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Metal and Metal Carbide Nanoparticle Synthesis Using Electrical
Explosion of Wires Coupled with Epoxide Polymerization Capping
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using electrical explosion of wires (EEW) in organic solvents. The explosion
chamber was constructed from Teflon to withstand the shockwave, allow growth
and reaction of the incipient NPs in various organic solvents containing dissolved
ligands, and allow a constant flow of argon to maintain an inert environment. A
survey of different transition d-block metals was conducted with metals from
groups 4—8, affording metal carbide NPs, while metals from groups 9—12 gave
elemental metallic NPs. Tungsten carbide phase WC,_,, which has not been
previously isolated as a single-phase material, was exclusively formed during EEW.

ABSTRACT: In this study, metal-containing nanoparticles (NPs) were produced argas_.
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We used polymerization initiation by electron-rich metallic nanoparticles

(PIERMEN) as a capping technique for the nascent NPs with an alkyl epoxide employed as the monomers. Transmission
electron microscopy showed spherical particles with the metallic core embedded in a polymer matrix with predominantly smaller
particles (<50 nm), but also a broad size distribution with some larger particles (>100 nm). Powder X-ray diffraction (PXRD)
was used to confirm the identity of the metallic NPs. The capping agents were characterized using ATR-FTIR spectroscopy. No
evidence is observed for the formation of crystalline oxides during EEW for any metals used. Differential scanning calorimetry/
thermal gravimetric analysis was used to study the NP’s behavior upon heating under an air flow up to 800 °C with the product
oxides characterized by PXRD. The bifurcation between metal-carbide NPs and metal NPs correlates with the enthalpy of
formation of the product carbides. We observed PIERMEN capping of elemental metal NPs only when the metal has negative
standard electrode potentials (relative to a bis(biphenyl) chromium(I)/(0) reference electrode).

B INTRODUCTION

Metal carbides are known for their high melting points,
superior corrosion and wear resistance, good catalytic proper-
ties, and electronic properties." These metal carbides, known as
refractory compounds, are used for cutting tools and also as
structural materials due to their high chemical stability and
thermal conductivity.” Synthesis of metal carbides can be
carried out by reaction of the elements at high temperatures,
which is usually associated with long times, high energy usage,
and incomplete conversions. Other synthetic routes include
chemical vapor condensation,’ electrochemical synthesis,”*
sonochemistry,® carbothermal synthesis,® and electrical ex-
plosion of wires (EEW).” EEW, or what is sometimes called
pulsed wire discharge (PWD),® was first described in 1774 and
later led to many applications such as exploding wire
detonators,” explosion current interrupters,'® high-temperature
process photography,'" and nanoparticle (NP) production,
which was first used for materials synthesis in 1946.'> EEW
consists of a capacitor bank that discharges high current (10*—
10° A/mm?) through a wire of the desired material in a short
time (107°—107°s). This quantity of energy is much larger than
the sublimation energy of the wire, which leads to superheating,
evaporation, and scattering of wire material into the
surrounding medium, followed by condensation of the vapor
to form nanoparticles."> The process is also accompanied by a
shock wave generation and a bright flash of light prior to
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expansion of boiling wire droplets and vapor to the
surroundings. EEW has been used for production of
metals,"*"'® metal oxides,'”'® metal nitrides,'**° alloys,n’22
nanocomposites,23 and metal carbides’® in addition to
fullerenes and carbon nanotubes.”® This method has been
applied in gaseous,”” aqueous,”® and organic media.”® However,
EEW cannot be used for organometallics or thermally labile
hydrides due to their limited thermal stability and possible
competing pyrolysis reactions of hydrocarbons.*

Ilyin et al. have synthesized titanium, tungsten, tantalum, and
aluminum carbides in both liquid and gas phase media.’" They
showed that gaseous media (acetylene, propane, or a mixture of
them with argon) gave residual metal and carbon-deficient
carbides. Increasing the output of carbides can be accomplished
using either higher gas pressure (which is not always technically
possible) or more dense media such as liquid hydrocarbons
(hexane, benzene, toluene, or decane) where the concentration
of carbon atoms is higher compared to gases. They used wires
of 0.2—0.5 mm diameter and 5—12 cm length associated with
12.5—-30 kV charging voltage and 1—5 uF capacitance.

Metal NPs have many applications including DNA sensing,**
fuel cells,®® and catalysis.”* They also have applications in
reactive energetic materials. EEW synthesis of metal NPs has
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many advantages.”® First, it is a relatively simple technique. It is
also a general method that is applicable to any metal that can
form stable and low-diameter wires. Finally, EEW is relatively
clean with minimal side-product formation.

In this study, we investigated the production of metal NPs of
14 d-block elements using EEW as a clean, environmentally
friendly, and economical technique. This provided an
opportunity to evaluate the applicability of polymerization
capping using epoxide ligands for a variety of different metal
NPs (polymerization initiation by electron-rich metallic nano-
particles (PIERMEN)). During this process we found an
interesting bifurcation in the production of metal versus metal
carbide NPs in the EEW process.

B EXPERIMENTAL METHODS

Reagents and Materials. Toluene (anhydrous, 99.8%), 1,2-
epoxydodecane, benzene, and tetrahydrofuran (THF) were purchased
from Sigma-Aldrich. Acetonitrile and diethylenetriamine were
purchased from Fisher Scientific. Hexanes (mixture of isomers) were
purchased from Macron Fine Chemicals. Wires (0.25 mm diameter,
>98% metals basis) of zinc, copper, nickel, cobalt, iron, molybdenum,
niobium, titanium, tungsten, zirconium, hafnium, silver, palladium, and
vanadium were purchased from Alfa Aesar. Tantalum wire (0.25 mm
diameter, 99.95%) was purchased from Strem Chemicals. Solvents
were purified and dried by distillation over molecular sieves.

Synthesis. The chamber used for EEW was described previously.>®
Figure S1 shows the main parts of the experiment along with the
explosion chamber. The chamber was subjected to argon flow for 5—
10 min to provide an oxygen-free atmosphere during the explosion. It
was also connected to a bubbler to avoid overpressure problems. The
storage capacitance is 96 iF, and the voltage prior to discharge varies
between 4.0 and 4.4 kV. The capacitors are connected to the chamber
feedthroughs via a spark gap switch. After the first explosion, the wire
can be fed manually to start another discharge or up to three wires can
be exploded simultaneously. Generally, greater than 85% of the wires
were exploded into NPs, leaving the rest as small metallic pieces. After
the explosion, the reaction solution and the freshly produced and
capped particles are transferred to a Schlenk tube, where the solvent
was evaporated in vacuo followed by overnight drying.

Characterization. Dried NPs were suspended in toluene to be
used for characterization by transmission electron microscopy (TEM)
on a JEOL 1200 instrument. Samples were cast on Formvar grids
provided by Ted Pella. ATR-FTIR (attenuated total reflectance-
Fourier transform infrared) spectra were obtained using a Shimadzu
model FTIR-8400S spectrometer. Spectra were collected using the
solid directly without dissolution in a solvent. Powder X-ray diffraction
(PXRD) was carried out using a Rigaku Miniflex 600 X-ray
diffractometer with Cu Ka radiation (40 kV, 15 mA) with a scan
rate of 1 °C/min. The presence of different metal and metal carbides
was confirmed by comparisons with the appropriate patterns from the
ICDD Crystallographic Database. Thermal analysis by differential
scanning calorimetry (DSC) and thermal gravimetric analysis (TGA)
was performed with a TA Instruments SDT Q600 simultaneous DSC/
TGA. The samples were heated to 800 °C with a 10 °C/min
temperature ramp under a constant 10—20 mL/min flow of air using
platinum cups.

B RESULTS

Metal nanopowder production has many industrial and
technological applications. We chose 14 different metals for
testing with EEW coupled with PIERMEN to investigate the
different results of this synthetic protocol. Toluene was the
solvent used for all metals prior to comparison with other
solvents. All nanomaterial products are black powders that are
well dispersed in the solvent for 15—40 min before settling out
of solution.
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Late Transition Metals. Transition metal NPs with a high
percentage of atoms on the surface are of great importance in
catalytic processes such as hydrogenation, hydrocracking, and
aromatization.”” Synthesis of these metal NPs can be carried
out by electrochemical methods,®® organometallic synthesis,*”
surface redox reactions,” and the polyol process.* EEW also
was employed to produce zinc NPs by our group using different
liquids with diameters of around 100 nm.*® Yilmaz et al.*?
produced cobalt NPs by EEW in a nitrogen atmosphere with
resulting NP sizes below 50 nm. Their circuit consisted of a 6
UEF capacitor and 24—28 kV charge voltage for wires of 50 mm
length and 0.6 mm diameter. They showed that increasing the
charging voltage leads to decreasing particle size and increasing
number of single-crystalline particles relative to the polycrystal-
line ones.

In this report, five d-block pure metallic NPs were produced
including Co, Ni, Cu, Pd, and Ag. PXRD patterns of cubic
cobalt and nickel NPs as an example of late transition metals
are shown in Figure 1 with no oxide or carbide phases
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Figure 1. PXRD patterns of (a) Co (PDF# 01-071-4238) NPs and (b)
Ni (PDF# 01-077-9326) NPs capped with 1,2-epoxydodecane.

observed. Scherrer analysis of the peak widths for Ni and Co
indicates relatively small crystallite diameters of 9 and 11 nm,
respectively (Table 1). Of the remaining late d-block metals,
only Pd NPs (11 nm) compare with these dimensions. Those
of Ag (16 nm) and Cu (29 nm), in particular, are larger. Values
previously observed for Zn (17 nm)*® in our EEW work are
intermediate between these two extremes, similar to those of
Ag. PXRD patterns of Ag, Cu, and Pd NPs are shown in the
Supporting Information (Figures S2 and S3). TEM micro-
graphs were also used to characterize the NPs as shown in
Figure 2. The sizes shown appear to be less than 50 nm, a value
that includes an oligomerized epoxide capping layer as well as
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Table 1. Diameters of Metallic NP Crystallites Produced by
EEW As Determined by Scherrer Analysis of Peaks in PXRD
Patterns

metal crystallite diameter (nm)
Co 11

Ni 9

Cu 29

Pd 11

Ag 16

the metal NP core itself. However, we can see agglomeration of
larger sized particles as well, although still less than 100 nm.
This further confirms the advantage of using liquid media for
EEW to suppress the plasma around the wire’s surface, leading
to enhancement of energy deposition and hence formation of
NPs with very small diameters.

Thermal analysis of the late transition metal NPs was
investigated using DSC/TGA as seen in Figure 3 for Ni NPs as
an example. When nickel NPs underwent heating up to 400 °C,
we observed three small exothermic peaks associated with a
weight decrease due to loss of carbon dioxide as a result of
oxidation of the organic cap and the amorphous carbon.
Around 500 °C we can see a broader exothermic peak
associated with a very slight weight gain (detectable only above
550 °C) that can be attributed to formation of nickel(II) oxide,
NiO, which is confirmed by PXRD analysis (with peaks at 26
37.4°, 43.4°, and 62.8°), as shown in Figure 4. Even though we
have very small size NPs according to Scherrer analysis, the
weight gain is not as high as was reported previously.”
Generally, decreasing NP size leads to an increase of the
oxidation rate due to the larger surface area and more complete
oxidation.

Nevertheless, and despite their small size, this behavior could
be attributed to incomplete oxidation of the NPs, and indeed
we can see weak Ni peaks (44.6° and 52.0°) in the post DSC/
TGA PXRD pattern in Figure 4. Also, the amount of nickel
compared with the amount of combusted cap and amorphous
carbon can be very small, as EEW produces significant amounts
of carbon due to solvent pyrolysis.*® Similar behavior was
observed for other metals except silver, which did not oxidize.

Early Transition Metals. EEW has been previously used to
synthesize many materials, including metals and metal carbides,
both directly and indirectly. Tungsten carbide was synthesized
indirectly by Aravinth et al,** who produced tungsten/tungsten
oxide by EEW followed by carburization of the particles with
multiwalled carbon nanotubes (MWCNTs). They carried out
the explosion in an argon/oxygen mixture followed by mixing
the NPs with MWCNTSs and heating at 1250 °C for 7 h to form
simple spherical hexagonal a-WC particles with 19 nm average
diameters.

EEW can cause thermal dissociation of an organic liquid
medium, leading to liberation of carbon atoms, which can react
with the metal atoms produced to form metal carbides.*
Carbides form when the explosion temperature decreases to a
thermodynamically possible extent for the reaction to proceed:
3000—4000 °C above which chemical dissociation dominates,
while below 300—400 °C diffusion rates become minimal.
While the rate of product cooling is very high after the
explosion (10% °C/s), in the area of chemical reaction (3000—
4000 °C) it is relatively low (10* °C/s), which makes it possible
to use thermodynamic analysis for the reactions.
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Figure 2. TEM micrographs of (a) Ni NPs and (b) Co NPs capped
with 1,2-epoxydodecane in toluene.

In this work, we tried to synthesize transition metals other
than the ones characterized above, but we find that for early
transition metals we form only metal carbides. Our data show
that early transition d-block metals (groups 4—8) gave metal
carbides, while late transition metals (groups 9—12) gave
elemental metallic NPs as described above. We used PXRD to
confirm the carbide phases of products as shown in Figure $ for
the cubic hafnium carbide (HfC) and the monoclinic iron
carbide (Fe;C,) as examples with average diameters of 15 and 8

DOI: 10.1021/acs.inorgchem.5b00697
Inorg. Chem. 2015, 54, 5897—5906


http://dx.doi.org/10.1021/acs.inorgchem.5b00697

Inorganic Chemistry

100

9 | A ---TGA 1 16
80 |-
70 |

60

Weight (%)
Heat Flow (W/g)

50

40

30

20

400
Temperature (°C)

600 800

Figure 3. DSC/TGA profiles of Ni NPs produced by EEW.
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Figure 4. PXRD of NiO (PDF# 00-047-1049) after heating of Ni NPs
in DSC/TGA analysis.

nm, respectively (Table 2). PXRD of the rest of the metal
carbides is shown in the Supporting Information (Figures S4—
S6).

Either C—H activation by metals, decarburization of the
capping agent, or solvent pyrolysis could be the source of
carbon in the carbide formation process. Toluene can be
catalytically activated by metals via C—H activation to form
carbides in a similar fashion to methane.*> To test these
possibilities, we used benzene as a solvent, and we found that it
also produced carbides as well with similar sizes to those
formed in toluene. Formation of metal carbides was not the
result of using an epoxide as a capping agent either. In the
absence of the epoxide, the uncapped metals from groups 4—8
gave carbide NPs and metals from groups 9—12 gave metallic
NPs. Therefore, formation of carbon atoms simply comes from
the pyrolysis of the solvent itself, which can combine with
metallic atoms to form the carbides. We have shown previously
that EEW causes local reaction temperatures to be high enough
(reaching 3000 °C) to pyrolyze the solvent.*®

Alternatively, hot atoms and ions produced in the initial
exploding wire plasma may react rapidly with solvent and cap
molecules via C—H and C—C insertion to form small, carbon-
rich molecular fragments. Armentrout has extensively studied
the reactions of both kinetically and electronically excited
atomic metal ions.*~** These studies show formation of metal
carbides for a variety of saturated organic molecules reacting
with metal ions. Direct ring cleavage reactions of benzene and
pyridine have been reggorted, forming smaller metal-bound C,
and C, structures.*”*® Also, early transition metal ions are

5900

500
(a)

510

400

300

Intensity (AU)

200

100
0
5 15 25 35 45 55 65 75 85
26{%)
3000
111 {b)
2500 |
200
= 2000
]
2 220 311
)
% 1500
3
£ 1000
222
500 L 400
0 4/-.-”-'J|L'J Ny { T T ‘A'
5 15 25 35 45 55 65 7% 85
26(°)

Figure 5. PXRD patterns of (a) Fe;C, (PDF# 01-089-8968) NPs and
(b) HfC (PDF# 01-076-7072) NPs formed by EEW in toluene.

Table 2. Diameters of Metal Carbide NP Crystallites
Produced by EEW As Determined by Scherrer Analysis of
Peaks in PXRD Patterns

carbide phase crystallite diameter (nm)

TiC 17
VvC 23
FesC, 8
ZrC 22
NbC 16
MoC 20
HfC 15
TaC 30
WC,., 14

particularly reactive and are known to react with multiple
organic molecules by dehydrogenation followed by effective
ligand coupling to form larger fused ring systems.*>'~>* These
fused ring systems can also undergo dehydrogenation at
elevated energies to form atomic metal carbide structures.
Thus, reactions between solvent and cap molecules and the
excited atoms and ions produced in the initial explosion may
contribute to the formation of metal carbides.

In their study, Ilyin et al. showed that increasing the C/H
ratio leads to increasing the output of metal carbides and
decreasing the metal content. We attempted to synthesize
metallic NPs by decreasing the number of carbons from toluene
to benzene, hexane, diethylenetriamine, and finally acetonitrile.
However, metal carbide NPs were still formed for early
transition metals and metallic NPs for late transition metals.
Changing experimental conditions such as lowering the voltage
down to 1.4 kV and using a solvent vortex (to avoid full
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immersion in the liquid) also gave the same results. TEM was
also used to characterize the carbide NPs as shown in Figure 6.
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Figure 6. TEM micrographs of (a) Fe;C, NPs capped with 1,2-
epoxydodecane and (b) TiC NPs (no epoxide) formed by EEW in
toluene.

We can see that the organic polymer matrix is similar to that
observed for the metallic NPs. Figure 6b shows the TEM
analysis for the darker titanium carbide NPs surrounded by the
lighter matrix most likely of the amorphous carbon from the
solvent pyrolysis.*®

In our synthesis, we formed nonstoichiometric carbides with
iron and also with tungsten, as shown in Figures 5 and 6. In
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previous synthetic methods such as that described by Ilyin and
Nazarenko,** the phase WC,_, has always been synthesized
among other phases. They reported the synthesis of different
metal carbides (TiC, Al,C;, WC, W,C, and WC,_,) in different
hydrocarbons (benzene, toluene, hexane, decane, hexamethy-
lenetetramine suspended in decane and solid paraffin). They
showed that higher density, dynamic viscosity, and C/H ratio of
hydrocarbons lead to higher output of tungsten carbides and a
lower amount of residual metal. In this previous work,
hexagonal closed-packed (hcp) tungsten carbide W,C is formed
in liquid phase at temperatures over its melting point (3130 K)
by diffusion of carbon atoms into the liquid W particles (eq 1).
The phase W,C has polymorphs (B, a, 7, €) that differ in
ordering degrees of carbon atoms in the octahedral vacancies of
tungsten atoms.

2W(1) + C(g) — W,C(1) (1)

However, most of the carbide was formed with the fcc
structure f-WC or what is called WC,_,, which has a high
thermal stability above 2800 K with 0 < x < 0.41 due to a high
concentration of carbon atoms and quick cooling of particles.
Higher C/H ratios lead to higher percentages of WC,_,
compared to W,C. The phase a-WC is formed only when
the solid paraffin was used.

We saw a similar behavior when we used tungsten in toluene,
but the phase WC,_, was formed exclusively and in the absence
of any other tungsten carbide phases at all. The formation of
this carbon-deficient phase was confirmed by PXRD analysis, as
shown in Figure 7, and occurs irrespective of the presence of
epoxydodecane as a capping agent (Figure S7, Supporting
Information).
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Figure 7. PXRD pattern of WC,_, (PDF# 00-020-1316) NPs capped
with 1,2-epoxydodecane.

Ilyin and Nazarenko reported an EEW capacitance and
charging voltage of 1.2 yF and 15—30 kV, respectively. On the
basis of these parameters, the maximum deliverable energy to
the tungsten wire (E = 1/2CV?) was 540 J. With a capacitance
that is much higher (96 uF) and despite a lower charging
voltage (4.4 kV maximum) our EEW is capable of delivering
larger energies (ca. 930 J) in a comparable time frame and thus
is expected to generate a higher localized plasma temperature.
This would account for the formation of the observed WC,_,
phase exclusively in our work.

TEM was used to characterize the morphology of our WC,_,
NPs as shown in Figure 8. We can see that they appear to be
much smoother and more spherical compared with the other
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Figure 8. TEM micrograph of WC,_,
epoxydodecane.

NPs capped with 1,2-

carbide and metal NPs produced in this work. Similar
observations were made by Ilyin and Nazarenko, although
their previously reported multiphasic tungsten carbide NPs,
though spheroidal, were not as smooth as the tungsten carbide
produced in this report.

The crystallite NP diameter, as shown in Table 2, of this
phase was 14 nm according to Scherrer analysis of the PXRD
peak widths. However, we can see the larger sizes up to 200 nm
in the TEM micrographs. This is in part due to the broad size
distribution but can also be attributed to the capping agent
around the crystalline NP cores. When epoxydodecane is not
used in the EEW solvent, the NP diameter is observed to be
similarly small at 11 nm.

The thermal behavior of the metal carbide NPs was
investigated using DSC/TGA. As an example, WC,_, behavior
is shown in Figure 9. Similar to metal NPs, loss of the organic
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Figure 9. DSC/TGA profiles of WC,_, NPs produced by EEW.
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cap and amorphous carbon was followed by a slight weight gain
to give the corresponding oxides. However, the weight gain is
more pronounced than metal NPs as shown earlier. PXRD of
the oxide product is shown in Figure 10 and verifies that there
is no tungsten carbide WC,_, phase remaining at all, with WO,
identified as the only recognizable phase (eq 2).

WCl_x(s) + Oz(g)

— WO, (s) + (1 — x)CO,(g)
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Figure 10. PXRD pattern of WO, (PDF# 00-043-1035) after DSC/
TGA analysis of WC,_, NPs.

There are subtle differences in the thermal profiles for WC, _,
depending on whether epoxydodecane is incorporated. In the
absence of the epoxide, the majority of the mass loss (53%)
occurs in the range 230—370 °C, coincident with a sharp
exotherm at 360 °C. This is followed by a considerably smaller
exotherm at 430 °C with a much smaller mass loss (2%) from
370 to 420 °C. The oxidation onset for the WC,_, cores begins
at 563 °C. If epoxide is incorporated into the EEW synthesis,
the same mass losses and exotherms occur at the same
temperatures, but are reversed in relative magnitude. Thus, the
dominant exotherm at 430 °C is accompanied by the majority
of the mass loss from 370 to 420 °C. Additionally the WC,_,
oxidation onset temperature is slightly higher (600 °C).

In the absence of epoxydodecane the principal source of
capping material must be the solvent, toluene, which is being
pyrolyzed to afford amorophous carbon, likely in the form of
graphitic sheets on the WC,_, NP surface (Figure 11a). These
sheets presumably adhere to the NP surface by the action of
dispersion forces and are partially removed by oxidation
corresponding to the lower temperature mass loss and
exotherm at 360 °C. With epoxydodecane present in solution
during EEW, we hypothesize pyrolysis of the epoxide can act as
a source of energetic O atoms that may be oxidizing the
graphitic sheets also formed from the toluene solvent and
covalently anchoring them to the NP surface (Figure 11b), thus
requiring a higher temperature for exfoliation and oxidation
(430 °C). It appears that the capping shell in this scenario,
though more binding to the NP surface, is formed in lower
quantities; the total mass loss (230—420 °C) is 32% versus 55%
for the nonepoxide NPs. This is also apparent from the PXRD
patterns, where a sizable broad peak is observed at 26 15—35°
for the latter NPs (Figure S7, Supporting Information) that is
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Figure 11. Capping of WC,_, NP surfaces by EEW-pyrolyzed toluene
in (a) the absence and (b) the presence of 1,2-epoxydodecane.

more intense compared with that for the epoxydodecane-
capped NPs (Figure 7).

Table 3 shows a summary of all the oxide phases formed by
oxidation of the metal and metal carbide NPs during DSC/
TGA.

Table 3. Oxide Phases of Metals and Metal Carbide NPs
Formed after Heating As Identified by PXRD“

metal/metal carbide oxide phase PDF card number
Co Co,0, 00-043-1003
Ni NiO 00-047-1049
Cu CuO 01-080-1268
Pd PdO 00-043-1024
Fe,C, Fe,0, 01-079-0007
TiC TiO, 00-021-1276
WC,., WO, 00-043-1035
HfC HfO, 01-078-0049
NbC Nb;504 01-071-0336
ZrC ZrO, 01-080-0966

“PXRD patterns of the remaining oxide phases are shown in the
Supporting Information (Figures S8—S10).

B DISCUSSION

Carbide Formation Trends. Why do early transition
metals form metal carbide NPs, while late transition metals
form metal NPs under EEW conditions in organic solvents? We
find a correlation with the enthalpy of formation (AHY) of the
products. Metals that form carbides have negative enthalpies of
formation, as shown in Table 4. Elements that do not form
carbide NPs have corresponding metal carbides that are either
explosive, highly unstable, not reported, or endoergic. This
correlation suggests that product formation is driven by
thermodynamic stability. This behavior is observed in all
organic solvents used regardless of the ratio of C/H in the
solvent. While EEW is a high-energy process, the change in
product enthalpy should not be a strong function of
temperature because metals and their carbides have low specific
heats (Kirchoff's law).

NP Size Trends. We investigated the effects of solvent
properties on the size of product NPs as measured by the
Scherrer equation. Such analysis only allows a measure of the
size of crystallite domains and does not provide a guarantee of
the absence of polycrystallinity. Nevertheless we take these
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Table 4. Enthalpies of Formation of Carbide Phases of
Investigated Metals”

metal  EEW product ~ AHP carbide (kJ/mol)  metal oxidation state
Co Co 39.04% 0
Ni Ni 67.4 0
Cu Cu explosive® 0
Zn Zn no work® 0
Pd Pd NA° 0
Ag Ag unstable® 0
Ti TiC —184.1 +4
A% vC —117.152° +4
Fe Fe,C, NA +1.6
Zr ZrC —-207.1 +4
Nb NbC —1389 +4
Mo MoC —28.5 +4
Hf HfC —226 +4
Ta TaC —144.1 +4
w WC,_, —40.6 (WC) +4(1—x)

“Taken from ref 55 unless otherwise indicated. ®Taken from ref S6.
“Taken from ref 57.

measurements as a good guide to the upper limit for individual
NP diameters.

Previous studies have shown that immersion of a wire in a
liquid during EEW reduces the product particle size by
enhancing the deposited energy.’® During the EEW process,
the initial current travels along the surface of the wire. Under
vacuum, the surface then begins to vaporize and form a plasma
state, which provides a low-resistance medium for conduction
of current. This minimizes energy deposition into the core of
the wire and results in larger particles. In the presence of a
liquid medium the surface plasma is significantly suppressed,
forcing more energy into the core of the wire. We see smaller
particles formed when the wire is immersed in a liquid than
when the wire is exposed to argon.’”® Figure 12 shows the
sizes of different metals produced by EEW, and we can see that
all sizes are <30 nm. Indeed most of the metal NPs fall within
the 10—15 nm range.

35
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30 I s period (Pd,Ag)
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15

Size (nm)
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0 1 L 1 L 1 1 L L
10 15 20 25 30 35 40 45

Metal atomic No.
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Figure 12. PXRD/Scherrer sizes of metallic NPs produced by EEW in
toluene.

Sizes of metal carbide NPs also were on the order of <30
nm, which are similar to sizes produced from metallic NPs
synthesized under the same conditions of EEW as shown in
Figure 13. We can see that the sizes are comparable in both
toluene and benzene. Therefore, solvent variation has no effect
on metal carbide core sizes.
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Figure 13. PXRD/Scherrer sizes of metal carbide NPs produced by
EEW in toluene or benzene.

Capping Trends. Metal NPs have many interesting
applications. However, production of metal NPs presents
unique challenges due to their instability in atmospheric
conditions. For these metals, it is reported that there is neither
a kinetic nor a thermodynamic barrier to agglomeration.®!
Surface capping is used to overcome this problem by arresting
the growth of NPs at their initial stage. Without preventing
agglomeration of the NPs produced, they will come in contact
and grow rapidly to form bigger particles and eventually bulk
material. Additionally, some metal NPs are reactive with
atmospheric constituents and must be passivated to allow ease
of handling and use.

Previously a polyether cap was observed as a very effective
method to stabilize aluminum NPs. The polyether was formed
by reaction of the nascent Al NP with epoxides.®* In that study,
Al NPs were produced by decomposition of alane precursor.
The organic capping layer was generated by reaction of the
incipient Al NPs with the epoxide monomer by PIERMEN.
Electron-rich metals such as Al and Na can work as initiators to
cause ring opening of epoxides, 1eadin6g to the formation of
transient surface alkoxide carbanions.®>®* These structures can
bind to the metal surface via the oxygen, and propagation
ensues by carbanionic attack on the next epoxide monomer. A
putative alkane-dioxy loop will be created and would grow to
create polyether loops from the metal core surface. Longer
epoxide alkyl side chains provide a hydrophobic environment
around the NP core, affording resistance to diffusion by small
molecules such as oxygen and water, in particular.

Aluminum and sodium are stronger reducing agents than Zn
or Fe, and Na as well as Al NPs were successful in ring opening
of epoxides. We have looked at which point the metal reduction
potential might be a limiting factor in whether or not epoxides
could be ring-opened leading to polymerization of the nascent
metal NP surface. Such passivation using 1,2-epoxydodecane
can be probed by ATR-FTIR spectroscopic measurements of
the isolated metal NPs, which reveal an increased absorption at
around 1050 cm™ for the C—O—C stretch, which is quite
distinct for the parent epoxide (1250 cm™). Typical spectra for
Ni and Co are shown in Figure 14.

The capped NPs were air-stable, which can be attributed to
the effective passivation and formation of a polyether layer,
which limits the permeability to molecular atmospheric
constituents. Thus, PIERMEN is demonstrated to be effective
in preventing the self-ignition of bare metal NPs. However, not
all metals were successful in opening the epoxide ring. It was
observed that there is a well-defined threshold polarographic
half-wave potential, above which the metal is not sufficiently
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Figure 14. IR spectra of (a) Ni NPs and (b) Co NPs capped with 1,2-

epoxydodecane. Such polyether formation has also been observed by
us in EEW synthesis of Zn NPs.*®

reducing to cause epoxide ring opening. Table S shows the
different metals (that form metal NPs exclusively) with their

Table 5. Polarographic Half-Wave Potentials of Metallic NPs
in THF Relative to Bis(biphenyl) Chromium(I)/(0)“

metal standard reduction potential, E° (V) epoxide ring opening
Zn —0.049 successful
Co —0.420 successful
Ni —0.453 successful
Cu 0.817 unsuccessful
Ag 1.297 unsuccessful
Pd NA unsuccessful

“Taken from ref 6S.

potential values (Zn, Co, Ni), and we can see that metals with
negative potentials can induce ring opening, while metals with
positive values (Cu, Ag, Pd) were not successful at initiating the
epoxide ring-opening process.

B CONCLUSIONS

Different metal and metal carbide NPs were produced using
EEW coupled with 1,2-epoxydodecane as a precursor for NP
capping and stabilization. All NPs were capped and air-stable
with particle core sizes less than 30 nm. PXRD confirms the
crystalline phases of products, while TEM shows NPs
embedded in an organic cap matrix. Metal carbide NPs are
observed for those elements where the corresponding metal
carbide enthalpy of formation is negative. Thermodynamic
stability was the driving force behind formation of metal
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carbides for early transition metals (groups 4—8) compared to
late transition metals (groups 9—12).
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