerite
crystal structure of copper(l) iodide nanoparticles generated (a) in
water, (b) in ethyl acetate.

Indexing of the diffraction pattern (Fig. 2a and 2b) indi-
cates a face centred cubic structure. The lattice constant
has been measured to be 0.60 nm (£ 0.01 nm), which is

reasonable close to the value for Cul given in the literature
(0.60545 nm). '8 Despite some differences due to different
crystallite sizes, the diffraction pattern of the particles gen-
erated in water and ethyl acetate are identical. Apparently the
choice of the liquid has a major impact on the nanoparticle
size, but not on the chemical composition or crystal structure.

copper L, ; edge

intensity a.u.
intensity a.u.

600 620 640 660 680 700 900 920 940 960 . 980 1000
energy loss / eV energy loss / eV

Fig. 3 Copper(l) iodide nanoparticles synthesized via PLFL in ethyl

acetate (a) TEM image used for drift correction during EFTEM

measurements, (b) iodine distribution map, (c) EELS at the iodine

My 5 edge, (d) EELS at the copper L; 3 edge. The dotted lines mark

the edge onset for the respective elements. 1

In Fig. 3a a bright field TEM image of the nanoparticles is
shown. Fig. 3b depicts the same area but this time the iodine
map measured at the My 5 edge. The bright areas in this io-
dine distribution map coincide with the particle positions in
the bright field TEM image. Thus, the iodine is evenly dis-
tributed in all nanoparticles. The EELS measurements at the
iodine My 5 edge (Fig. 3c) and at the copper L, 3 edge (Fig.
3d) prove the presence of both elements. Besides minor car-
bon contamination, no signal from other elements is present
in the EELS data. This is an important finding as the laser ab-
lation or fragmentation of copper containing materials under
atmospheric conditions often leads to the formation of Cu,O
or CuO. The formation of copper oxides can be excluded, as
the characteristic white lines at the copper L 3 edge are miss-
ing.

The diffraction patterns in combination with the EFTEM
and EELS investigation unambiguously prove that all gener-
ated nanoparticles consist of crystalline copper(I) iodide. This
is a crucial difference compared to the irradiation of other cop-
per compounds like CuO, CusN, Cu(N3), and Cu,C, where
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the laser irradiation always leads to metallic copper nano-
particles. '3 This suggests that the formation of the Cul parti-
cles does not follow the ablation, nucleation, and coalescence
mechanism found for the other copper precursors.
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Fig. 4 Size distribution and yield of the PLFL of Cul in dependence
of the duration of the irradiation: (a) normalized cumulative
frequency of a representative sample after 12000 laser pulses with
1029 individual nanoparticles being evaluated, (b) normalized,
estimated density functions of the diameter of the nanoparticles, (c)
mean value and standard deviation of the size distributions, (d) yield
and absolute mass of the generated nanoparticles.

A key feature to understand the mechanism of the nanopar-
ticle generation by laser irradiation is a thorough evaluation
of the size distribution. The ablation of CuO, Cu;N, Cu(N3),
and Cu,C, precursors results in a bimodal Gaussian like size
distribution. During the irradiation, the portion of larger parti-
cles increases, pointing to a coalescence mechanism. !> In the
case of Cul, the size of the nanoparticles follows a log-normal
distribution. Fig. 4a exemplarily shows the cumulative fre-
quency of the size of the Cul nanoparticles generated in ethyl
acetate and the log-normal fit. It is clear that this behaviour is
exceptional when compared to the data of the laser irradiation
of CuO in the same solvent (shown in light grey). The size
distribution for samples with varying irradiation durations are
depicted in Fig. 4b. At first glance, the size distributions for
400 to 12000 pulses are similar. However, with longer irra-
diation times the distribution becomes narrower, shifting the
mean value to lower values, while the position of the maxi-
mum does not change. This is also visible in Fig. 4c, where
the mean value and the standard deviation are plotted over the
number of pulses. The decrease of the mean value and the
standard deviation with ongoing irradiation is evident, but the
dependence on the number of pulses is weaker than expected.
This leads to several important conclusions. (a) There is no
laser driven particle growth as it was observed for the irra-

diation of CuO, Cu3N, Cu(N3), and Cu,C, precursors. (b)
There is a stable final size of the particles. (c) This final size
is reached after less than 400 pulses.
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Fig. 5 Hydrodynamic diameter determined by analytical disc
centrifugation: (a) size distribution after 100 pulses, (b) comparison
of the 100 nm < d < 2 pm size fraction after 100, 1000, and 10000
laser pulses.

In order to gain a more general overview over the size dis-
tribution, the synthesized colloids were investigated via an-
alytical disc centrifugation. Figure 5a shows that nanoparti-
cles with hydrodynamic diameters of 20 nm and below are
the predominant product of the laser irradiation of Cul. The
mean hydrodynamic diameter of the particles differs slightly
from the mean diameter obtained by TEM. This is likely to
be caused by the non-sphericity of the particles. When tak-
ing a closer look, a second fraction of particles can be found
with diameters of about 600 nm. This fraction grows as more
laser pulses are applied as shown in Figure 5b. These parti-
cles are the reason that the colloid becomes turbid during the
laser irradiation. However, when the results of the analytical
disc centrifuge are evaluated quantitatively it becomes clear,
that the particles with diameters ranging from 200 nm to 2 um
only account for less than 1 % of the total mass of Cul in the
colloid.

Taking into account that (a) the chemical composition does
not change, (b) only few particles smaller than 5 nm are gen-
erated, and (c) particle coalescence is not observed, it can be
stated that the formation of the Cul nanoparticles is based on
a fragmentation rather than an ablation mechanism. There-
fore, the generation of Cul nanoparticles from um-sized Cul
powder can be characterized as PLFL rather as PLAL. Fig.
6 gives an overview of both mechanisms. In principle both
mechanisms should be possible at the same time. However,
for the generated nanoparticles only one or the other mecha-
nism is observed for a certain precursor. It is not clear why
Cul favours the fragmentation mechanism. Obviously, Cul
does not absorb enough energy during a laser pulse to make
an evaporation of copper and iodine atoms possible in a larger
extend. Thus, no copper or copper oxide particles are ob-
served, in contrast to precursors like CuO or Cu;N. But suf-
ficient energy is absorbed to introduce stress to the crystal re-
sulting in a fragmentation. It is likely that the formation of

4| Journal Name, 2010, [vol], 1-6

This journal is © The Royal Society of Chemistry [year]

Page 4 of 6



Page 5 of 6

Physical Chemistry Chemical Physics

@ reductive ablation

@ fragmentation

i _ © Qg
0

e o
e

- 9 _"’ooao
O

Fig. 6 Schematic of the mechanism of (a) the reductive ablation of
CuO or CuzN and (b) the fragmentation of Cul.

shock waves play a major role as has been discussed in liter-
ature. %22 This fragmentation mechanisms is consistent with
investigations on ZnO and B 4C.23 Further hints on this con-
clusion can be gained from samples with less than 100 laser
pulses. However, this becomes quite challenging, as the small
amount of generated particles will drastically reduce the sta-
tistical significance of the measured size distributions.

The issue of sufficiently high productivity is not only im-
portant for investigating the mechanism, but is also of great
interest for practical applications of this synthetic route. Fig.
4d shows the dependence of the fragmentation yield on the
number of laser pulses after separating remaining precursor
powder and larger fragments by centrifugation. Thus the yield
represents the fraction of the precursor material processed to
particles smaller than roughly 100 nm. From this data, the
productivity in ethyl acetate averages to 1.7 ug/J (£ 0.6 ug/J).
This is slightly lower than the productivity of PLAL of CuO
powder, but still relatively high compared to the ablation of
bulk targets with the same laser set-up. In a first approxima-
tion, the amount of generated particles correlates linearly to
the number of laser pulses as depicted by the solid line in Fig.
4d. While the PLFL is remarkably reproducible in terms of
the particle size distribution, the quantitative reproducibility
between similar samples is quite limited. This is a well known
flaw of the batch approach used here and will significantly im-
prove as free jets are used to perform PLFL.?3 It can be stated
that PLFL of Cul powder makes it feasible to produce about
5 mg Cul nanoparticles per hour with the given set-up.

4 Conclusion

It has been shown that the irradiation of a suspended pm-sized
Cul powder with a pulsed laser leads to the formation of a sta-
ble Cul colloid. The Cul nanoparticles show a log-normal size
distribution with a mean diameter of 31 nm in water and 18 nm
in ethyl acetate. Further laser irradiation increases the number
of generated nanoparticles, while there is only a minor effect
on the size distribution, leading to the conclusion that the final
size is characteristic for this material. The chemical composi-
tion and crystal structure of generated nanoparticles can be un-
ambiguously assigned to pure Cul. The synthesis of stable Cul
colloids by pulsed laser fragmentation in liquids, marks an ex-
tension of the existing synthesis possibilities of laser assisted
nanoparticle generation. While several other precursor pow-
ders follow a reductive ablation and nucleation mechanism,
Cul is a textbook example for a fragmentation mechanism.
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