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ABSTRACT: Microwave irradiation was shown to be an effective energy

source for the rapid decomposition of organic metal salts (such as silver acetate) Solid Minture
in a solid mixture with various carbon and noncarbon substrates under

completely solvent-free conditions. The rapid and local Joule heating of
microwave absorbing substrates (i.e., carbon-based) resulted in the instanta-
neous formation of metal and metal oxide nanoparticles on the substrate
surfaces within seconds of microwave exposure. Other less absorbing substrates
(such as hexagonal boron nitride) required longer exposure times for the salt
decomposition to occur. Details of the effects of microwave reaction time,
temperature, power, and other experimental parameters were investigated and
discussed. The solvent-free microwave method was shown to be widely

CNT/Graphene

applicable to various organic metal salts with different substrates including single- and multiwalled carbon nanotubes, graphene,
expanded graphite, hexagonal boron nitride and silica—alumina particles, forming substrate-supported metal (e.g., Ag, Au, Co, Nj,
Pd, Pt) or metal oxide (e.g.,, Fe;0,, MnO, TiO,) nanoparticles in high yields within short duration of microwave irradiation. The
method was also successfully applied to large structural substrates such as nanotube yarns, further suggesting its application potential
and versatility. To demonstrate one potential application, we successfully used both carbon nanotube powder and yarn samples
decorated with Ag nanoparticles prepared via the above method to improve data acquisition in surface enhanced Raman

spectroscopy.
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B INTRODUCTION

Nanohybrids of metal or metal oxide nanoparticles supported
on low-dimensional carbon nanomaterials have generated sig-
nificant interest in various applications.' > For example, Pd nano-
particle-decorated carbon nanotubes (CNTs)** and graphene®’
have both been used as effective heterogeneous catalysts for C—C
bond forming reactions such as Suzuki and Heck reactions.
The incorporation of various metal oxide nanostructures (e.g,
titanium,>®1° manganese,n_ls tin,"®"*® and iron oxideslg_m) on
carbon nanomaterial surfaces rendered them useful as energy
conversion or storage materials for applications in solar cells,
supercapacitors, or Li-ion batteries. These unique applications
took advantage of not only the specific physical and chemical
properties of supported nanoparticles, but also the high surface
area, light weight, high mechanical strength, and excellent
electrical and thermal transport properties of the low-dimen-
sional nanocarbon supports.

Since the first report in 1994, the majority of solid-state
preparations of metal nanoparticle-decorated CNTs have relied
on the use of hydrogen gas to achieve the reduction of the
corresponding metal salt. The use of solvents has been more
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popular because of the flexibility in the selection of benign chem-
ical or electrochemical reduction processes as well as electroless
strategies.”” These solution methods for metal—carbon nanohy-
brids, however, are intrinsically challenging for large scale prepara-
tion due to, for instance, the multiple steps involved in these
procedures and additional costs associated with the use and the
removal of solvents and/or reducing reagents. We recently
discovered a facile and highly scalable procedure in which metal
or metal oxide nanoparticle-decorated CNT's could be produced
by simply heating a solid physical mixture of CNT's and an organic
metal salt (typically acetates and acetylacetonates) to a relatively low
temperature (200—450 °C).”*** Without any additional redu-
cing reagent or electrochemical process, thermal decomposition
of the salts resulted in nanotube-supported zero-valence
metal (e.g, Ag, Au, Co, Ni, Pd, and Pt) or metal oxide
(e.g, Fe304 and ZnO) nanoparticles. It was shown that the size
and distribution of the nanoparticles could be tuned by a variety
of parameters such as mixing technique, metal salt loading, and
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substrate pretreatments. It was also demonstrated that the
method was applicable to a wide variety of carbon and noncarbon
substrates. Although the method is compatible with the use of
solvents, the reactions were carried out under completely sol-
vent-free conditions and are amenable to scaling to commercial
quantities (~kilogram levels have been demonstrated™). In addition
to conventional heating using a nitrogen oven, a few minutes of
ball-milling was also found sufficient to provide mechanical
energy required for partial decomposition of the metal salts in
solid salt—nanotube mixtures to form nanotube-supported metal
nanoparticles.”®

Microwave irradiation has become a popular energy source of
choice for organic synthesis in both fundamental research and
the pharmaceutical industry.””** Its applications in the synthe-
sis of inorganic nanomaterials has also attracted significant
attention.””*® An overwhelming majority of the nanomaterial
syntheses using microwave energy have been conducted in
liquids. The liquids, including typical solvents (i.e., water and
polar organic solvents), ionic liquids, or the reactant itself, are
generally responsible for microwave energy absorption to induce
dielectric heating of the reaction mixture. The use of liquids
provides many advantages for microwave heating over conven-
tional heating for inorganic nanomaterials synthesis, such as high
reaction rates, high yields, uniform heating, and often unique and
excellent morphological control of the nanoscale products.*®
However, microwave synthesis of nanomaterials under solid-
state conditions are still rare partially because most precursors
such as organic salts have poor microwave absorptivities. There
may also be a perception that the size and distribution of the
nanoparticles cannot be controlled under solvent-free conditions.

Low-dimensional sp” carbon nanomaterials such as CN'Ts and
graphene are excellent microwave absorbers due to their elec-
trical conductivity.>' ~>* Organic functionalization reactions of
CNTs, which can take days using conventional heating,*” could
be achieved at similar yield within minutes under microwave
irradiation in either dispersion®™*® or solvent-free conditions.*”*
In the latter circumstance, microwave-induced Joule heating of
CNTs was likely responsible for the enhanced reaction rates of
organic functional groups with the CNT surface.®’ Under the
same principle, it is interesting to note that the “superheating” of
CNTs from microwave irradiation was also utilized to cure CNT-
based ceramic composites®® or induce interfacial welding of
CNT/polymer composites in the absence of solvents.”> The
application of microwave heating for graphene synthesis®> ¢
and functionalization®” are also under active development.

Previous efforts in the microwave preparation of metal or metal
oxide nanoparticle-decorated CNTs**~% and graphene®®®~7>
were all conducted in the presence of a solvent, where in most
cases the thermal reduction-deposition of metal ions was trig-
gered by the dielectric heating of the solvent. In addition to using
conventional heating® > and mechanical energy®® for the
solvent-free preparation of metal or metal oxide nanoparticle-
decorated CNTs, we now demonstrate that the direct solid-state
Joule heating of CNT's or graphene with organic metal salts using
microwave irradiation is a highly effective and versatile approach
for the preparation of a wide variety of metal and metal oxide
nanoparticle-decorated substrates. Although reactions using con-
ventional heating may usually take at least an hour to complete,
microwave heating of solid metal salt/substrate mixtures resulted
in the near instantaneous formation of metal or metal oxide
nanoparticles at excellent conversion yields.

B EXPERIMENTAL SECTION

Materials. Silver(I) acetate (99%), cobalt(IT) acetate (99.995%),
iron(II) acetate (99.995%), nickel(Il) acetate tetrahydrate (99.998%),
palladium(II) acetate (99.9+%), platinum(II) acetylacetonate (99.99%),
titanium(IV) oxyacetylacetonate (95%), and Rhodamine 6G (99%) were
purchased from Aldrich. Gold(IIT) acetate and manganese(II) acetate were
obtained from ESI Corp Inc. and Fisher Scientific Company, respec-
tively. Multiwalled CNTs (MWCNTs; batch# UK115b) with a diameter
range of ~20—150 nm were purchased from the University of Kentucky.
Single-walled CNTs (SWCNTs; grade: AP-SWNT; batch#: AP-238)
were obtained from Carbon Solutions, Inc. Graphene powder (Vor-X;
grade: reduced 070; lot: BK-77x) was provided by Vorbeck Materials.
Expanded graphite (EG) powder (grade: 3775; lot 3438) and hexagonal
boron nitride (h-BN) powder (size —10P, Lot HZ010PA4.$06) were
provided by Asbury Carbons and UK Abrasives, Inc., respectively.
NASA/USGS lunar highlands dust simulant particles (NU-LHT-1D)
(composed mainly of silica and alumina) were obtained from NASA
Marshall Space Flight Center. Single ply CNT yarn (Lot #: Y3213—1(1))
was purchased from Nanocomp Technologies, Inc. All materials and
chemicals were used as received.

Measurements. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images were acquired using a
Hitachi S-5200 field-emission SEM system under the secondary electron
(SE) and transmitted electron (TE) modes, respectively. High-resolu-
tion TEM (HR-TEM) images and selected area electron diffraction
(SAED) patterns were obtained on a JEOL 2100 field-emission trans-
mission electron microscope. X-ray Diffraction (XRD) analyses were
conducted on a Siemens D5000 X-ray diffractometer with Cu Kat as the
radiation source (1 = 1.5418 A). The obtained data were matched with
the standard Powder Diffraction File (PDF) maintained by International
Centre for Diffraction Data (ICDD). Raman spectroscopy measure-
ments were performed using a Thermo-Nicolet-Almega Dispersive
Raman Spectrometer with 532 nm excitation at 16% laser power
(~3 mW) through a 100 #m pinhole. The acquisition of each spectrum
consisted of 4 scans and totaled 16 s.

Microwave Reactions. In a typical model reaction for Ag nano-
particle-decorated MWCNTs, MWCNT powder (100 mg) was manu-
ally mixed with silver acetate powder in the desired ratio (typically 1 or
10 mol % Ag-to-C, corresponding to 8 or 47 wt %) using a mortar and
pestle. The solid mixture was transferred to a standard 10 mL quartz vial
for the microwave reactor (CEM Discover). The vial was then sealed
with a septum, placed inside the reactor cavity, and further capped with a
stainless steel pressurized top. The reaction was run at a set of desired
reaction times (up to 60 min), temperatures (up to 300 °C), and power levels
(up to 300 W). After reaction, the septum was removed from the quartz vial
and the product was dried overnight either in air or with a moderate flow of
nitrogen. Other experiments using different metal salt precursors or substrates
were conducted in the same manner on a similar scale.

B RESULTS AND DISCUSSION

Microwave reactions were carried out using the CEM Dis-
cover reactor by varying a set of parameters including hold time,
temperature, and power level.”> The Ag/MWCNT system was
chosen as the primary model system for the microwave reactions
because it has been thoroughly studied using conventional
heating™ and ba.ll-milling26 allowing for direct comparison with
the microwave experiments discussed herein. In these reactions,
the mixture of silver acetate and MWCNTs were heated using
microwave irradiation, resulting in Ag nanoparticle-decorated
MWCNTs. Although the thermal energy originated from a
different source (i.e., microwave), the conversion of silver ace-
tate salt to Ag metal occurred in a manner similar to that in the
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Figure 1. XRD patterns of various samples from modulated microwave
irradiation (maximum power = S0 W, set temperature = 250 °C) of the
same silver acetate/MWCNT starting material (1 mol % Ag-to-C
content). The spectra from bottom to top correspond to hold times
of 0, 1, 2, 5, 10, 30, and 60 min, respectively, after ramping to the set
temperature.

well-known direct thermal decomposition of the salt.”* During
the conversion, MWCNTSs acted as the supporting substrate for
the templated formation of Ag nanoparticles from the silver acetate
decomposition. It is important to point out that because byproducts
such as acetic acid, CO,, CO, and water were volatile, no additional
product purification besides brief drying was required.

Effect of Hold Time. The “hold time” in the microwave
experiments refers to the amount of time for which the reaction
mixture was held at a set temperature after ramping to that
temperature. In the previous study using conventional heating,*
it was shown that the complete salt-to-metal conversion in silver
acetate/MWCNT mixtures occurred at temperatures above
200 °C with 1—3 h holding in an oven with nitrogen atmosphere.
Therefore, 250 °C was selected to be the set temperature for the
first series of microwave experiments with varied hold times
under “Standard Mode” operation, which provided modulated
microwave heating. This means that the set microwave power
level (S0 W) was the maximum power the reactor could deliver
during the entire course of heating. The actual power level in the
microwave irradiation was automatically adjusted by the instru-
ment program (typically <10 W after the first 10 s of ramping) in
order to keep the temperature constant during the hold time.
The programmed “run time” (i.e., ramp time) was set at S min,
but the actual ramp times were much faster (~90 s) and the
program automatically proceeded to “holding” once the infrared
temperature sensor (at the bottom of the reactor cavity) detected
the set temperature of 250 °C.

The same mixture of MWCNTSs and silver acetate (1 mol %
Ag-to-C content) was used as the starting material for each
reaction, with modulated microwave heating to 250 °C at dif-
ferent hold times (1—60 min). Despite the difference in the hold
times, the XRD patterns for the samples all exhibited signature
patterns for MWCNTSs at 26.2° (002) and metallic Ag (ICDD
#04—0783) at 38.4° (111), 44.5° (200), 64.6° (220), and 77.5°
(311), with the absence of silver acetate peaks (main peak at
29.2°,ICDD #14—0733) as shown in Figure 1. In addition, with
normalized MWCNT (002) peaks, the Ag signals for these
samples appeared with similar intensity, indicating complete
salt-to-metal conversions for all samples with the hold time as
short as 1 min (even for an experiment conducted without any
set hold time, see the next section).

SEM images of these samples (Figure 2) showed abundant
Ag nanoparticles distributed on the surface of MWCNTSs. In
general, the microscopic sample morphologies and the diameter/
diameter distributions of Ag nanoparticles in all samples were
comparable to one another. The diameter distributions of these
Ag nanoparticles fell within the range of 20— 100 nm and did not
change significantly with different hold times except for a slight
increase in the average diameter within the initial minutes.
Compared to samgles obtained by conventional heating using
a nitrogen oven,” these microwave-formed Ag nanoparticles
were of broader distribution and slightly larger in average size
(~ 50 nm vs ~40 nm).

To assess the structural integrity of MWCNTSs during the
microwave induced reactions, Raman spectroscopy was con-
ducted on the same Ag-MWCNT samples from different hold
times of modulated microwave irradiation. Although the normal-
ized spectra of these samples appeared rather similar (see Figure
Sla in the Supporting Information), the attachment of Ag
nanoparticles to MWCNTSs resulted in the collective enhance-
ment of the absolute intensity of the nanotube signals due to the
well-known surface plasmon resonance of the A_; species, con-
sistent with the reports in the literature.”*””” The average
enhancement factor of G-band (~1575 cm™ ") for the samples
with 1 mol % Ag-to-C content was ~2.1 (see Figure S1b in the
Supporting Information) and reached as high as 14 at 10 mol %
(not shown). Compared to the spectrum of the pristine
MWCNT sample, only a marginal increase was found for the
intensity ratio of D-band (~1345 cm™ ') to G-band (Ip/I) even
for the sample that was irradiated for as much as 60 min (see
Figure S1cin the Supporting Information). It is unlikely that such
change is due to the increase of MWCNT defect density from
prolonged microwave irradiation because of its lack of consistent
dependence on the hold time. It was shown previously that Ag
nanoparticles preferably anchor on the nanotube defect sites
when using conventional oven heating for silver acetate decom-
position, resulting in higher enhancement factor for D-band
intensity relative to G-band.”® It is likely that the small overall
Ip/Ig increase observed for the Ag-MWCNT samples from
microwave irradiation was also from similar origin, namely the
preferential growth of Ag nanoparticles at the defect sites of
MWCNTs.

“No Hold” Runs. An important observation was that the same
silver acetate/MWCNT mixture heated to 250 °C with modu-
lated microwave heating (maximum power = SO W) and no hold
time also showed exactly the same XRD signatures (the bottom
spectrum in Figure 1). The lack of silver acetate signals and
presence of similar Ag peak intensities relative to those with
much longer hold times strongly suggest that the salt-to-metal
conversion was already complete during the temperature ramp,
with further residence time at the set temperature having little to
no effect on the conversion yield. To further investigate this
phenomenon, experiments were carried out by only ramping the
silver acetate/MWCNT mixtures to various temperatures below
250 °C with no temperature hold time.

Although the programmed temperature ramp time was 5 min,
the actual ramp time for the solid mixtures was much more rapid,
with shorter total duration at lower targeted temperatures.”® This
rapid heating is due to Joule heating associated with microwave
absorbing substrates (MWCNTs in this case). For example, as
shown in Figure 3, the time needed to heat a silver acetate/
MWCNT mixture (10 mol % Ag-to-C) to 100 °C was only 6 5. As
previously described,” the XRD intensity ratio of Ag (111) and
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Figure 2. SEM images of various samples from modulated microwave irradiation (maximum power = 50 W, set temperature = 250 °C) of the same
silver acetate/MWCNT starting material (1 mol % Ag-to-C content) for (2) 1, (b) 2, (c) S, (d) 10, (e) 30, and (f) 60 min, respectively, after ramping to

the set temperature.

MWCNT (002) peaks (r = IAg/IC) could be used to estimate the
salt-to-metal conversion yield by using a reference sample. In the
current experiments, the samples heated to 250 °C with no hold
time were used as the complete conversion references (no silver
acetate peak seen in XRD, see Figure 1). As also shown in
Figure 3, the salt-to-metal conversion was essentially complete at
150 °C with ~10 s of modulated microwave irradiation in spite of
the Ag content in the sample increasing to 10 mol %. Even with
only a “flash” of microwave energy of 1 s (set temperature of
35 °C), Ag nanoparticles were instantaneously formed with a
significant salt-to-metal conversion of greater than 60%. This
strongly indicates that the excellent microwave absorption
characteristics of MWCNTs produced a much higher local
temperature on their surfaces under microwave conditions than
the temperature in the quartz vial measured by the infrared
temperature sensor.

At relatively lower Ag contents (i.e, 1 mol % Ag-to-C), the
diameters of Ag nanoparticles on MWCNTSs obtained with no
hold time and heated to different final temperatures fell into
slightly smaller size ranges (~15 — 60 nm) than those synthe-
sized with various hold times (Figure 4; also see Figure 1). When
the Ag content was increased to 10 mol %, as shown in Figure S,
the sizes of most Ag nanoparticles became significantly larger
(>90 nm) than those at 1 mol % Ag-to-C at the same reaction
conditions (heating to 250 °C with no hold time). This same
phenomenon was observed in the use of conventional heating.**
Similarly, it is possible that this is also due to the presence of a
limited number of active nanotube surface anchoring sites (such
as defects). Thus, samples with a higher metal content quickly
saturated the anchoring sites; consequently the remaining de-
composed material continued depositing on the original seeds,
resulting in nanoparticles of larger sizes.
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Figure 3. Relative conversion yields (squares) and the temperature
ramp times (circles) of silver acetate/ MWCNT mixtures at 1 mol %
(open symbols) and 10 mol % Ag-to-C content (solid symbols) with
modulated microwave heating (maximum power =50 W) to different set
temperatures without further holding. The relative conversion yields
were calculated by (yield%)r = [(Iag/Ic)7/(Iag/Ic)2s0 oc] X 100%,
where I, and I¢ are the intensities of Ag (111) and MWCNT (002)
peaks, respectively, and T corresponds to the set temperature.
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Figure 4. Ag nanoparticle diameter distributions (red symbols) for the
same silver acetate/ MWCNT starting material (1 mol % Ag-to-C
content) after modulated microwave heating (maximum power = 50 W)
to different set temperatures (red y-axis on the left) without further
holding. Those from further holding for different times (black y-axis on
the right) at 250 °C (gray symbols) were also shown for comparison.

It is worthwhile to note there were many smaller nanoparticles
(<20 nm in diameter) present in the sample with 10 mol % Ag-to-C
content shown in Figure Sb. Such phenomenon (also noted to a
lesser degree in conventional heating) was consistently observed
and much more pronounced in samples with higher metal
content and irradiated with higher power (see next Section).
This may suggest an incomplete thermodynamic process in which
the kinetically formed smaller Ag nanoparticles were yet to be
annealed into the larger ones due to the rate of microwave heating.

Effect of Microwave Power. The formation of Ag nanopar-
ticles on MWCNTSs was also studied by varying the microwave
irradiation power under the “Power-Time Mode” with the
reactor or continuous microwave heating. Except for this section,
all other experiments in the present study used the “Standard
Mode” or modulated microwave heating. Under the “Power-
Time Mode”, the microwave power was kept constant until
the defined maximum temperature was reached. For traditional
microwave reactions in solution, the maximum temperature can
usually be set at a higher value in order to keep the reaction
running at constant power feed. For the solid-state reactions in

Figure 5. SEM images of samples from modulated microwave irradia-
tion (maximum power = SO W, set temperature = 250 °C) of
silver acetate/MWCNT mixtures with Ag-to-C content of (a) 1 and
(b) 10 mol %, respectively.
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Figure 6. Relative conversion yields () and the temperature ramping
times (O) of silver acetate/MWCNT mixtures with 10 mol % Ag-to-C
content with continuous microwave heating (set temperature =150 °C)
at different power levels. The relative conversion yields were calculated
by (yield%)p = [(Iag/Ic)p/(Ing/Ic)sow] X 100%, where P corresponds
to the set power.

this report, however, the maximum temperature (maximum
300 °C for the reactor) was usually easily reached, and the con-
tinuous microwave irradiation was automatically terminated by
the reactor safety shutdown protocol.

As described in the section above, the set temperature of
150 °C was found to be sufficient for the complete salt-to-metal
conversion in the silver acetate/MWCNT systems using “no
hold” modulated microwave heating with S0 W maximum power.
Therefore, 150 °C was chosen to be the maximum temperature
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Figure 7. SEM images of samples from continuous microwave heating (set temperature = 150 °C) of silver acetate/ MWCNT mixtures with 10 mol %
Ag-to-C content. The irradiation power levels were at (a) 2, (b) S, (c) 10, (d) S0, (e) 100, and (f) 300 W, respectively.

and the constant microwave power was varied in the range of
2—300 W under the “Power-Time Mode” to irradiate the silver
acetate/MWCNT mixtures with 10 mol % Ag-to-C content. In
all of these experiments, the reactor shut down automatically as
soon as the maximum temperature was reached and there were
no further temperature holds. For example, as shown in Figure 6,
it took 110 s for the system to climb to 150 °C at 2 W with <30%
salt-to-metal conversion (with the sample from SO W used as the
complete conversion reference). The conversion was complete
when the microwave power was increased to 10 W with only ~15
s of ramp time. It is interesting to note that the actual power level
in the “no hold” modulated microwave heating to 150 °C (see
previous section) was mostly at ~10 W. Increasing microwave
power resulted in decrease of ramp time despite similarly com-
plete conversion. The continuous microwave irradiation seemed
to have enhanced the local Joule heating at both MWCNT's and
initially formed Ag nanoparticles to yield larger metal nanopar-
ticles at higher irradiation power (Figure 7). However, because of

the rapid rate of the heating, there was again a significant amount
of much smaller nanoparticles (<10 nm), which might also be
attributed to an incomplete thermodynamic process.
Decoration with Metal vs Metal Oxide Nanoparticles.
Short microwave exposure could also decompose many other
organic metal salts to form the corresponding metal or metal
oxide nanoparticles on the surface of various substrates. For
example, ~30 s of “no-hold” runs with modulated microwave
heating to 150 °C (maximum power = S0 W) was sufficient to
decompose the majority of both palladium acetate and iron acetate
(thermal decomposition thresholds at ~170 and ~230 °C, re-
spectively) in their respective mixtures with MWCNTSs at metal-
to-C contents of ~10 mol %. Under such conditions, the
resultant nanohybrids consisted of MWCNTs with densely
decorated metallic Pd (average diameter ~25 nm) or Fe;O,
nanoparticles (average diameter ~15 nm) as shown in images a
and b in Figure 8. The XRD patterns showed the progressive in-
crease as a function of set temperature of the signature peaks
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Figure 8. SEM images and the XRD patterns for (a,c) Pd vs (b,d) Fe;0, nanoparticle-decorated MWCNTs from modulated microwave irradiation
(maximum power =50 W) of mixtures of the nanotubes with the corresponding metal acetate salt (metal-to-C content were both 10 mol %) without
further holding. (a,)b) SEM images of samples heated to 150 °C. (c,d) XRD patterns of samples heated to (from bottom to top) 50, 100, 150, 200, 250,
and 300 °C, respectively. The ICDD PDF patterns for Pd (#05—0681) and Fe;O, (#01—1111) are also shown for comparison.

from both Pd (Figure 8c) and Fe;O, (Figure 8d), corresponding
to the increase of salt conversion into the respective nanoparti-
cles. In the XRD patterns of Pd-decorated MWCNTSs, simi-
lar doublet peaks were previously observed and attributed to partially
enlarged unit cell from either a rather uniform strain from sub-
strate attachment or inclusion of oxygen or carbon atoms for the
peak positions with lower 26 values.”®

Whether an organic salt decomposes into its corresponding
metal, metal oxide, or a mixture as well as the size ranges of the
resultant nanoparticles is typically intrinsic to the salt composi-
tion, as was shown in our previous studies.”> Importantly, the
temperature ramping profiles of both palladium acetate/and iron
acetate/ MWCNT systems (not shown) were quite similar to the
silver acetate/MWCNT system in spite of iron acetate decom-
posing into oxide nanoparticles with much lower microwave
absorptivity compared to silver and palladium metals. This
strongly suggested that the MWCNT substrates were the
dominant microwave absorbers for salt decomposition in these
reactions and the absorptivity of the metal or metal oxide particle
that was formed had only a minor influence in the specified
conditions.

Microwave vs Conventional Heating in Pt-MWCNT Sys-
tem. In the silver acetate/MWCNT model system, the rapid
temperature ramping via microwave heating resulted in broader
size distribution and slightly larger average particle size of Ag

nanoparticles compared to conventional heating under a nitro-
gen atmosphere.”® The increase in metal nanoparticle size using
microwave heating was much more evident in the platinum
acetylacetonate/MWCNT system. The modulated microwave
heating of a 1 mol % Pt-to-C salt/nanotube mixture (~ 60 mg in
each reaction) was carried out with 300 W maximum power at a
set temperature of 300 °C (platinum acetylacetonate decom-
position temperature ~26S °C). Under these conditions, the
temperature ramping of the mixture took ~40 s (ramp rate
~450 °C/min). As shown in Figure 9a, the samples after
temperature ramping with further hold times of 0, 2, and 10 min
showed essentially the same XRD patterns with the expected Pt
peaks (e.g,, 39.9° (111) and 46.3° (200), ICDD #04—0802) of
similar intensities as well as the (002) peak from MWCNTs at
26.2°. The sizes of Pt nanoparticles decorated on MWCNT
surfaces were all within the range of S — 7 nm (Figure 9b—d).
These results suggested that the decomposition of platinum
acetylacetonate into Pt metal was completed within the tem-
perature ramp time and further hold in the microwave reactor had
negligible effect on the particle sizes and overall sample morphology,
as was shown for the silver acetate/MWCNT system.

The samples prepared using conventional heating in a nitro-
gen oven with a much slower ramp rate (~5 °C/min) showed
distinctively different XRD patterns (Figure 9e) and particle size
distribution (Figures 9f—h). The XRD spectra from conventional
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Figure 9. XRD patterns and SEM images of Pt nanoparticle-decorated MWCNTSs from microwave heating vs conventional heating. The XRD patterns
in (a) were from modulated microwave heating (maximum power = 300 W) of the same platinum acetylacetonate/ MWCNT mixture (10 mol % Pt-to-C
content) with hold times of (from bottom to top) 0, 1, and S min after ramping to the set temperature of 300 °C. SEM images of these samples are shown
in b—d, respectively. (e) XRD patterns for comparison from conventional heating of the same salt—nanotube mixture to (from bottom to top) 300, 350,
and 450 °C (ramp rate ~5.4 °C/min) with hold times of 3 h. SEM images of these samples are shown in f—h, respectively.

heating to 300, 350, and 450 °C with 3 h holds were similar to one
another in that the Pt (111) peaks were all present but only
marginally detectable. This is in contrast to the prominent peaks
for identical samples prepared using microwave heating in Figure 9a.
Presumably the difference in XRD peak intensity is due to the
smaller size of the Pt nanoparticles from conventional heating being
close to the threshold of XRD detection limit, thus yielding much
broadened peak signals. SEM characterization (Figures 9f—h)
confirmed that the nanoparticles from conventional heating were
of 2—3 nm in size, significantly smaller than those prepared from
microwave heating.

Other Carbon and Non-Carbon Substrates. Solid SWCNT
powder was an effective substrate for solvent-free microwave
heating as well, with temperature ramp rate and salt conversion
profiles being very similar to those observed with MWCNT
substrates (data not shown). Metal and metal oxide depositions
onto other carbon and noncarbon substrates by microwave
heating were also successfully demonstrated. Because it was
shown herein that the use of different salts had little effect on
the temperature ramping profiles during modulated microwave
heating, it was of interest to investigate whether the different
microwave absorption characteristics of the substrate materials
would affect the reaction course and outcome. Thus, EG and
h-BN powder substrates, both with high thermal conductivities
but the latter having less microwave absorbing characteristics,
were selected as substrates for comparison.

As shown in Figure 10, the ramp time of a silver acetate/EG
mixture (~10 mol % Ag-to-C) with modulated microwave
heating (maximum power = S0 W) was very similar to that of
an identical sample with MWCNTs as the substrate (Figure 3).
For example, it took 16 and 10 s for the mixtures to be heated to
150 °C, and 125 and 120 s to 300 °C, for the EG and MWCNT

systems, respectively. In sharp contrast, the heating of a silver
acetate/h-BN mixture (~20 mol % Ag-to-BN, comparable to
~10 mol % Ag-to-C in weight percentage) took 207 and 476 s to
reach 150 and 300 °C, respectively, with a set maximum power of
300 W (the actual power level mostly stayed at 300 W). The use
of electrically and thermally insulating silica—alumina particles
(“lunar dust simulant” particles) as the alternative substrate for
Ag nanoparticle growth also provided similarly slow ramping
rates (141 and 494 s to 150 and 300 °C, respectively, at 300 W
with ~30 wt % Ag). Because the thermal conductivities of h-BN
and EG are of the same order of magnitude, the above results
strongly suggested that it was the microwave absorption cap-
ability of the substrate, rather than its thermal conductivity, that
had the most impact on the temperature ramp rates. The salt-to-
metal conversions of these poor microwave-absorbing substrates
were only complete at high set temperatures (300 °C for h-BN).
Nevertheless, metallic Ag nanoparticles were also formed as a
result and were comparable in size to those prepared using EG as
the substrate (see Figure S2 in the Supporting Information).

It is interesting to point out the difference between using
microwave energy and mechanical energy via ball-milling, where
thermal conductivity of the substrate was a dominant factor in
the heating.24 In those reactions, the use of h-BN and EG as
substrates provided similar results in effective salt decomposition,
while the use of thermally insulating substrates (ie., silica—alumina
microspheres) showed poor salt-to-metal conversion.

Graphene as Substrate. Graphene materials have attracted
extraordinary attention recently because their excellent electro-
nic, mechanical, and thermal properties may out-perform CNTs
in many applications but at lower cost.””* Solid graphene
powder (mostly from processes involving reduction of graphene
oxide) has already become commercially available from various
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Figure 10. (a) Relative conversion yields and (b) ramp times of samples
from modulated microwave heating of mixtures of silver acetate with EG
(solid black symbols, maximum power = SO W) and h-BN (open red
symbols, maximum power = 300 W) at Ag-to-substrate contents of
10 and 20 mol %, respectively, to various temperatures without further
holding. The relative conversion yields were calculated by (yield%) =
[(Iag/I(002)) 7/ (Ing/T(002)) 300 °c] X 100%, where I(o0,) corresponds to
the (gOOZ) peak of EG or h-BN and T corresponds to the set temperature.

vendors in large quantities and is ideal for the use as substrate to
support metal and metal oxide nanoparticles using our solvent-
free heating techniques. Mixtures of graphene with various salts
(metal-to-C contents ~10 mol % except for Pt and Au, which
were at ~5 mol %) were heated using “no hold” modulated
microwave irradiation (maximum power = SO W). The set
temperature was 300 °C and the ramp time for all experiments
took 70 — 100 s regardless of the salts used. This observation is
consistent with those in previous sections using other carbon
substrates, indicating the dominant role of graphene in the
microwave absorption during irradiation. As shown in the
TEM images in Figure 11, the products contained few-layered
graphene structures with surfaces decorated with nanoparticles
of various average sizes. The corresponding XRD patterns
(Figure 11 insets, C(002) peak at ~26° for graphene is weak/
broad for all samples) confirmed that these nanoparticles were in
the forms of metal (Ag, Pd, Pt, Au, Ni; red standard patterns),
metal oxide (Fe;0,, TiO,, and MnO; blue standard patterns), or
their mixture (Co/CoO). The crystallinity of these nanoparticles
was further confirmed by using HR-TEM and SAED (see Figures
S$3 and S$4 in the Supporting Information). Again, the character-
istics of the starting salt intrinsically determined the relative size
range (e.g., sub-5 nm Pt and TiO, nanoparticles vs S—15 nm Pd
and Fe;O, nanoparticles at ~5—10 mol % loading; also see
Figure SS in the Supporting Information), morphology (e.g.,
single-crystal Pt nanoparticles vs globular Co/CoO clusters), and
chemical composition (metal vs metal oxide) of the graphene-
attached metal or metal oxide nanoparticles. It is also noted that

the nanoparticles formed on graphene surfaces were usually
smaller than those on other carbon substrates, likely due to the
much lower density (~10 g/L) and higher available surface area
of the graphene powder compared to nanotubes (density ~200 g/L
for MWCNTs) in the current study.

Carbon Nanotube Yarn as Substrate. Although the sub-
strates used in all experiments shown so far were solid powder
materials, the present method to generate metal or metal oxide
nanoparticles by using microwave (or conventional) heating is
very versatile with respect to the form of substrate used. For
example, carbon nanotube yarns (mainly consisting of large-
diameter SWCNTSs) can be used as the substrate material for the
decoration of different metal or metal oxide nanoparticles.
Because solid-state mixing is no longer practical in this case,
the yarns were soaked in a salt solution (e.g, 0.05 M palladium
acetate in ethanol or titanium acetylacetonate in acetone) for
~15 min followed by solvent evaporation. As shown in Figure 12,
very brief continuous microwave irradiation (50 W, 10 s) of the
salt-infused yarns in the microwave reactor resulted in rapid
nanoparticle (Pd and TiO,) formation on the nanotube surfaces.
The respective nanoparticle sizes are comparable to those ob-
served for all-solid-state reactions described above. It could thus
be envisioned that large scale decoration of similar yarn or fi-
ber materials with metal or metal oxide nanoparticles could be
achieved with a rapid, continuous process in which the yarn is
first passed through a salt solution followed by a short microwave
heating zone.

Surface-Enhanced Raman Spectroscopy (SERS). Although
discovered decades ago, SERS has recently attracted significant
attention for ultrasensitive trace detections due to the success in
the synthetic approaches for active nanoscale metal substrates of
various compositions and configurations.*”*> While regular Ra-
man scattering is a relatively weak process, signals of analytes
absorbed on specific metal (e.g, Ag and Au) surfaces can be
significantly enhanced because of the localized surface plasmon
resonance of the metal. Although neat metal nanoparticles have
been widely used, nanocarbon materials such as CNTs and
graphene have been suggested to support these nanoparticles
for SERS.**"% The use of nanocarbon supports comes with
benefits such as the prevention of nanoparticle aggregation
(especially in solid state) and sometimes the quenching of
fluorescence interference of the analytes, thus preserving or even
enhancing the SERS properties of the nanoparticles. It was also
suggested that the surface roughness of a SERS-active metal
substrate (or, comparably, the size of metal nanoparticles) of
10—100 nm scale is often ideal for signal enhancement. For the
present method in this report, the diameters of Ag nanoparticles
decorated on MWCNTSs obtained from microwave irradiation
are in this range, making them suitable candidates for poten-
tial SERS applications. The Raman signal enhancement of
MWCNTSs by the attached Ag nanoparticles was already dis-
cussed in an earlier section.

Rhodamine 6G (R6G) was used as the model analyte for SERS
studies using the Ag-MWCNT samples as the substrate. In each
experiment, a 10 4L drop of a R6G ethanol solution was applied
to a given powder sample. After evaporating the solvent, several
Raman spectra were obtained from different locations of the
sample and averaged. R6G has multiple peaks in the region of
600—1700 cm ™ ". As shown in Figure 13a, while no R6G signals
could be detected at a concentration of 10> M when pris-
tine MWCNTSs were used as substrate, the fingerprint peaks
became much more enhanced with Ag-MWCNT substrates. The
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Figure 11. TEM images of various metal or metal oxide nanoparticle-decorated graphene samples from modulated microwave heating (maximum
power = SO W, set temperature = 300 °C) of the corresponding salt/graphene solid mixtures. XRD patterns in the insets confirmed the identities of the
nanoparticles in the images being (a) Ag (ICDD #04—0783), (b) Pd (#¥05—0681), (c) Pt (#04—0802), (d) Au (#¥04—0784), (e) Ni (#01—1260),
(f) Co/CoO (#01—1255/#01—1227), (g) Fe;O4 (#¥01—1111), (h) TiO, (#21—1272), and (i) MnO (#07—0230), respectively. The metal-to-C
contents in all samples were ~10 mol % except for ¢ and d, which were both ~5 mol %.

sample with higher Ag loading provided with more significant
enhancement, likely associated with the larger nanoparticle size
and closer particle—particle distance in the sample. Although the
higher wavenumber peaks of R6G overlapped with the D- and
G-bands of MWCNTs, the two peaks at 609 and 771 cm ™' can
be clearly identified with no interference.

The SERS effect of CNT yarns decorated with Ag nanopar-
ticles was also tested in a set of proof-of-concept experiments.
Similar to those described in the last section, the specimen was
prepared by soaking the yarn sample in a 0.005 M aqueous silver
acetate solution for 15 min followed by brief microwave irradia-
tion of 15 s at 50 W. As a result, Ag nanoparticles with sizes in the
range of 5—50 nm were formed on the surfaces of CNTs in the
yarn (see Figure S6 in the Supporting Information). R6G ethanol
solutions (10 uL each) were similarly applied to the Ag-decorated

CNT yarn sample followed by solvent evaporation. The signals of
R6G were also much enhanced (Figure 13b) despite somewhat
lower efficiency in comparison with the use of the Ag-MWCNT
powder samples at the same analyte concentration. This is
somewhat expected since the yarn has relatively smaller surface
area than the nanotube powder in general, thus rendering less
SERS-active hot spots per unit area. Other possible causes may
include the difference in particle size and interparticle distance
and ingression of the metal nanoparticles into the interstices of
the yarn. It should be realized that this procedure to prepare the
Ag-CNT yarn is still far from optimized, but nevertheless showed
great potential in the construction of durable SERS sensors.
Conclusions and Outlook. Microwave irradiation was shown
to be an effective energy source for the rapid decomposition of
organic metal salts in a solid mixture with various nanoscale substrates
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Figure 12. SEM images at (a,d) lower and (b,e) higher magnifications and (c, f) TEM images of carbon nanotube yarns decorated with (a—c) Pd and
(d—f) TiO, nanoparticles from 10 s of continuous microwave irradiation at S0 W of the corresponding salt-soaked CNT yarns.

under completely solvent-free conditions. An important advantage
of the method is that no further product purification is needed
except for brief drying because all reaction byproducts are
volatile. The results showed that substrates with good microwave
absorptivity such as carbon (e.g,, MWCNTs, SWCNTs, EG, and
graphene) underwent rapid Joule heating along the substrate
body. The local heating of the carbon substrates decomposed the
nearby salt particles to afford the near instantaneous formation of
metal or metal oxide nanoparticles, decorating the substrate
surfaces within seconds of microwave exposure. The complete
salt-to-metal conversion for the silver acetate/MWCNT system,
for example, could be completed in a matter of seconds under
certain conditions. It was shown that the nanoparticle sizes from
modulated microwave irradiation were similar to those from
conventional heating and could be tuned by the metal content in
the sample, with little dependence on the set temperature and
further residence time at that temperature. Raman studies
showed that the MWCNT structures were little affected even
with prolonged modulated microwave irradiation. In the silver
acetate/MWCNT system, it was found that the high rate of
microwave heating could result in the formation of small nano-
particles along with much larger ones (likely the consequence of
incomplete thermodynamic Ag nanoparticle growth); this was
more obvious for samples with higher salt loading and especially those
from continuous microwave irradiation (“Power-Time Mode”).
The present method was shown to be widely applicable to
various organic metal salts and different carbon and noncarbon
substrates. Each precursor salt has a particular thermal decom-
position process with consistent metal or metal oxide products.
However, reaction profiles (ramp times and conversion yields)
were not significantly affected by the salt used (and thus the
nanoparticles produced), but were directly related to the micro-
wave absorptivity of the substrate. The latter was unambiguously
demonstrated by the drastic differences in the temperature ramp
times and salt conversions between good (e.g,, EG) and poor

Raman Intensity

Raman Intensity

2000 1500 1000 500
Raman Shift (cm™)

Figure 13. Raman spectra from SERS studies (532 nm excitation) of
R6G on CNT and Ag-CNT substrates: (a) R6G (froma 1 x 10> M
ethanol solution) on pristine MWCNTs (black) and Ag-MWCNT
samples with 1 mol % (red) and 10 mol % (blue) Ag-to-C contents;
(b) a CNT yarn sample decorated with Ag nanoparticles (black) and the
same yarn applied with 1 X 10 °M(red)and1 x 10 *M (purple) R6G
ethanol solutions.

(e.g, h-BN) microwave absorbing substrates. In contrast to
previous studies using conventional heating under nitrogen
atmosphere (substrate independent) or mechanical energy
(preferably with thermally conductive substrates), high micro-
wave absorptivity of the substrate is an important consideration
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when using microwave heating for nanoparticle decoration. The
versatility of the method was further demonstrated with the use
of graphene as substrate for the decoration with a variety of metal
or metal oxide nanoparticles, and also h-BN and lunar dust
simulant as substrates. The latter two insulating materials
required longer microwave exposure times, but resulted in nano-
particle size distributions comparable to carbon substrates.
Despite the fast reaction rates, most of the metal and metal
oxide nanoparticles were formed by templating on the respective
substrate as seen from the flat interface between these nanopar-
ticles and said substrate, similar to the mechanism with conven-
tional heating.”®

The solvent-free microwave heating method is a much more
rapid and thus higher throughput alternative to the effective and
scalable conventional heating method previously reported.”® The
successful use of substrate materials of nonpowder forms such as
carbon nanotube yarns and the rapid nature of the process not
only demonstrated the versatility of the method, but also strongly
suggested that this process may be amenable to scale-up for
industrial production of metal or metal oxide nanoparticle-deco-
rated materials with different compositions or morphologies.

The potential SERS applications of Ag nanoparticle deco-
rated-MWCNTSs and CNT yarns were demonstrated. However,
it is only one of many potential uses of such nanohybrid materials
and the synthetic methodology itself. Because of the high
throughput nature, it is highly anticipated that the method
(with either microwave or conventional heating) would become
useful because it enables rapid preparation of metal—carbon
nanohybrids materials that can be subsequently screened for various
electrical, composite, energy, catalysis, and biological applications.
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samples from modulated microwave heating of different hold
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