Sustalnable

Chemistryz Engineering

pubs.acs.org/journal/ascecg

Ultrasmall Copper Nanoparticles Synthesized with a Plant Tea

Reducing Agent

Aaron D. Brumbaugh, Katelyn A. Cohen, and Sarah K. St. Angelo*

Department of Chemistry, Dickinson College, P.O. Box 1773, Catlisle, Pennsylvania 17013, United States

© Supporting Information

ABSTRACT: Ultrasmall copper nanoparticles were synthesized using
lemongrass tea as a green reducing agent. The one-pot, aqueous, room-
temperature reaction produces nanoparticles with diameters of 2.90 + 0.64
nm. UV—vis spectroscopy shows the ultrasmall nanoparticles are
nonplasmonic. FTIR spectroscopy indicates that oxygen-containing
functional groups in the lemongrass tea are present in the nanoparticle
reaction mixture. High-resolution transmission electron microscopy (HR-
TEM) was used to confirm that the nanoparticles are Cu, as indicated by
the lattice spacing measurements for the (111), (200), and (220) lattice
planes of Cu. The nanoparticles are transferrable from water to hexane with

2. Add tea to aqueous copper precursor solution.
Reaction proceeds at room temperature.

octadecanethiol (ODT) as a phase transfer agent. X-ray energy dispersive
spectroscopy (EDS) conducted during TEM analysis confirms the presence of copper in the nanoparticle samples and indicates
that the phase-transferred nanoparticles have relatively less material associated with lemongrass tea than the as-synthesized sol.
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B INTRODUCTION

Copper nanoparticles are of increasing interest particularly due
to their potential use in catalysis, photovoltaics, energy
applications, and metallic inks.'™® Copper has the advantages
of lower cost and increased abundance relative to common
catalytic materials, such as platinum or gold. The greater surface
area afforded by nanoparticles when compared to bulk metal is
further increased as nanoparticle diameter is decreased. Many
properties of nanomaterials are size dependent; hence, new
methods for producing ultrasmall nanoparticles are of interest
so that properties relying on nanoparticle size may be
investigated and exploited. Furthermore, ultrasmall nano-
particles and metal clusters bridge the size scales of molecular
species and larger nanoparticles or microparticles. Ultrasmall
nanoparticles may link molecular-scale materials with those of
larger dimensions and include the physical and chemical
properties defined by the size and composition of ultrasmall
nanoparticles.

As a relatively new category within a still-growing field of
nanochemistry, “ultrasmall” nanoparticles have been variously
defined in the literature, and as has been noted recently, there is
not yet an established definition.” At one extreme, isotropic
nanoparticles with diameters of ~10 nm have been categorized
as ultrasmall and include gold,m’11 tin,' tin oxide,'® lanthanide-
doped nanocrystals,"* and silica nanoparticles.'® A recent
review of nanoparticles has used the 10 nm dimension as a
primary criterion for a material being considered ultrasmall.'®
Another dimension used to define ultrasmall nanoparticles is
~5—6 nm diameters, and nanoparticles having those diameters
that have been cateigorized as ultrasmall include yttrium
fluoride,"” iron oxide,"'® and tin.° Ultrasmall nanoparticles
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with diameters of 2—4 nm include gold,”*"** silver,”® copper,**

and iron—platinum.*® Nanoparticles with diameters of less than
2 nm and atomically precise clusters have also been classified as
being ultrasmall nanoparticles.””*">° The synthesis of copper
nanoparticles in the ultrasmall range, considered here to have
diameters less than S nm, can be problematic due to the
tendency of small nanoparticles to agglomerate or ripen to form
larger particles and notably in the case of copper to form
oxides. The variety of syntheses for ultrasmall copper
nanoparticles includes use of surfactant templates and carbon
nanotube scaffolding with citrate reduction,® EDTA-mediated
reduction of Cu(OH), in the presence of polyvinylpyrroli-
done,** surfactant-mediated hydrazine-citrate reduction,” and
the NaBH, reduction of copper (pH ~13) in the presence of
surfactant within a millifluidic reactor.*> Recently, greener
syntheses of metallic nanoparticles of various sizes and shapes
have been burgeoning with gold and silver;>*™3” however, there
are fewer examples of copper nanoparticle syntheses using
greener methods.>® ** Greener methods for producing ultra-
small copper nanoparticles are even more limited.*"**

Herein, the room-temperature synthesis of ultrasmall copper
nanoparticles is demonstrated with an aqueous tea of
lemongrass stalks. Lemongrass was considered for its ability
to form copper nanoparticles because of previous work
documenting its use in the formation of gold nanoplatelets,***
the role of lemongrass in the formation of gold—silver core—
shell nanoplatelets,** and the demonstrated lemongrass-based
synthesis of silver nanoparticles.*® As the coinage metals of
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gold, silver, and copper are commonly considered as a group,
this work aims to add copper nanoparticles to the repertoire of
lemongrass-mediated nanoparticle synthesis. Specifically, this
work presents the lemongrass-reduction of copper with a
simple, low-cost, low-energy, and low-hazard aqueous synthetic
method. The nanoparticles are characterized with spectroscopic
techniques and transmission electron microscopy (TEM)
methods, including in situ elemental analysis. The nanoparticles
are transferable to hexane via derivatization with an alkanethiol
and are fully reduced Cu (0) with no evidence of associated
oxides.

B EXPERIMENTAL SECTION

A tea of lemongrass (Cymbopogon citratus) was prepared in a similar
manner to a frocedure used elsewhere for the synthesis of gold
nanoplatelets.”> Lemongrass stalks were purchased at a local market,
washed, and finely chopped. The lemongrass pieces were added to
boiling deionized water in a mass to volume ratio of 1 g lemongrass
pieces to S mL water. The mixture was allowed to boil for 10 min,
removed from the heat, and allowed to cool to room temperature. The
mixture was passed through fast filter paper to remove the lemongrass
solids and then was filtered through a membrane filter having 0.2 ym
pores. The filtrate was stored at 4 °C and was used within 2 weeks of
preparation. The unadjusted pH of the lemongrass tea was 5.2 + 0.1,
as measured by a calibrated Accumet XL20 pH meter.

All chemicals were used as received. The ultrasmall copper
nanoparticles were prepared by combining aqueous 1 mM CuSO,
SH,0 (ACS grade, Mallinckrodt Chemicals) with aqueous lemongrass
tea. A typical preparation was composed of 70% 1 mM CuSO,, 29%
lemongrass tea, and 1% added deionized water by volume. The
solutions were combined, mixed well, and allowed to react on the lab
bench with constant magnetic stirring. The solutions became yellow
over the course of 3 days of reaction under ambient temperature and
lighting conditions. Subsequent analyses, sample preparation, and
aqueous—organic phase transfer were conducted at this time. For
aqueous—organic phase transfer experiments, l-octadecanethiol
(ODT) was purchased from Sigma-Aldrich, and isopropanol and
hexanes were purchased from BDH. ODT (1 mM, 02 mL) in
isopropanol was added to 1 mL of the prepared nanoparticles. Hexane
(0.2 mL) was added to the nanoparticle—ODT solution and mixed
well. A small volume of water was added to reform separate aqueous
and organic phases. A transmission electron microscopy (TEM) grid
(carbon-coated Ni grid, Electron Microscopy Sciences) was dipped
into the hexane layer and allowed to dry. TEM, high-angle annular
dark field scanning TEM (HAADF STEM), high-resolution TEM
images (HR-TEM), and in situ elemental analysis via X-ray energy
dispersive spectroscopy (EDS) were performed with a JEOL 2010-F
transmission electron microscope operated with an accelerating
voltage of 200 kV. Samples of the as-synthesized sol were prepared
for TEM imaging by drop-coating the aqueous nanoparticle solutions
onto carbon-coated Ni TEM grids and allowing them to air dry.

Ultraviolet—visible (UV—vis) spectroscopy was performed with a
Jasco V-670 spectrophotometer. Fourier transform infrared (FTIR)
spectra were acquired with a Thermo-Nicolet Avatar 360 FTIR.
Samples were prepared for FTIR analysis by freeze-drying the aqueous
samples, grinding the dried samples with KBr, and forming KBr pellets.

The percent yield of nanoparticles was determined by centrifuging a
sample of the as-synthesized sol at 13,700g for 10 min (10,000 rpm
Beckman Centrifuge with a Beckman JA-17 rotor). The supernatant
and pellet were separately digested with concentrated nitric acid and
subsequently diluted with deionized water. The solutions were
evaluated for copper content at 327.4 nm with a 0.2 nm slit width
using a hollow cathode copper lamp in a Varian SpectrAA 55B atomic
absorption spectrometer.

B RESULTS AND DISCUSSION

A representative UV—vis spectrum of an aqueous nanoparticle
mixture is shown in Figure la. Higher overall apparent
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Figure 1. (a) UV—vis spectrum of the as-synthesized ultrasmall copper
nanoparticles. (b) FTIR spectrum of the lyophilized nanoparticles and
lemongrass tea (upper) and lyophilized lemongrass tea alone (lower).

absorbance is attributed to scattering due to the slight turbidity
of the lemongrass tea; however, the tea itself does not generate
spectral features in UV—vis. A lack of surface plasmon
resonance peaks in the visible spectrum, as shown in Figure
la, may be attributed to copper nanoparticles with diameters
less than about 5 nm.*”’”* Ultrasmall nanoparticles and
atomically precise clusters lose their visible extinction features
as a function of size.>>**7>* While larger copper nano-
particles and coupled ultrasmall copper particles display a
strong plasmon peak at 560—570 nm, isolated ultrasmall copper
nanoparticles do not show strong plasmon peaks. Very small
peaks or shoulders have been observed; however, it is common
that ultrasmall copper nanoparticles lack a clear extinction peak
in the visible range. Depending on the particle size, copper can
display varying absorbance intensities at various wavelengths of
maximum absorbance,*” ~**3! and rapidly increasing absorb-
ance at wavelengths below ~350 nm, such as observed here, has
been observed previously with copper nanoparticles that do not
show surface plasmon resonance in the visible range.>">*"**
FTIR was used to gain understanding of the functional
groups that are involved in the nanoparticle reduction and
apparent oxidative stability and to compare the lemongrass tea
to other plant-based nanoparticle syntheses. Representative
spectra of the lyophilized lemongrass—nanoparticle mixture and
lemongrass tea are shown in Figure 1b. The general features of
the spectra are common to spectra of plant materials used in
nanoparticle synthesis reported elsewhere.*”**~*° Three bands
appear in the both spectra between 1054 and 1616 cm™. A
broad band also appears near 3400 cm™, and two less intense
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and narrower bands appear between 2849 and 2939 cm™". The
variety of N- and O-containing functional groups as well as the
possible C—C and C—H result in several possible assignments
for the bands observed. The broad bands observed near 3400
cm™" are likely due to —O—H stretch from hydroxyl groups
expected to be present in the plant material, such as sugars or
polyphenols. The band may also be at least partly due to
incorporated water. Even though the samples were lyophilized
and stored in a desiccator prior to analysis, the dried solids are
hygroscopic. The bands appearing between 2849 and 2939
cm™" are C—H stretching modes from hydrocarbon chains.
Bands due to C—O—H bending vibrations appear near 1420
cm™", The amide I band from protein carbonyl stretch appears
at 1616 cm™ and has been noted elsewhere in similar plant-
based nanoparticle analyses.”*>* All of the noted features could
result from the polyphenols, proteins, and small molecules
likely to be in the plant tea mixture. Given that similar features
appear in the spectra of a variety of plant tea reducing agents,
similar functional groups and structures are likely responsible
for the formation and capping of nanoparticles prepared in this
manner.

Analysis with (scanning) transmission electron microscopy
(STEM) and HR-TEM shows finely divided and well dispersed
particles with little evidence of aggregation. In the high-angle
annular dark field (HAADF) image in Figure 2a, the particles
appear as bright spots. The average diameter of the nano-
particles was found to be 2.90 + 0.64 nm (averaged over three
batches), and the population distribution is given in Figure 2b.
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Figure 2. (a) HAADF STEM image of ultrasmall Cu nanoparticles in
which the particles appear as bright spots. (b) Population distribution
for three batches of the nanoparticles. Average diameter is 2.90 + 0.64
nm.
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Atomic absorbance spectroscopy (AAS) of the centrifuged
and acid-digested samples resulted in an average total copper
recovery of ~99.0%. The pelleted materials contained 69.5 +
0.9% of the total copper added as precursor, and the
supernatant contained the balance with 29.5 + 2.9% of the
total copper. Nanoparticle yields are not routinely reported due
to difficulties in obtaining reliable quantitative results,*® and the
results reported here may not be fully representative of an
inherently complex system. Recovering nearly all of the copper
added as precursor in the final sol is encouraging; however, it is
more challenging to determine if the pellet is purely copper in
the form of ultrasmall nanoparticles and if the supernatant only
contains unreduced precursor with no particles, particularly
because the nanoparticles are not plasmonic.

The nanoparticle lattice structure was imaged with HR-TEM,
as shown in Figure 3a and b. The images themselves and the

Figure 3. HR-TEM images show the lattice structure of the particles.
Insets are Fourier transforms (FTs) of (a) individual circled particles
beside the (FTs) and (b) the six particles in the image. In panel (a),
spots in the FTs representing (220) and (111) lattice spacings are
noted. In panel (b), the spots representing the (200) lattice spacing
are indicated with arrows in the Fourier transform, and the associated
1.8 A spacing on the corresponding particle is noted.

Fourier transforms of the particles (inset images) show that the
individual particles are single crystalline. In the Fourier
transforms, the distance of the surrounding spots from the
center spot allows for the average lattice spacing to be
calculated in the parent HR-TEM image. Numerous examples
of copper (111) lattice spacings of 2.1 A were found among the
particles analyzed (JCPDS card 04-0836). The strong presence
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of 2.1 A lattice spacings is indicative of Cu. The Cu (220)
lattice spacing of 1.3 A and the (220) lattice spacing of 1.8 A
were also found via Fourier transform analysis of the HR-TEM
images. Surprisingly, lattice spacings indicative of oxidized
copper, CuO, and Cu,O, for example, were not found. The
(111) spacings of CuO and Cu,O are 232 and 247 A,
respectively, and are sufficiently different from the lattice
spacings for Cu so that oxidized copper should not be easily
confused with fully reduced copper (JCPDS cards 48-157 and
05-0667, respectively).

If the ~69.5% vyield, as determined by AAS, is considered
with the average nanoparticle diameter of 2.90 nm, an
approximate nanoparticle concentration can be calculated.
Assuming a 74% packing efficiency of copper in an fcc lattice
with copper atomic diameter of 2.55 A and using the
concentration of copper precursor in the reaction mixture, a
final nanoparticle concentration of approximately 0.45 uM is
obtained.

Components of the lemongrass tea may offer the copper
nanoparticles protection against aggregation and oxidation. As
noted by others, copper nanoparticles may be reduced and
subsequently protected against oxidation by lactic acid®” or
ascorbic acid.**®*%° Each acid, when present in a copper
nanoparticle sol, provides an antioxidant capacity, and the
nanoparticles remain in the fully reduced state. The addition of
bulky capping agents, such as polyethylene glycol (PEG)>® or
polyvinylpyrrolidone (PVP),>”*° can prevent oxidation as well
as particle aggregation. Similar to the work presented here, the
ascorbic acid-PEG copper nanoparticle syntheses did not
require deoxygenation of the reaction mixture to produce or
retain Cu (0) nanoparticles.

In an attempt to separate the nanoparticles from the complex
lemongrass tea mixture, the particles were transferred to hexane
when derivatized with ODT. Due to the nonplasmonic nature
of the particles, TEM was used to determine if nanoparticles
were transferred to the hexane phase from the as-synthesized
aqueous phase. A nickel TEM grid was dipped into the hexane
layer of the two-phase system and allowed to dry. As shown in
Figure 4a and b, particles were found on the grid and were
confirmed to contain copper through in situ EDS. Carbon and
nickel are from the grid. Sulfur is attributed to the sulfur groups
on the ODT. Sulfur is not detected in EDS spectra of the as-
synthesized Cu nanoparticles nor is it detected in the
lemongrass tea sample that was used as a background ( Figure
S1, Supporting Information). Chlorine is attributed to chloride
salts—particularly KCl—found in the lemongrass tea. Other
elements detected in the extracted sample, such as Si and P, are
also detected in the lemongrass background. The extraction
with ODT reduces the relative intensities of the elements
attributed to the lemongrass tea. This extraction method may
allow for further concentration of the nanoparticles and will
likely simplify sample preparation for further analyses and
evaluation of properties.

By considering the FTIR spectra with the EDS data, nitrogen
and sulfur functional groups are not indicated as being directly
involved with the formation of the ultrasmall copper nano-
particles. Both FTIR and EDS (Ka emission 0.525 keV)
indicate the presence of oxygen. Nitrogen is not evident in EDS
(Ko emission 0.392 keV) and is notably absent between the
large carbon Ka emission (0.277 keV) and the sharp oxygen
Ka emission. If nitrogen is present, it is at relatively low
concentration, and its signal is lost between the larger carbon
and oxygen emission peaks in the EDS spectra. Sulfur (Ko
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Figure 4. (a) TEM image of ultrasmall Cu nanoparticles that were
transferred to hexane by first derivatizing the particles with ODT. (b)
EDS of the particles shown in panel (a). Cu is the major component
not attributed to the TEM grid. Sulfur is attributed to ODT and is not
found in the as-synthesized sol and only in very low levels in the
lemongrass background. These and other elements present in the
lemongrass background are decreased by transferring the particles to
hexane with ODT.

emission 2.307 keV), which is not observed in the as-
synthesized nanoparticle samples, is observed at relatively low
levels in the lemongrass background and is relatively abundant
in the ODT-derivatized sample. Further analyses will be
pursued to confirm the role of oxygen-containing functional
groups in the formation and protection of the copper
nanoparticles; however, the related work with ascorbic
acid,"**%° PEG,*® and PVP*’ supports the assertion that
carboxylic acids, hydroxyls, and other oxygen-containing groups
are important in this system as well and could account for the
nanoparticles’ observed oxidative and physical stability.

Shells of copper oxide on copper nanoparticles have been
reported and, along with small particle size, contribute to
diminishment of the surface plasmon in the visible
range.>>*"*7°1 As discussed above, copper oxide was not
found via analysis of the nanoparticle lattice, and there is no
evidence in the UV—vis spectrum (Figure 1a) of copper oxide
bandgap transitions in the 700—800 nm range.*"

The specific origin of oxygen in the EDS spectra is
indeterminate at this time, but it is clearly present at significant
levels in the lemongrass-only sample (Figure S1, Supporting
Information), and oxygen-containing functional groups are
indicated in the FTIR spectra of both the freeze-dried
lemongrass and copper nanoparticle sample (Figure 1b).
Continuing work with our system aims to identify specific
compounds, in which oxygen-containing functional groups
seem to be indicated, that reduce the copper and protect it
from oxidation.
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B CONCLUSIONS

Lemongrass tea has been shown to reduce copper(Il) ions to
form ultrasmall copper nanoparticles. The approximately
spherical nanoparticles have an average diameter of 2.90 +
0.64 nm, a size that diminishes the local surface plasmon
resonance observed in larger copper nanoparticles. FTIR
analysis of the freeze-dried lemongrass tea and nanoparticles
shows several features common to plant-based reducing agent
mixtures for the formation of nanoparticles, including the
presence of oxygen-containing functional groups. Analysis of
HR-TEM images and their Fourier transforms shows that the
synthesized particles are largely single crystalline. The Fourier
analysis also confirms that the particles are composed of copper
rather than a copper oxide. Lattice spacings were determined to
match the (111), (200), and (220) lattice spacing of Cu. Lattice
spacings associated with copper oxides were not found. The
particles are stable in aqueous solution but may be transferred
to hexane with the addition of 1-octadecanethiol, as confirmed
with TEM-EDS analysis. The transfer to hexane also reduced
the relative amounts of elements attributed to the lemongrass,
providing a less complex sample matrix. No special conditions,
such as solvent deoxygenation, were maintained to form or
preserve the Cu in aqueous solution. Work to identify the
components of the lemongrass tea that reduce the copper
nanoparticles and appear to protect them from further
oxidation is ongoing.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1: EDS spectra of an additional particle point analysis
of copper nanoparticles transferred to hexane, as-synthesized
aqueous copper sol, and lemongrass with no added copper
precursor. This material is available free of charge via the
Internet at http://pubs.acs.org.
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