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Abstract

Pulsed laser ablation in liquids (PLAL) has developed to a convenient and efficient
method for the synthesis of colloidal solutions. So far, in most cases the laser pulse
is focused on bulk targets like metal plates. An interesting alternative is the usage
of suspended precursors. This leads to higher production rates and simpler setups.
A thorough understanding of the mechanism is essential in order to gain control over
the characteristics of the synthesized nanoparticles. Therefore, we investigated the
formation of copper colloids by PLAL of CuO, CusN, Cu(N;), and Cu,C, powders in
organic liquids. Thus we can compare copper precursors based on elements of the 4",
5% and 6" main group. The chemical composition of the resulting nanoparticles is

revealed by electron energy loss spectroscopy (EELS).
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Introduction

Since the dust of nanoparticles is considered being hazardous, the handling of nanoparticles
has become a major issue.! A quite convenient approach to circumvent this issue is the use
of colloidal solutions. Here the nanoparticles are emerged in a suitable liquid and therefore
can be handled like chemical solutions. There are several approaches to the synthesis of
stable colloids. Herein the wet chemical synthesis of metal colloids is the most prominent
one.?® The major drawback of the wet chemical approach is the need for reducing agents
and stabilizers. Several applications need “pure” colloids. In case of medical treatments for
example toxic additives can not be tolerated.*® The surfactants used to control the growth

process and stabilizing the colloid may also compete for active sites when nanoparticles are



used as catalysts.” Surfactants may also hinder the deposition of a catalyst on a support.®
Another interesting field for nanotechnology is the design of improved thermoelectric devices.
The efficiency of a thermoelectric material at a given temperature 7' is represented by its
figure of merit: 2T = ok~ !T'S?. While the Seebeck coefficient S is fixed for a certain
material, the figure of merit can be improved by lowering the thermal conductivity x while
the electrical conductivity o is intended to be unchanged. The usage of nanostructured
materials may lead to an increased scattering of phonons at the grain boundaries. Thus the
thermal conductivity is lowered while the electrical conductivity is less affected.® Remaining
reducing agents and stabilizers may thwart any improvements of ZT by drastically reducing
the electrical conductivity o if such materials are prepared from a colloidal solution.

One method to bypass these medical, catalytic, and thermoelectric issues is the utiliza-
tion of pulsed laser ablation in liquids (PLAL).!%'2 The typical approach for PLAL is to
focus a pulsed laser on the surface of a solid target (e.g. a metal plate or a metal rod) which
is immersed in a liquid. ">'* This approach was already successfully applied to a wide range
of materials.!® A promising alternative to bulk targets are suspensions. Here, a pm powder
is suspended in a liquid during the ablation.'® Although this approach provides some ad-
vantages and opportunities, it is so far quite unheeded. While the ablation of bulk targets
requires a carefully set focus, the ablation of suspensions is less demanding at this point.
As long as the necessary intensity is reached in some place of the suspension, the exact
setting of the focus is less crucial and even unfocused beams may be used. Another major
issue of all PLAL experiments is the reachable production rate. As the actual experimental
settings have an important influence, the comparison of production rates from bulk targets
and suspensions is challenging. Though, for similar laser powers the ablation of suspensions
show higher production rates. 112

For the synthesis of metal colloids by PLAL of bulk targets mostly pure metal plates
are used. Thus no chemical changes occur. This is quite different when using suspensions.

PLAL of CuO powders lead to Cu colloids.'®!” Ag colloids may be obtained from Ag,O



powders.'® This leads to some important consequences. The chemical composition of the
resulting nanoparticles may not be identical to the used target material although this is often
assumed in the literature. 192

In order to design a suitable synthesis route for a certain material a detailed knowledge
of the mechanisms is mandatory. Several investigations provide mechanistic concepts for the
synthesis of colloids by laser ablation in general and the PLAL of bulk targets in particu-
lar.21"23 Furthermore, many mechanistic studies cover the fragmentation and site reduction
of pre-synthesized colloids. Here, photothermal surface evaporation,?* coulomb explosions?®
and near-field ablation?® are considered to be the most relevant mechanisms. So far, there
are few investigations whether these concepts are also valid for the PLAL of suspensions of
pm powders. Most publications treat the PLAL of suspensions as a simple fragmentation. !’
Keeping in mind that often the chemical composition changes during the ablation, the exact
mechanism is likely to be more complex. More detailed studies discuss, in addition to the
fragmentation, a coalescence mechanism.?” This still not explains the observed redox reac-
tion for the ablation of CuO and Ag,0 powders.!"?® Further studies focus on the chemical
processes during the laser ablation.?’

Therefore, the aim of this work is to investigate the chemical processes during the for-
mation of copper colloids. Copper colloids are suitable model systems for two reasons. On
the one hand, the formation and aging of copper nanoparticles can be monitored by UV-Vis
spectroscopy due to their surface plasmon resonance.?® On the other hand, the different
oxidation states can be distinguished by electron energy loss spectroscopy of the copper Ly 3

3132 Transition metals show so called “white lines” in EELS, i.e. narrow band of tran-

edges.
sition energies (AE approx. 1-2 eV). These appear as a result of an electron transition from
a p orbital to an unoccupied d orbital. If the d orbitals are fully occupied, these white lines
are suppressed as it is observed for copper in the oxidation state zero. Our investigations are

based on the established synthesis of copper colloids by PLAL of CuO powders suspended in

organic liquids. In addition, we evaluate the opportunities offered by alternative precursors



like CusN, Cu(N,), and Cu,C, for the first time.

This article is structured by discussing the different precursors. After a brief description of
the experimental procedure, the first section deals with the well established laser ablation of
CuO suspensions. The second section describes the impact of the results of the usage of CusN
on the understanding of the mechanism. The subsequent discussion on the ablation of high
energetic materials like Cu(N,), reveals the capabilities of optimizing the production rates
by designing new precursors. Finally, the laser ablation of Cu,C, shows that the formation

mechanism can be manipulated in order to synthesize colloids with desired properties.

Experimental

The laser ablation was realized with a q switched Nd:YAG laser Ultra (Quantel, France).
The 1* (532 nm, 45 mJ/pulse, 6 ns), 2"¢ (355 nm, 20 mJ/pulse, 5 ns) and 3" (266 nm,
15 mJ/pulse, 5 ns) harmonic were used. The laser beam was not further focused, resulting
in a beam diameter of approximately 3 mm. Acetone (99.8%, Carl Roth), ethyl acetate
(99.5%, Carl Roth), acetonitrile (99.9%, Carl Roth), copper(II) oxide (99.5%, mesh 200,
Strem Chemicals) and copper(I) nitride (99.5%, mesh 200, Alfa Aesar) were used as received.

Copper(II) azide was synthesized by an optimized route following Straumanis and Cirulis. 33
Copper(IT) bromide (100 mg, 98%, Merck) is dissolved in ethanol (10 ml, 99.8%, Carl Roth).
Sodium azide (50 mg, 99%, Carl Roth) is added and the solution is stirred until the NaN,
is completely dissolved. As the sodium azide dissolves, copper(Il) azide is formed as a
black/dark green precipitate. After 2 hours, the precipitate is filtered and subsequently
washed with ethanol and ethyl acetate. Warning: The authors strongly recommend not to
exceed the quantities given above and to handle the precipitate with care as dry Cu(N,), is
highly explosive!

Copper(I) acetylide was synthesized as follows: Copper(I) chloride (250 mg, 97%, Carl

Roth) is solved in aqueous ammonia solution (25 ml, 25%, Carl Roth). The solution is



cooled to 0 °C. A reddish precipitate of copper(I) acetylide is formed when ethyne is passed
through this solution. The precipitate is immediately filtered and subsequently washed with
cold water, ethanol and ethyl acetate.

The following procedure was applied for the PLAL of suspensions: 3 - 10 mg (0.1 mmol
Cu) of the copper precursor is suspended in 7.8 ml of an organic liquid. The used poly
propylene vessel is closed by a glass slide. The laser beam enters the reaction vessel from the
top through the glass slide. The suspension is vigorously stirred during the ablation. The
suspension is ablated for 10 s - 10 min with 20 Hz resulting in 200 to 12000 laser pulses.

The UV-Vis spectra were taken with an USB2000 or HR2000 detector (OceanOptics,
U.S.A.), a SL5-DH deuterium-halogen lamp (StellarNet, U.S.A.) and fiber optics.

Transmission electron microscopy (TEM) images, energy filtered transmission electron
microscopy (EFTEM) images and electron energy loss spectra (EELS) were recorded with
a Libra 200FE TEM (Zeiss, Germany) equipped with a ultrascan CCD camera (Gatan,
U.S.A.). The accelerating voltage was set to 200 kV for all measurements. For conventional
TEM images, an energy selecting slit was placed at the exit of the in-column filter to exclude
electrons, which suffered inelastic scattering (zero loss filtered (ZLF) images). EFTEM
images were taken with an automated routine providing spatial drift corrections.?* EELS
data were collected with a circular aperture equivalent to a sample area with a diameter of
125 nm. A 4-fold hardware binning was applied during recording. Up to 10 spectra were
accumulated at different areas of the CCD in order to improve the signal to noise ratio and
avoid artifacts. The EEL spectra are background corrected by subtraction of a power law
function fitted to the pre-edge region. The samples were prepared by dropping the colloid on
a carbon coated copper grid CF200-Cu (Electron Microscopy Sciences, U.S.A.) or a silicon
nitride membrane DuraSiN (Electron Microscopy Sciences, U.S.A.).

The quantification of the copper content of the generated colloids was performed by flame
atomic absorption spectrometry. In order to avoid an overestimation through unreacted

precursor powder, all samples were allowed to sediment for one hour. An aliquot of the



supernatant colloid was heated until the organic solvent was completely evaporated. The
sample was dissolved in concentrated nitric acid at elevated temperatures. After dilution
with deionized water the copper content was measured with an AAnalyst 200 (PerkinElmer,

US.A.).

Results and discussion

The pulsed laser ablation of copper(II) oxide powder suspended in an organic liquid was
first reported by Yeh et al. using iso-propanol as liquid.!® For this work, the synthesis was
performed in ethyl acetate to enhance the colloidal stability. We investigated the possible use

of different copper precursors. Table 1 lists all tested precursors. Interestingly, the PLAL is

Table 1: Tested precursors for the laser ablation of suspended precursors

precursor resulting colloid

Cu -

Cu,O -

CuO deep red

Cu,S -

CuS pale yellow solution
CugN turbid, black / green

Cu(N;),  turbid, black
Cu,C, black / brown
Cu(Ac), -

Cu(acac), -

CuSO, -

CuCOg4 -

not possible with metallic copper powder or copper(I) oxide with the given setup. This leads
to the conclusion that the threshold for the laser ablation of these materials is significantly
higher as compared to copper(II) oxide. As high laser fluences are not always desirable, a
proper choice of the precursor is crucial. In the following, we present the successful generation

of copper colloids via PLAL of CuO, Cu3N, Cu(N,), and Cu,C,.



Copper(II) oxide

The laser ablation of CuO in ethyl acetate leads to deep red solutions. Within a few hours the
color changes to green. This phenomenon was investigated by UV-Vis spectroscopy. Figure
1 shows the UV-Vis spectra 2 to 6 hours after the synthesis. The spectra exhibit features of

a surface plasmon resonance. This indicates the presence of metallic nanoparticles. During
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Figure 1: UV-Vis spectra of copper colloid prepared by PLAL of CuO powder in ethyl
acetate 2, 4 and 6 hours after the synthesis.

the depicted time period the maximum of the plasmon band shifts from 569 nm to 579 nm.
The shift is caused by a partial oxidation of the surface of the nanoparticles. The formation
of this thin oxide layer changes the dielectric constant and therefore the plasmon resonance
is red shifted.3°

Transmission electron microscopy of the colloids synthesized by PLAL of CuO powder

proves the generation of copper nanoparticles (Figure 2a). As the exemplary Figure 2b

Figure 2: TEM images of Copper nanoparticles synthesized by PLAL of CuO powder in
ethyl acetate: (a) TEM image, (b) high resolution TEM image.



depicts the particles are monocrystalline. The evaluation of the size of the nanoparticles
reveals a bimodal distribution as shown in Figure 3. There are small irregularly shaped
particles with a diameter of (2.7 £+ 1.3) nm and bigger spherical particles with a diameter of

(21 £ 13) nm.
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Figure 3: Size distribution of copper nanoparticles generated by PLAL of CuO in ethyl
acetate based on 800 particles from 12 TEM images.

In order to understand this size distribution one has to consider that every particle,
as soon as it is formed, is hit by the laser pulses several times. Thus the properties of
the generated colloids should depend on the number of the ablation pulses. Therefore,
the duration for the ablation of CuO suspensions was varied from 1 to 10 min. (1200 to
12000 pulses) and the resulting colloids were characterized by TEM. The amount of small
nanoparticles (2.7 nm) proved to be on a high level for any of the investigated ablation
durations. In contrast the concentration of the bigger particles (21 nm) strongly depends on
the amount of laser pulses. For short ablation times barely any of the bigger particles can
be found while they become dominant at longer ablation times. This means that the small
particles are not formed by fragmentation of the bigger ones but the bigger nanoparticles
are generated by a growth process. Figure 4 depicts the suggested mechanism of the colloid
generation by laser ablation of suspensions. During the first step the precursor is ablated and
small particles are formed. These primary particles may then aggregate during the ablation.
If these aggregates absorb sufficient amounts of laser energy, they form bigger particles

by a coalescence process.?’5 As these secondary particles are nearly perfect spheres, and

9



e o 000
e o o ) 0,08%
laser % o, aggregation/ ) laser driven
ablation o :.°. agglomeration coalescence
® ®
oo _© 9%
# ‘.‘. Joo » b8 # @
macroscopic primary nano- aggregates / secondary nano-
powder particles (< 5nm) agglomerates particles (>15 nm)

Figure 4: Proposed mechanism for the the generation of copper nanoparticles by PLAL of
suspensions. Upper part: schematic of the involved processes; Lower part: corresponding
TEM images.

monocrystalline, it can be assumed they were completely molten during their formation.
The particles can be assigned unambiguously to metallic copper by comparing the mea-

sured copper EEL spectra (Figure 5) with those in the literature.3? This is consistent with
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Figure 5: Electron energy loss spectra at the oxygen K (left) and copper Lg 3 (right) edges
of smaller (black) and larger (red) particles generated by PLAL of CuO. The dotted lines
mark the edge onsets for oxygen and copper respectively. 3

the recorded UV-Vis spectra (Figure 1). At a closer look the copper Ly edge at 930 eV shows
a sharp peak. This can be assigned to unoccupied 3d states originating from copper atoms

with a higher oxidation state. The weak but distinct feature present at 532 eV (oxygen K
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edge) approves the presence of copper oxide. Interestingly, these oxidation features are more
pronounced for smaller particles. As the surface to volume ratio is higher for the smaller
particles, this behavior may originate from a surface effect which is most likely an oxidation
of the particle surfaces. This is also consistent with the observed red shift of the plasmon
peak in the UV-Vis spectra.

In summary, the investigation of the chemical composition of the particles generated
by laser ablation of CuO shows that (a) a reduction of copper(II) oxide to metallic copper
occurs during the laser ablation and (b) the resulting particles may be reoxidized afterwards.
This leads to the question whether the oxidation phenomenon is influenced by the oxygen
content of the precursor or caused by ambient oxygen. To address this issue, an oxygen free

precursor is used as described in the following paragraph.

Copper(I) nitride

The PLAL of CuyN in organic liquids, like ethyl acetate, leads to colloidal solutions. These
solutions are, in contrast to the colloids obtained from CuO, opaque, suggesting the presence
of bigger particles or aggregates. This is corroborated by TEM measurements. As illustrated
in Figure 6a the nanoparticles show a much higher polydispersity compared to the particles
generated by PLAL of CuO. The carbon selective EFTEM image (Figure 6b) reveals that the

copper particles are surrounded by a carbon layer. The particles are supported on a carbon

Figure 6: (a) TEM image of CusN particles; (b) EFTEM image at the carbon K edge.

free Si;N, membrane for these measurements. As the copper precursor is not carbon based,
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the observed carbon film must emerge from a degradation of the organic solvent during the
ablation.

Figure 7 depicts the EEL spectra at the nitrogen K, oxygen K and copper L, 3 edge for
small (< 5 nm) and larger (> 20 nm) particles. The absence of the nitrogen edge (400 eV)

proves that the resulting colloid does not contain fragments of the precursor. The copper is
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Figure 7: Electron energy loss spectra at the nitrogen K (left), oxygen K (middle), and
copper Ly 3 (right) edges of smaller (black) and larger (red) particles generated by PLAL of
Cu;N. The dotted lines mark the edge onsets for nitrogen, oxygen, and copper respectively. %

completely reduced during the ablation. This holds for the small as well as for the larger
particles. Considering the proposed mechanism (Figure 4), this leads to the conclusion that
the chemical reduction takes place during the formation of the small primary particles. As
a consequence, the ablation of powders cannot be treated as a simple fragmentation as it
is often suggested in the literature. The changed chemical composition and therefore the
different crystal structure hint at a nucleation process even for the generation of the primary
particles. In comparison to the CuO precursor CusN leads to copper nanoparticles which
show much weaker features of oxidation in the EELS. At the oxygen K edge (532 e€V) no
signal can be detected and characteristic white lines are only visible for smaller particles
and at a much lesser extent than for the CuO precursor. This different behavior of the CuO
and CugN precursor indicates that unintended oxidation during the preparation of the TEM
samples only plays a minor role. The observed oxidation effects are directly connected to

the CuO precursor.
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Copper(II)azide

In addition to CusN other nitrogen containing precursors like Cu(N;), can be used success-
fully for PLAL. Again, TEM images (Figure 8) show small (< 5 nm) and larger particles
(> 15 nm). The smaller particles are well separated after short ablation durations, but
aggregate when the ablation continues. The larger particles are only formed in significant
quantities after at least 1200 laser pulses like it was observed for the preceding precursor
materials. Hence, the ablation mechanism is the same as for CuO and Cu;N (Figure 4).

Considering the EELS measurements (Figure 9), the bigger particles are again pure metallic

Figure 8: TEM images of copper nanoparticles synthesized by PLAL of Cu(N,), powder in
ethyl acetate; (a) 200 laser pulses (b) 6000 pulses.

copper while the smaller particles are partially oxidized. Almost no signal could be found at
the nitrogen K edge (400 eV). Thus, the generated particles are again not fragments of the
precursor, but formed by nucleation of the decomposed precursor.

While CuO and CuyN are stable compounds, Cu(N,), is highly reactive. In fact, even
small amounts of energy lead to the decomposition of the Cu(N,),. Thus, it enables dras-
tically reduced laser fluences for the PLAL of the suspension, or increases the amount of
ablated material for a given laser fluence. An increased amount of ablated material may not
necessarily result in a more concentrated colloidal solution, as aggregation and precipitation
may occur. In order to address this question, identical experiments with different precursors
were performed and at least 3 times reproduced. A fixed amount of the precursor (equivalent

to 0.07 mmol copper) was ablated with 1200 pulses. The copper content of the resulting col-
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Figure 9: Electron energy loss spectra at the nitrogen K (left), oxygen K (middle), and copper
Ly 3 (right) edges of smaller (black) and larger (red) particles generated by PLAL of Cu(N,),.
The dotted lines mark the edge onsets for nitrogen, oxygen, and copper respectively.36

loids is determined by quantitative flame atomic absorption spectrometry. Figure 10 shows

the amount of generated copper nanoparticles relative to the amount of the precursor. As
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Figure 10: Yield of copper nanoparticles after 1200 laser pulses for different precursors. The
calculated yield is based on the amount of copper found (after 1 hour) relative to the amount
of used precursor, 0.07 mmol of copper for each material.

mentioned before, the fluence of the unfocused laser is too low to ablate metallic copper. The
ablation efficiency is several times higher if CugN is used instead of CuO. This leads to the
conclusion that the ablation threshold is significantly lowered in case of the copper nitride.
As the threshold is expected to be even lower in the case of Cu(N,),, the yield should be
considerably increased. Indeed, about 40% of the copper of the precursor can be found in
the final colloid. In conclusion, the efficiency of the PLAL of suspensions is correlated with
the ablation threshold of the precursor. Thus, a proper choice of the precursor makes high

production rates feasible even if the laser fluence is limited.
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Copper(I) acetylide

So far, all precursor compounds have in common that gaseous molecules like O, and N, can be
formed. The successful usage of Cu,C, demonstrates that this not a necessary prerequisite.
In contrast to the other precursors, metallic copper particles larger than 30 nm are hardly
found in the case of Cu,C,. Figure 11a shows the resulting particles for the PLAL of Cu,C,

in ethyl acetate. The colloid is dominated by particles smaller than 10 nm. The carbon

Figure 11: TEM images of copper nanoparticles synthesized by PLAL of Cu,C, powder in
(a) ethyl acetate (b) acetonitrile.

liberated during the decomposition can not escape as a gas as it is the case for oxygen and
nitrogen. Instead, the carbon forms a shell around the generated nanoparticles. This carbon
shell may hinder the aggregation and coalescence processes observed for CuO and CuzN
precursors (Figure 4). Thus, the formation of larger particles is less probable. This effect is
even more pronounced if acetonitrile is used as a solvent (Figure 11b). Here, large amounts
of small, well separated nanoparticles with a narrow size distribution of (2.7 & 0.6) nm are
found. In addition, these colloids exhibit an unexpected good colloidal stability for several
month. Hence, the carbon of the Cu,C, precursor acts as a stabilizer. Small amounts
of carbon on the surface of the particles may be found for every precursor due to solvent
degeneration. But the carbon EELS measurements (Figure 12) prove that in the case of the
Cu,C, precursor the amount of carbon clearly exceeds these effects. The copper EELS shows
only minor oxidation features. Most probably these are caused by reoxidation by ambient

oxygen after the synthesis. The vast amount of copper has the oxidation state zero. This is
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Figure 12: Electron energy loss spectra at the carbon K (left), oxygen K (middle), and
copper Ly 3 (right) edges of particles generated by PLAL of Cu,C,. The carbon EELS was
recorded while the samples where suspended on a silicon nitride membrane. The dotted lines
mark the edge onsets for carbon, oxygen, and copper respectively.36

consistent with EFTEM measurements showing copper cores and carbon shells. The absence
of distinct white lines in the copper EELS, even for the smallest particles, proves that the
change in the chemical composition takes place at the first step of the mechanism.

The investigations on the laser ablation of Cu,C, offers the possibility to control the
properties of the generated nanoparticles by varying the chemical composition of the pre-
cursor. It also shows the importance of a detailed mechanistic understanding of the physical

and chemical processes during the laser ablation.

Conclusion

The pulsed laser ablation of suspensions of copper compounds proves to be an efficient route
for the production of metallic copper colloids. We complemented the known ablation of CuO
suspended in organic liquids by the usage of several additional precursors. The formation
mechanism of nanoparticles by laser ablation of suspensions turned out to be more complex
than a simple laser induced fragmentation model. For the setup discussed in this work the
following mechanism applies: The um sized precursor powder is ablated and nanoparticles
with a diameter of 1.5 - 4 nm are generated. These primary particles then may aggregate. By

the repeated impact of the laser the aggregated particles melt and form secondary particles
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by coalescence. These secondary particles are spherical, single crystalline and exhibit a broad
size distribution from about 15 nm to several hundred nm. Remarkably, the ablation of CuO
leads to pure metallic nanoparticles. Although this change in the chemical composition has
a major impact on the properties of the generated nanoparticles, it is often only briefly
discussed in the literature. We addressed this question by the usage of the oxygen-free
precursor CusN. Electron energy loss spectra of the resulting primary particles proved that
the reduction takes place during the first step of the mechanism ruling out the concept of a
simple fragmentation. The ablation of suspended Cu(N,), powder leads to copper colloids
similar to those obtained from CuN. The usage of the highly reactive Cu(N,), enables
significant higher production rates. The ablation of Cu,C, leads to stable colloidal solutions
mainly consisting of the small primary particles. This is caused by the fact that in contrast
to the other precursors the carbon can not be liberated as a gas. It prevents the aggregation
of the primary particles and therefore stops the presented mechanism after the first step. The
proper choice of the precursor for the laser ablation of suspensions not only provides insight
in the mechanism but also gives the opportunity to design the properties of the resulting
colloids. The results of the presented work leaves us with an optimistic perspective that on
the one hand further copper precursors and on the other hand precursors for other metals
may be developed in the future. An efficient and targeted development of suitable precursors
will make the laser ablation of suspensions a versatile and universal method for the synthesis

of colloidal solutions.
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